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SUMMARY
Nucleosomes, the basic structural units of chromatin, hinder recruitment and activity of various DNA repair
proteins, necessitating modifications that enhance DNA accessibility. Poly(ADP-ribosyl)ation (PARylation)
of proteins near damage sites is an essential initiation step in several DNA-repair pathways; however, its ef-
fects on nucleosome structural dynamics and organization are unclear. Using NMR, cryoelectronmicroscopy
(cryo-EM), and biochemical assays, we show that PARylation enhances motions of the histone H3 tail and
DNA, leaving the configuration of the core intact while also stimulating nuclease digestion and ligation of
nicked nucleosomal DNA by LIG3. PARylation disrupted interactions between nucleosomes, preventing
self-association. Addition of LIG3 and XRCC1 to PARylated nucleosomes generated condensates that selec-
tively partitionDNA repair-associated proteins in aPAR- andphosphorylation-dependentmanner in vitro. Our
results establish that PARylation influences nucleosomes across different length scales, extending from the
atom-level motions of histone tails to the mesoscale formation of condensates with selective compositions.
INTRODUCTION

Eukaryotic cellular processes involving DNA are controlled by

chromatin structure, preventing accessibility of various protein

factors in the absence of structural rearrangement. At its most

fundamental level, chromatin is organized into nucleosomes

comprising a histone protein octamer encircled by �1.6 turns

of double-stranded DNA. The nucleosome structure is stabilized

by extensive contacts between DNA and the four core histones,

H2A, H2B, H3, and H4, of which there are two copies each per

octamer.1,2 High-resolution crystallographic and cryoelectron

microscopy (cryo-EM) structures have provided a wealth of in-

formation on the canonical nucleosome structure and many of

its variants, including those containing histone isoforms and

binding proteins.3,4 However, these static structures do not cap-

ture the intrinsic dynamics of the nucleosome.1,5–7 For example,

nucleosomal DNA undergoes spontaneous partial unwrapping

and rewrapping (i.e., ‘‘breathing’’ motions) even in the absence
of energy-expending factors.8 Recent studies have shown that

mutations and post-translational modifications (PTMs) can

induce conformational fluctuations within the histone core on

the microsecond (ms)-millisecond (ms) time scale, highlighting

that even the most ordered segments of the nucleosome can

exhibit structural plasticity.9–12 Outside of the core, histones

possess intrinsically disordered ‘‘tails’’ that are almost always

invisible in crystal and cryo-EM density maps due to their confor-

mational heterogeneity and rapid motions, although they are

crucial regulators of nucleosome stability,13–18 chromatin

compaction,19–22 chromatin phase separation,23–25 and recruit-

ment of DNA-binding factors.26 Furthermore, the tails serve as

the primary sites of PTMs or ‘‘epigenetic’’ modifications, which

significantly influence nucleosome function and dynamics.27,28

Chromatin is vulnerable to genotoxic agents that damage

the chemical structure of DNA. Various pathways exist to

remediate sites of DNA damage, which, if left unrepaired, can

induce genomic instability. Single-strand breaks (SSBs)—one
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of the most common types of DNA damage29—are detected by

poly(ADP-ribose) (PAR) polymerases (PARPs), principally

PARP1.30–32 Upon binding to SSBs, PARP1 rapidly modifies it-

self and proteins in its vicinity with PAR, an anionic, nucleic

acid-like biopolymer that is highly branched and lengthy

(potentially spanning up to hundreds of units, although likely

shorter in vivo).33,34 Histones H2B and H3 are notable targets

of poly(ADP-ribosyl)ation (PARylation) along with many other

factors.35,36 Damage-induced PARylation facilitates DNA repair

by recruiting SSB repair (SSBR) factors to DNA lesions,37

although some proteins’ activities are directly enhanced by

their interactions with PAR, suggesting that PAR has additional

functionality beyond recruitment.38,39 In many cases, the mech-

anisms linking PARylation with the upregulation of DNA repair

reactions are unclear.

PARP1 and PARylation affect the superstructural organization

of chromatin. Seminal electron microscopy studies found that

PARylation diminishes chromatin compaction by disrupting the

characteristic ‘‘zigzag’’ arrangement of polynucleosomal ar-

rays.40 Later investigation by Strickfaden et al. found that micro-

irradiation-induced DNA damage causes local and reversible

PARylation-dependent chromatin expansion in human cell

nuclei.41 In Drosophila salivary gland polytene chromosomes,

PARylation decondenses chromatin surrounding genomic loci

undergoing high levels of transcription during heat shock, sug-

gesting that PAR-dependent regulation of chromatin structure

modulates transcriptional activity.42 PARP1 itself binds to nucle-

osomes and occupies transcriptionally repressed chromatin

domains.43–45 More recently, it was shown that PARylation is

involved in forming biomolecular condensates at DNA damage

sites.46–49 Biomolecular condensates are increasingly appreci-

ated for their ability to regulate various aspects of biological

function, including enzymatic reaction kinetics and the subcellu-

lar localization of biomolecules.50–52 In the context of DNA repair,

condensation has been implicated in the subnuclear organiza-

tion of important DNA repair factors such as 53BP1, MRNIP,

and Rad52 at damage sites.53–56Whether PARylation can impart

similar regulatory effects on DNA repair via condensate forma-

tion is only beginning to be explored.57

These and other examples58–62 highlight how PARylation reg-

ulates chromatin organization on a broad scale. However, it is

less clear how PARylation impacts the structure of individual nu-

cleosomes. PARylation may destabilize histone-DNA interac-

tions, compromising the integrity of the nucleosome and causing

it to disassemble.63 Alternatively, PARylation may induce subtler

changes, such as increasing DNA unwrapping rates to enhance

DNA accessibility while leaving the overall structure of the nucle-

osome intact. Another possibility is that PAR has no direct

impact on nucleosome structure or dynamics and instead acts

solely as a recruitment signal for other chromatin remodeling fac-

tors, such as ALC1.64 Obtaining detailed structural evidence to

support or reject any of these potentially overlapping scenarios

has been hindered by the inherent size and structural heteroge-

neity of PAR, which complicates its analysis by most structural

determination techniques.

In this study, we investigated the structural and functional out-

comes of PARylating nucleosome core particles (NCPs) using a

combination of biochemical assays, microscopy, and biophysi-
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cal tools. Our data illustrate that PARylation hasmultiple impacts

on nucleosome structural dynamics and organization across

different length scales—at the atomic scale of histone tail back-

bone and DNA fluctuations, at an intermediate scale of nucleo-

some-nucleosome interactions, and the ‘‘mesoscale’’ of biomol-

ecular condensates formed by PARylated nucleosomes and

select DNA repair-related proteins.

RESULTS

Preparation of a PARylated nucleosome core particle
containing nicked DNA
Histone octamers consisting of the four canonical histones (H2A,

H2B, H3, and H4 from Drosophila melanogaster) were wrapped

with the 153 bp Widom ‘‘601’’-DNA sequence65 to produce

NCPs lacking linker DNA. We used PARP1—the most prevalent

PARP active during DNA damage repair in human cells66,67—to

enzymatically modify these NCPs with PAR. PARP1 activity is

stimulated by binding of its N-terminal zinc-binding domains to

a variety of DNA structures containing exposed termini, including

the blunt ends of 601-DNA.68,69 To better mimic the activation

that occurs during SSB recognition and repair, we introduced

a single-strand nick 31 nucleotides (nt) away from the 30 end of

the 601-DNA using the nicking endonuclease Nt.BsmAI70 (Fig-

ure S1A). Treating 601-DNA with Nt.BsmAI resulted in nicked

601-DNA (n601), which resolves as three fragments on a dena-

turing polyacrylamide gel (Figure S1B) and one species on a

native gel (Figure S1C). The 50 end of the resulting 31 nt fragment

was left phosphorylated at the nick site to facilitate LIG3 activity

in subsequent ligation assays (see below), whereas the terminal

blunt ends were dephosphorylated with alkaline phosphatase to

prevent ligation of DNAmolecules across separate nucleosomes

(Figure S1D). We refer to n601-containing NCPs as nNCPs. For

certain experiments, an Alexa Fluor 647 (AF647) dye was cova-

lently adjoined to the 30 end of the 31 nt fragment to allow specific

detection of this segment in electrophoretic gel-based assays.

AF647-labeled nNCPs migrated as a single species on a native

polyacrylamide gel, suggesting that these modifications did

not compromise the structural integrity or homogeneity of the

nNCP (Figure S1E). In some cases, nNCPs were reconstituted

with a histone H3 (Q125C) mutant labeled with Alexa Fluor 488

(AF488) to enable fluorescence-based detection of H3 following

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE).

We PARylated AF488-H3-containing nNCPs with recombi-

nant, mCherry-tagged PARP1 (mChPARP1) and the adaptor

protein histone PARylation factor 1 (HPF1), which is necessary

for histone PARylation.35,71 After incubating nNCPs with

mChPARP1, HPF1, and nicotinamide adenine dinucleotide

(NAD+), the substrate for PARylation, we detected a shift in the

mobility of AF488-labeled histone H3 (Q125C) by SDS-PAGE

(Figure S1F). PARylation caused AF488-H3 to migrate as a

smear, consistent with the attachment of PAR chains of variable

length.72 This shift only occurred in the presence of HPF1 (Fig-

ure S1F). A similar shift was observed for mChPARP1, which is

known tomodify itself without requiring HPF1, although inclusion

of HPF1 did change the smearing pattern exhibited by automo-

dified mChPARP1, perhaps because it modulates chain length
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and site specificity of PARylation on PARP1.35,73 The electro-

phoretic mobilities of histones H2A, H2B, and H4 were un-

changed in the presence of mChPARP1, HPF1, and NAD+,

demonstrating that they were not PARylated under the same

conditions (Figure S1G).

Histone PARylation enhances the ligation of
nucleosome-associated nicked DNA
Ligation reactions are a key step in several DNA-repair path-

ways, including in SSBR.74 All human DNA ligases possess an

evolutionarily conserved, tripartite catalytic domain that must

encircle DNA to catalyze adenylylation of phosphorylated 50

ends preceding ligation.75 Histone-DNA contacts obstruct the

accessibility of nucleosomal DNA to ligases, causing single-

strand nicks near the structurally ordered histone core to be

ligated more slowly than those in the relatively exposed linker

DNA, or in ‘‘free’’ DNA unassociated with nucleosomes.76,77

Given its prominent role in DNA-repair pathways, we asked

whether PARylation might stimulate ligation of single-strand

nicks in nucleosomes by disrupting histone tail-DNA interactions

and increasing DNA accessibility.

We performed ligation assays on nNCPs using the SSBR-rele-

vant DNA ligase complex comprising XRCC1 and LIG3 (Fig-

ure 1A). Although XRCC1 lacks catalytic activity, it is thought

to be a constitutive binding partner of LIG3 in vivo with some ev-

idence suggesting that it modulates ligase activity.76,78 In the

presence of magnesium adenosine 50-triphosphate (MgATP),

the XRCC1/LIG3 complex (hereafter termed XRCC1/LIG3) li-

gates n601-DNA (unassociated with histones, i.e., free DNA)

very rapidly, with almost complete conversion of the AF647-

labeled 31 nt segment into the 153 nt product (Figure S2A).

When the same DNA was incorporated into nNCPs under iden-

tical reaction conditions, the amount of ligation was significantly

diminished (Figure S2A), consistent with previous reports,76 and

could only be observed at very high LIG3 concentrations (2 mM).

Although it has been found that some ligases can overcome ste-

ric barriers presented by nucleosomes to catalyze ligation, either

by disrupting nucleosome structure or capitalizing on intrinsic

unwrapping events,76,77,79 we observed that XRCC1/LIG3-

mediated ligation rates were strongly inhibited in nNCPs.

Next, we introducedmChPARP1/HPF1 and NAD+ to PARylate

the nNCPs immediately prior to addition of XRCC1/LIG3 (Fig-

ure 1A). Under these conditions, the amount of ligated product

increased drastically compared with similar samples in which

NAD+ was excluded (Figures 1B–1E). In the absence of NAD+,

varying the mChPARP1/HPF1 concentration did not affect

nNCP ligation (Figure S2B). Adding NAD+ to nNCP samples lack-

ingmChPARP1/HPF1 also had no effect on ligation (Figure S2C).

Ligation of free n601-DNA was not accelerated by PARylation

(Figures S2D–S2G); in fact, the presence of automodified

mChPARP1 slightly hampered ligation of free DNA under these

conditions. This suggests that PARylation-dependent increases

in ligation are specific to the NCP and not a result of PAR chains

directly enhancing ligase activity. When PARylation is initiated in

nNCP samples excluding HPF1, modification occurs on

mChPARP1 but not on histones (Figure S1F); in this scenario,

the amount of ligation was intermediate between the unPARy-

lated and histone-PARylated conditions (Figures 1B and 1E).
These results suggest that although direct PARylation of

nNCPs causes the greatest acceleration in ligation, merely

being in proximity to PAR chains is sufficient to induce struc-

tural and/or dynamical changes in the nNCP that accelerate

ligation.

Next, we assessed whether nNCP ligation correlates with PAR

chain length. PAR glycohydrolase (PARG) rapidly degrades PAR,

leaving only a single ADP-ribosyl moiety attached to themodified

serine.80 We titrated PARG into PARylated nNCP ligation reac-

tions to partially hydrolyze PAR prior to the addition of XRCC1/

LIG3. Ligation diminished as the PARG concentration increased,

becoming almost undetectable at the highest tested PARG

concentration, 100 nM (Figures 1F and 1H). The electrophoretic

mobilities of PARylated mChPARP1 and H3 tended more

toward their unmodified positions as the PARG concentration

increased, suggesting that PAR chains became shorter on

average (Figure 1G). Thus, the extent of nNCP ligation is propor-

tional to PAR chain length, with longer PAR chains yielding higher

amounts of ligation. Furthermore, these data suggest that PAR-

ylation reversibly enhances ligation, as removing PAR returns the

nNCP to its initial ligation-resistant state.

Nuclease digestion assays havepreviously beenused to probe

DNA accessibility in nucleosomes.81,82 Thus, we measured

how rapidly and extensively nNCP DNA is degraded by micro-

coccal nuclease (MNase), a non-specific double-stranded

DNA endo- and exonuclease, in relation to PARylation status.

DNA cleavage occurred more rapidly in samples containing

PARylated nNCPs versus those containing unmodified nNCPs

(Figure 1I). These results, which are consistent with previous re-

ports,81 demonstrate that PARylation increases the accessibility

of nucleosomal DNA toMNasedigestion under theprescribed re-

action conditions, correlating with the enhancements seen in the

ligation assays.

PARylation increases H3 tail dynamics and induces site-
specific chemical shift perturbations across all
histone tails
The dramatic increase in ligation rates associated with PARyla-

tion could result from alterations to nucleosome structure and/

or dynamics, particularly in the histone tails, which form exten-

sive DNA contacts while exhibiting a high degree of conforma-

tional flexibility.83 Thus, we performed NMR experiments to

probe how PARylation impacts the dynamics of the histone tails

at atomic resolution. We prepared nNCP samples in which each

histone was isotopically labeled, in turn, with 2H and 15N,

whereas the rest were enriched only in 2H. Using this labeling

scheme, only resonances corresponding to amide groups in

the highly flexible tail(s) of the 15N-labeled histone are visible

in 1H-15N-based heteronuclear single quantum coherence

(HSQC) experiments. Perdeuteration mitigates signal losses re-

sulting from 1H-1H relaxation mechanisms, especially for tail

amide groups that are close to the histone core. We compared

nNCPswith each discrete histone-labeling pattern in the unmod-

ified and PARylated states. PARylated nNCPs were semi-puri-

fied away from PARylated mChPARP1, although a significant

fraction of the latter remained in NMR samples (Figures S1J

and S1K). As PARylation is known to disrupt the interaction be-

tween PARP1 and DNA,84 the contaminating automodified
Molecular Cell 84, 1–18, February 1, 2024 3



Figure 1. Poly(ADP-ribosyl)ation enhances ligation of single-strand nicks in nucleosomal DNA

(A) Schematic overview of ligation assays. NCPs containing 601-DNA with a single-strand nick and a 30-AF647 dye are incubated with combinations of

mChPARP1 (1 mM), HPF1 (1.5 mM), and NAD+ (1 mM). Following PARylation (20 min, 37�C), XRCC1 and LIG3 (XRCC1/LIG3) are titrated into the reaction mixture,

which is incubated another 20 min at 37�C. DNA products are resolved by denaturing PAGE.

(B) Plot of ligation assay results in (C)–(E). Error bars represent standard deviation, n = 3.

(C–E) Denaturing PAGE analysis of ligation assays (C) in which NAD+ is excluded and PARylation does not occur on either the nNCP or mChPARP1, or (D) where

PARylation of nNCPs andmChPARP1 is induced by addition of HPF1 andNAD+, or (E) where PARylation ofmChPARP1but not the nNCP is initiated by addition of

NAD+ without HPF1.

(F) PARG is titrated into ligation assays during PARylation and before incubation with XRCC1/LIG3 (15 nM across all PARG titration points). Products are resolved

by denaturing PAGE.

(G) SDS-PAGE analysis of reactions in (F), detecting Alexa Fluor 488 (AF488) fluorescence signal (bottom) or Coomassie staining (top) to assess PARylation of

AF488-H3-labeled nNCPs or mChPARP1, respectively.

(H) Plot of ligation assay results shown in (F). Error bars represent standard deviation, n = 3.

(I) Denaturing PAGE analysis of MNase sensitivity assays conducted on either unmodified or PARylated nNCPs. Time-dependent accumulation of MNase

digestion products was detected by SYBR Gold staining.

See also Figures S1, S2, and S4.
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mChPARP1 is not expected to influence the results of the NMR

study. Indeed, we confirmed that autoPARylation decreases the

affinity of mChPARP1 to interact with the nNCP in an electropho-

retic mobility shift assay (Figures S1H and S1I).
4 Molecular Cell 84, 1–18, February 1, 2024
The H3 N-terminal tail exhibited the greatest chemical shift

perturbations (CSPs) following PARylation (Figure 2A). CSPs

from PARylation were observed for almost every residue across

this tail, with local maxima at the reported sites of modification



Figure 2. Poly(ADP-ribosyl)ation induces chemical shift perturbations in histone tail resonances and enhances H3 N-terminal tail dynamics

(A) Overlaid 1H-15N HSQC spectra of histone H3 and H4, with (red) and without (black) PARylation, in 20 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA, pH

6.0, 37�C, 18.8 T for H4, 23.5 T for H3. Insets: notable peak shifts are highlighted.

(B) NMR CSPs calculated from spectra in (A). Note that vertical axes (CSPs in Hz) have been differently scaled for each histone to accommodate all datapoints.

Horizontal hatched lines denote CSP = 10 Hz. Vertical hatched lines indicate the positions of PARylated serines in H3.

(legend continued on next page)
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(Ser 10 and Ser 28) (Figure 2B). In contrast, CSPs in the other his-

tone tails weremuch smaller inmagnitude. The H4N-terminal tail

has awell-established role in forging interactions between nucle-

osomes via binding to the acidic patch on the surfaces of H2A

and H2B. Thus, CSPs in this tail can report on the modulation

of inter-nucleosomal interactions. Following PARylation, we

measured only very modest CSPs across the H4 tail (Figures

2A and 2B). Similarly, small CSPs were recorded for specific re-

gions of the H2A and H2B N-terminal tails, whereas the H2A

C-terminal tail displayed negligible CSPs despite being relatively

close to the H3 tail (Figures S3A and S3B).

Previous reports in human cells identified Ser10 and Ser28 in

H3 and Ser6 in H2B as the primary sites of HPF1-dependent his-

tone PARylation.35,85,86 However, under the conditions we have

employed here, we only detected PARylation of Ser10 and Ser28

in H3 based on NMR CSPs (Figure 2A). We also note that

although PARylation of H3 Ser10 was uniformly complete,

some fraction of Ser28 remained unmodified under the same

PARylation conditions based on the persistence of signal inten-

sity for the unmodified Ser28 resonance (Figure 2A). To estimate

the amount of PAR attached to nNCPs in NMR samples, we ex-

tracted and purified (under denaturing conditions) the PARylated

H3 out of modified, intact nNCPs in which H3was uniformly 15N-,
13C-labeled (see STAR Methods). NMR signals derived from

adenosine ring protons in ADP-ribose and H3 methyl and meth-

ylene 13C-1H groups were integrated and compared against

standards of known concentration. Based on this analysis, there

were, on average, 73.6 ± 4.2 ADP-ribose moieties attached to

each H3 molecule in PARylated nNCP NMR samples (note that

there are two H3 subunits per NCP).

We used a suite of 15N and 1HN spin-relaxation experiments,

separating fast, nanosecond (ns) to picosecond (ps) dynamics

of the amide bond vector from slower ms-ms motions, to mea-

sure the effects of PARylation on histone tail dynamics. As the

tails are intrinsically disordered, it is difficult to separate ampli-

tudes and time scales of motions; hence, we have chosen to

report so-called J(0) values that are proportional to the product

S2tc, where S is an order parameter quantifying the amplitude

of N–H bond vector motions, and tc is an effective correlation

time for themotion of the bond vector. Per-residue J(0) values in-

crease as the motion of the bond vector becomes more con-

strained and moves more slowly, so that, qualitatively,

increasing J(0) values correlate with enhanced rigidity. As was

observed in the CSP analysis, the H3 N-terminal tail exhibited

the most dramatic changes in J(0) following PARylation (Fig-

ure 2C). Almost all H3 tail residues tended toward lower J(0)

values in the presence of PARylation, consistent with greater

mobility across the full extent of the tail. Notably, relatively low

J(0) values were observed for two regions spanning Ser10-

Gly13 and Ala31-Lys36 compared with surrounding residues in
(C) Per-residue J(0) values calculated for the H3 N-terminal tail in PARylated (red

PARylated (gold, unfilled circles) and unmodified (blue, unfilled circles) nNCPs at

residues. Error bars represent propagated uncertainty from NMR experiments u

(D) 1H-13Cmethyl HMQC spectra of H3 and H4, with (red) and without (black) PAR

23.5 T. Asterisks (*) denote aliased peaks.

(E) CSPs calculated from spectra in (D). Horizontal hatched lines denote CSP = 1

See also Figure S3.
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the unmodified state, showing that some regions of the H3 tail

are highly mobile even in the absence of PARylation. In the other

histone tails, PARylation resulted in very small changes in J(0),

demonstrating little effect on the ns-ps timescale motions of

these regions (Figures S3E–S3G). However, some small changes

mapped to the same DNA-proximal residues in the H2BN-termi-

nal tail (approximately Thr22-Lys25) that showed significant

CSPs following PARylation (Figures S3B and S3F).

From these data alone, it is difficult to determine whether the

PAR-dependent changes in H3 tail dynamics emanate from

altered interactions within a single nNCP (i.e., ‘‘intra-nucleo-

somal’’ interactions) or from changes in interactions between

nucleosomes. Ionic strength has previously been shown to

modulate inter-nucleosomal interactions, with lower salt con-

centrations giving rise to weaker NCP self-association, as dis-

cussed in more detail subsequently. Previous studies in our lab-

oratory have shown that in the presence of 100 mM NaCl, the

translational diffusion of NCPs becomes slower with increasing

NCP concentration, consistent with a small degree of self-asso-

ciation, whereas in the absence of salt, this is not observed.9

Thus, one way of establishing whether interactions are within

or between neighboring nNCPs is to carry out experiments at

different salt concentrations; the absence of a salt dependency

then provides strong evidence for intra-nucleosomal effects.

With this in mind, we tested whether lowering the salt concentra-

tion in H3-labeled nNCP samples from 100 mM, which was typi-

cally used, to 0mMNaCl (20mMsodium phosphate was present

in all samples) would change the J(0) profile for H3 in PARylated

or unmodified nNCPs. Notably, the results obtained in the pres-

ence and absence of salt were largely comparable (Figure 2C).

J(0) values recorded across the unmodified H3 N-terminal tail

were very similar between the two salt conditions, showing

that disrupting inter-nucleosomal interactions via changes in

salt concentration did not lead to an increase in H3 tail mobility.

A similar lack of salt dependence on tail motions was observed in

a comparison of PARylated samples, where widespread de-

creases in J(0) values were noted in the presence and absence

of salt. These data strongly support the notion that changes in

structural dynamics upon PARylation reflect changes in intra-

nucleosomal interactions as opposed to changes in inter-parti-

cle contacts.

PARylation has negligible effects on histone core
structure and dynamics
In order to establish how PARylation affects the structural dy-

namics of the histone core, we used methyl-transvere relaxation

optimized spectroscopy (TROSY) NMR87 to probe PAR-depen-

dent changes in the ordered segments of each histone. In

contrast to 15N-based experiments that lack the sensitivity for

studies of rigid regions in high-molecular-weight particles, the
, filled circles) and unmodified (black, filled circles) nNCPs at 100 mM NaCl, or

0 mM NaCl, all at 37�C. Vertical hatched lines indicate positions of PARylated

sed to obtain spectral density values (see STAR Methods).

ylation, in 20mM sodium phosphate, 100mMNaCl, 1 mMEDTA, pH 6.0, 37�C,

0 Hz.



Figure 3. Structural dynamics of poly(ADP-ri-

bosyl)ated nNCPs focusing on histone tails

and DNA

(A) Cartoon illustration of the NCP (PDB: 1KX591),

showing positions of histone residues (3D spheres)

that displayed PARylation-dependent CSPs > 10 Hz

in 1H-15N HSQC and 1H-13C methyl HMQC spectra.

Color-coding for each histone is as follows: H2A

(gold), H2B (red), H3 (blue), andH4 (green). PARylated

serine residues in H3 are marked in orange. Regions

of the NCP for which no information is available from

NMRanalysesor forwhichCSPs<10Hzaredepicted

ingray. Right inset: zoomed-inperspectiveof theH2B

N-terminal tails emerging between the DNA gyres,

highlighting PARylation-dependent CSPs. H2A and

H4N-terminal tailsarealsovisible.H3 tails areomitted

for clarity.

(B) Cryo-EM electron density maps of PARylated

and unmodified nNCPs colored by local resolution.

Four different views of the same two density maps

(unmodified and PARylated) are shown. Samples

were prepared in ‘‘low’’ salt conditions: 20 mM Tris,

5 mM KCl, 0.1 mM EDTA, pH 7.5.

See also Figures S3 and S5.
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utility of methyl-TROSY-based experiments in this regard is now

well established.88,89 We therefore prepared four samples,

where in each case, methyl groups in Ile (only d1), Leu, and Val

residues of one histone were labeled with 13C and 1H (‘‘ILV-

labeled’’; only one of the two prochiral methyls of Val and Leu

was randomly 13CH3-labeled
90) in an otherwise 12C, 2H back-

ground. Remarkably, 1H-13C heteronuclear multiple quantum

coherence (HMQC) spectra of ILV-labeled H3—the only histone

to be directly modified—in unmodified and PARylated nNCPs

were almost identical (Figure 2D and 2E). The only notable

CSPs were detected in methyl resonances originating from

Leu20, which is unsurprising, given its position within the N-ter-

minal tail. Analysis of methyl resonances from other histones

yielded comparable results, although subtle CSPs were noted

in the H4 N-terminal tail (in Ile0—a non-native isoleucine residue

inserted at the N-terminal tail, Leu10, Leu21, and Val22) (Figures

2D and 2E). Changes in peak intensities can be indicative of

dynamical changes on the ms-ms time scale, as has been

observed in previous studies.9 However, we could not detect

any such changes in ILV-H3 HMQC spectra between PARylated

and unmodified nNCPs. These results suggest that PARylation

does not produce structural or dynamical ms-ms changes in

the histone core region.

Bymapping the CSPs from our 15N- andmethyl-TROSY-based

NMR experiments onto a structural model of the NCP, we can

conclude that PARylation solely induces perturbations in the his-

tone tails (Figure 3A). Principle among those affected is the H3

N-terminal tail, whose direct attachment to the PAR chains prob-
ably dictates this larger effect. The H4

N-terminal tail also showed smaller PAR-

dependent amide and methyl CSPs. CSPs

detected in the H2A and H2B tails were

small in comparison with H3 and tended

to cluster near where these tails emerge
from the core, in close proximity to DNA. For instance, some of

the largest PAR-dependent CSPs observed in theH2BN-terminal

tail correspond to cationic residues sandwiched between the

DNA gyres (e.g., Lys21, Lys25, and Arg 26) (Figure 3A).

Effects of nucleosome PARylation extend beyond
histone tail interactions
Aside from the case of H3, our NMR dynamics data argue

against a widescale loss of histone tail-DNA interactions

following PARylation. We asked, then, whether removal of all

tails might result in an even greater enhancement of ligation

than PARylation. Limited proteolysis has previously been used

to remove flexible regions of the NCP such as the tails while

keeping the core structure intact.18,92 We subjected nNCPs to

the same treatment before purifying and assessing the integrity

of the resulting ‘‘tailless’’ nNCPs by size exclusion chromatog-

raphy (Figure S4A) and native gel electrophoresis (Figure S4B).

In both cases, trypsinization manifested in a homogeneous

nNCP species with no aggregation. Surprisingly, PARylated

nNCPs were ligated more extensively than trypsinized nNCPs

at all tested XRCC1/LIG3 concentrations (Figures S4C–S4E).

These data suggest that liberation of histone tail-DNA interac-

tions cannot fully account for the stimulatory effects of PARyla-

tion on nNCP ligation rates.

PARylation enhances DNA conformational flexibility
without major disruptions to the core structure
Finding thathistone tail removalwas lesseffective thanPARylation

in promoting DNA ligation, we then asked whether PARylation
Molecular Cell 84, 1–18, February 1, 2024 7



Table 1. Cryo-EM data collection and refinement statistics

Sample condition

Unmodified nNCP

100 mM KCl

PARylated nNCP

100 mM KCl

Unmodified nNCP

5 mM KCl

PARylated nNCP

5 mM KCl

Magnification 75,000

Voltage (keV) 300

Electron exposure (e� Å�2) 40

Defocus range (mm) 1.0–2.0

Raw pixel size (Å) 1.03

Symmetry imposed C1

Ab initio number of particle images 450,543 431,062 298,432 184,286

Number of particle images after cleaning 213,430 175,028 200,627 56,805

Final number of particle images (3.8 Å map

with a loose mask)

42,000 18,000 200,627 40,000

Map resolution (Å, corrected FSC with

auto-tightened mask)

3.5 3.3 3.7 3.4

FSC threshold 0.143 0.143 0.143 0.143

Map resolution range (Å) 2.2–11.2 2.2–13.4 2.2–9.3 2.2–12.0
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directly affects the dynamics of nucleosomal DNA. However, the

relative rigidity of DNA coupled with the slow tumbling rate of the

NCP makes 15N-based NMR spin-relaxation experiments on

DNA untenable. Although methyl TROSY-based experiments

focusing on methyl-labeled DNA bases have been performed,93

the samples are both time-consuming and costly to produce.

Therefore, we opted to compare unmodified and PARylated

nNCPsusing cryo-EM, focusingparticularly on the local resolution

of DNA density (Figure S5A; Table 1). Resolution losses can indi-

cate enhanced conformational flexibility, which, when analyzed

ina region-specificmanneracross thedensitymap,caneffectively

localize increases in motion.

The cryo-EM maps of unmodified and PARylated nucleo-

somes were very similar, especially in the histone core

(Figures 3B, S5B, and S5C). There were no significant changes

in resolution of the core regions between the two types of

nNCPs, which is consistent with our methyl-TROSY data

(Figures 2D, 2E, S3C, and S3D). In contrast, a general worsening

of resolution across the entire length of DNA was observed for

the PARylated nucleosome (Figures 3B and S5C). Regions ex-

hibiting the poorest local resolution clustered toward the DNA

termini in both the unmodified and PARylated nNCPs, which

likely emanate from intrinsic unwrapping motions. To account

for the possibility that poorer resolution reflected potentially

high salt concentrations in cryo-EM samples containing

100 mM KCl and to determine if differences in local resolution

occurred consistently in an independent structure determina-

tion, we repeated the cryo-EM study at 5 mM KCl. Varying the

salt concentration did not lead to noticeable differences in

nNCP conformation or in the pattern of variation in local resolu-

tion, with an exception being that one of the DNA termini was

unresolved in the unmodified nNCPs at 5 mM KCl (Figure 3B).

Thus, the density maps and associated local resolution mea-

surements performed at different salt concentrations corrobo-

rate that PARylation enhances the conformational flexibility of

nucleosomal DNA while leaving the core unchanged.
8 Molecular Cell 84, 1–18, February 1, 2024
We then used hydrogen/deuterium exchangemass spectrom-

etry (HDX-MS) to further study the impact of PARylation on nNCP

conformational dynamics at the level of backbone amides.

Detecting differences in the relative uptake of deuterium can

report on PARylation-dependent changes in solvent accessibility

and hydrogen bonding in the histone core. Unmodified and

PARylated nNCPs were subjected to HDX-MS under identical

conditions, except PARylated samples additionally contained

automodified mChPARP1 and HPF1. Similar to previous

work,94 we obtained excellent sequence coverage for the his-

tone core and minimal coverage for the tails. In both the unmod-

ified and PARylated samples, most peptides originating from the

histone core regions displayed low or negligible deuterium up-

take, consistent with previous HDX-MS measurements indi-

cating structural rigidity in the core.94,95 Certain regions of H3

located in proximity to the DNA termini exhibited very slow,

time-dependent increases in deuterium uptake (red box, Fig-

ure S5D); however, the differences in the exchange rates be-

tween the unmodified and PARylated sample were negligible

(Figure S5E). Consistent with our cryo-EM and methyl-TROSY

data, HDX-MS confirms that PARylation does not impact the

conformation or exposure of the histone core.

PARylation inhibits nucleosome-nucleosome
interactions
As previously stated, nucleosomes can self-associate to form

oligomers in solution, even in the absence of extrinsic-binding

factors. In our cryo-EM experiments, we sometimes observed

filamentous nNCP oligomers (Figure 4A). Notably, these struc-

tures were never seen in PARylated nNCP samples under the

same conditions, suggesting that PARylation abrogates NCP

oligomerization.

NCP oligomers populate a distribution of sizes based on the

propensity of monomers to self-associate. We previously devel-

oped a model for quantifying these affinities based on the

assumption that NCP oligomers form via stacking of monomers,



Figure 4. Nucleosome-nucleosome interactions are weakened by

poly(ADP-ribosyl)ation

(A) Cryo-EMmicrographs of unmodified and PARylated nNCPs captured in the

presence of 100 mM NaCl. Note that only a fraction of the unmodified nNCP

samples showed the extensive stacking seen here. Scale bars: 50 nm.

(B) Average hydrodynamic radii (Rh) calculated from DLS measurements of

nNCP samples containing different salt and nNCP concentrations and/or

following trypsinization.

(C) Diffusion coefficients (Dz) measured by NMR-pulsed field gradient exper-

iments on unmodified (black) or PARylated (red) nNCP samples at different

concentrations, 25�C. All samples contained 20 mM sodium phosphate,

100 mM NaCl, 1 mM EDTA, pH 6.0. Fitted curves were extracted from a self-

association model where nNCPs interact in a stacking mode.9

See also Figure S4.
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as visualized in some of our cryo-EM images.9 In this model,

higher NCP-NCP interaction affinities correlate with more

frequent sampling of larger complexes possessing higher effec-

tive hydrodynamic radii. Therefore, diffusion data correlating hy-

drodynamic radius with NCP concentration can be used to esti-

mate the affinity of NCP-NCP interactions within this stacking

mode along with the average number of particles in a stacked

complex in solution. Dynamic light scattering (DLS) measure-

ments revealed that nNCPs exhibit increased hydrodynamic

radii as a function of nNCP concentration (100 mM NaCl), which

is consistent with oligomerization (Figure 4B). As expected, this

increase was salt-dependent. Excluding NaCl from the sample

caused the average hydrodynamic radius to decrease as a func-

tion of nNCP concentration, possibly due to nonideality in the

diffusive behavior of the highly charged nNCPs.96 Trypsinized

nNCPs failed to self-associate at 100 mM NaCl, suggesting

that the tails contribute to this behavior, as has been previously

appreciated especially in the case of H4.97–100

To further clarify how PARylation impacts nucleosome self-as-

sociation, we measured nNCP diffusion using NMR pulsed-field

gradient experiments,101 focusing on methyl resonances origi-

nating from PARylated or unmodified nNCPs. Surprisingly, we

found that PARylated nNCPs exhibited a higher diffusion coeffi-

cient than their unmodified counterparts at each concentration

point (Figure 4C). This contradicted the expectation that adding

PAR chains to NCPs would substantially enlarge their hydrody-

namic radii and retard diffusion. The apparent diffusion coeffi-

cients measured in both samples decreased as a function

of nNCP concentration, although significantly less so in the

PARylated case (Figure 4C). By fitting the data to the aforemen-

tioned stacking model, we calculated an approximately 3-fold

decrease in the affinity of nNCPs to self-associate following

PARylation (KD values of 42 ± 25 and 185 ± 100 mM for the un-

modified and PARylated nNCPs, respectively). These affinity es-

timates are qualitative due to the absence of observable stacking

morphologies in PARylated nNCP samples. Nevertheless, these

data show that PARylation decreases the formation of higher-or-

der oligomeric assemblies of nNCPs.
PARylation modulates biomolecular condensates
containing XRCC1/LIG3, nucleosomes, and mChPARP1
Under certain conditions, polynucleosomal arrays phase sepa-

rate into dense, liquid-like condensates.23 Phase separation is

driven by nucleosome-nucleosome interactions that are com-

pounded when nucleosomes are concatenated in an array.

Although mononucleosomes engage in similar kinds of associa-

tive interactions, they lack this multivalent character and are

therefore expected to phase separate less readily. Moreover,

our diffusion data suggest that PARylation weakens nucleo-

some-nucleosome interactions and, thus, might disfavor

phase separation even further (Figure 4C). However, we noted

that the components of our in vitro ligation assays (i.e.,

mChPARP1/HPF1 and XRCC1/LIG3) form a rich network of

interactions with each other as well as with PAR and DNA

(Figure 5A).71,78,102–108 This led us to wonder whether PAR-bind-

ing proteins could counteract the decondensing effects of

PARylation to instead promote phase separation by introducing
Molecular Cell 84, 1–18, February 1, 2024 9



Figure 5. Poly(ADP-ribosyl)ation regulates colocalization of nNCPs with various factors within condensates

(A) Left, schematic representation of the domain organization and known interactions between PARP1, HPF1, XRCC1, and LIG3 (black hatched lines), and with

PAR (red hatched lines) and DNA (turquoise hatched lines). Zn1,2,3, zinc-binding domains 1, 2, and 3; BRCT, breast cancer type 1 susceptibility protein

C-terminal domain; WGR, tryptophan-glycine-arginine-rich domain; ART; ADP-ribosyltransferase domain; NTD, N-terminal domain; ZnF, zinc-finger domain.

Right, graphic illustration of condensate components with potential labeling schemes and PTMs.

(B) Differential interference contrast (DIC) micrographs of nNCP samples containing mChPARP1/HPF1 (1 mM/1.5 mM, respectively), with or without XRCC1/LIG3

(1 mM) and PARylation. Micrographs including PARylation were contrast-adjusted to better highlight features. Scale bar: 10 mm.

(C) Fluorescence micrographs of condensate samples containing partially AF488-labeled LIG3 (1 mM), XRCC1 (1 mM), mChPARP1/HPF1 (1 mM/1.5 mM), and

partially AF647-labeled nNCPs (500 nM), with or without PARylation. Right, plot depicting fluorescence intensities measured in each indicated channel as a

function of distance along the hatched white line in the adjacent merged image. Scale bars: 10 or 2 mm (zoomed-in panels).

(D) Examples of condensates from the unPARylated condition in (C). Fluorescent channels are overlaid and depicted in the same color scheme for clarity. Scale

bar: 2 mm.

(E) Fluorescence micrographs of condensate samples containing trypsinized, partially AF647-labeled nNCPs (500 nM), partially AF488-labeled LIG3 (1 mM),

XRCC1 (1 mM), mChPARP1/HPF1 (1 /1.5 mM), with or without PARylation. Scale bar: 10 mm.

(legend continued on next page)
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new interactions into the system—both with each other and with

PARylated nucleosomes.

By light microscopy, we found that mChPARP1 and nNCPs

form spherical condensates in the absence of PARylation

(Figures 5B and S6A). Titrating in XRCC1 and LIG3 did not alter

the appearances of the condensates. In the absence of XRCC1

and LIG3, PARylation completely dispersed the condensates,

suggesting that, in the absence of other proteins, PARylation di-

minishes the propensity of PARP1 and nNCPs to phase sepa-

rate. However, as the XRCC1/LIG3 concentration increased,

droplets began to appear (Figures 5B and S6A). These results

are consistent with the expectation that PARylation reduces

condensate formation by diminishing nucleosome-nucleosome

and nucleosome-PARP1 interactions. Conversely, PAR-binding

proteins such as XRCC1 and LIG3 can again promote conden-

sate formation above a sufficient concentration in the presence

of PARylation.

XRCC1 and LIG3 engage in a specific interaction involving

their breast cancer type 1 susceptibility protein C-terminal

(BRCT) domains (Figure 5A). To test whether this interaction con-

tributes to condensate formation, we purified a truncated variant

of LIG3 lacking the BRCT domain (LIG3 DBRCT) and titrated it

into nNCP PARylation reactions containing XRCC1 at constant

concentration. We did not witness condensate formation in

the same range of concentrations previously tested with full-

length LIG3 (Figure S6B). We also titrated full-length LIG3 into

PARylated samples excluding XRCC1, finding again that con-

densates did not form under the same range of concentrations

(Figure S6C). Together, these results demonstrate that both

XRCC1 and LIG3 contribute to condensate formation in the pres-

ence of PARylation and that specific interactions involving the

LIG3 BRCT domain are essential for this behavior.

We then asked whether condensate formation would affect

ligation rates. We again exploited the LIG3 DBRCT mutant, pre-

dicting that disrupting the LIG3-XRCC1 interaction would abro-

gate condensate formation while leaving ligase activity un-

changed. LIG3 DBRCT exhibited similar ligation rates on

PARylated nNCPs as the full-length enzyme despite failing to

promote condensate formation under the same conditions (Fig-

ure S6D). Similarly, varying the XRCC1 concentration in the liga-

tion reactions modulated condensate formation but did not

affect ligation (Figure S6E), further suggesting that ligation and

condensate formation are not correlated under these conditions.

As a correlation between condensation and LIG3 activity was

not observed, wewonderedwhether condensation could impact

function through the recruitment of key molecular components.

Condensates organize biochemically active molecules within

cellular space, enabling colocalization of molecules with corre-

lated activities or, conversely, segregation of molecules whose

activities are orthogonal.109 As DNA repair foci recruit specific

repair factors to damage sites within chromatin, we wondered

if our in vitro condensates could also regulate colocalization of

DNA repair factors and nNCPs in a PARylation-dependent
(F) Representative fluorescence micrographs of a condensate prepared with part

(1/1.5 mM), XRCC1/LIG3 (1 mM), and partially AF488-labeled unnicked, unmodified

indicated channel along the hatched white line in the adjacent merged image. S

See also Figures S6 and S7.
manner. To examine the spatial organization of components

within nNCP-containing condensates, we prepared AF488-

labeled versions of LIG3 and XRCC1 along with mChPARP1

and AF647-labeled nNCPs for visualization by fluorescence mi-

croscopy. XRCC1 and LIG3 were included at sufficiently high

concentrations (1 mM each) to instigate condensation regardless

of whether PARylation had been induced (Figure 5C). In the

absence of PARylation, mChPARP1 and AF647-labeled nNCPs

preferentially localized to an internal compartment surrounded

by an outer ring of intense AF488-LIG3 signal (Figures 5C and

5D). Similar results were obtained when XRCC1 was labeled

instead of LIG3, implying that the two colocalize (Figure S6F).

Strikingly, PARylation caused the AF488-LIG3 (or AF488-

XRCC1), mChPARP1, and AF647-nNCP signals to colocalize ho-

mogeneously within a single compartment, abrogating the

segregated morphology seen in the absence of PARylation

(Figures 5C, 5D, and S6F). Given that histone tail interactions

significantly contribute to phase separation,23,24 we evaluated

how removing the tails impacts the morphologies of NCP-con-

taining condensates. Interestingly, condensates containing tryp-

sinized nNCPs exhibited colocalization of nNCPs, mChPARP1,

and LIG3 even in the absence of PARylation (Figure 5E). Thus,

histone tail interactions and PARylation contribute to the multi-

phasic character of the condensates, with removal of the former

and inclusion of the latter promoting colocalization of all visible

components, particularly XRCC1/LIG3, with PARP1 and nNCPs.

We then tested whether PARylated nNCPs partition more

strongly inside condensates than unmodified NCPs. We com-

bined PARylated, AF647-labeled nNCPs with a 20-fold molar

excess of unmodified, unnicked NCPs partially labeled with

AF488 on histone H3, along with automodified mChPARP1,

HPF1, and XRCC1/LIG3 (both unlabeled) (Figure 5F). PARylated

nNCPs were highly enriched in the droplets (partition coefficient,

11.4 ± 0.7, n = 30 droplets), whereas unPARylated NCPs were

more evenly distributed inside and outside the condensates

(partition coefficient, 1.4 ± 0.2, n = 30 droplets). Thus, PARylation

strongly enhances nNCP partitioning within condensates,

whereas unmodified nNCPs are only weakly enriched, even

while being present at a far higher concentration. Selective co-

enrichment of repair factors and PARylated nucleosomes

harboring DNA damage sites inside condensates may increase

the frequency of repair-promoting interactions while disfavoring

competing, unproductive interactions between enzymes and un-

damaged chromatin. In this manner, condensate formation

could play a role in regulating repair activities such as ligation

in the complex nuclear environment.

In addition to LIG3, several SSBR- and base excision repair

(BER)-related proteins are recruited to DNA repair foci via inter-

actions with PAR or XRCC1, which function as protein interac-

tion ‘‘scaffolds’’ at damage sites.110 During the DNA damage

response, XRCC1 is phosphorylated by casein kinase 2 (CK2),

which greatly enhances its affinity to interact with SSBR- and

BER-related proteins possessing phosphoprotein binding
ially AF647-labeled PARylated nNCPs (500 nM), PARylated mChPARP1/HPF1

NCPs (10 mM). Right, plot depicting fluorescence intensities measured in each

cale bar: 5 mm.
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Figure 6. Poly(ADP-ribosyl)ation affects nucleosome structural dynamics and spatial organization across different length scales

(i) Damage occurs in nucleosomal DNA. (ii) PARP1 and HPF1 are recruited to nucleosomal DNA damage sites and catalyze PARylation of the H3 N-terminal tails.

(iii) PARylation enhances H3 tail motions on the ns-ps timescale and induces DNA conformational fluctuations, correlating with enhanced accessibility of the DNA

toward MNase, LIG3, and likely other enzymes. (iv) PARylation weakens interactions between nucleosomes, preventing their association into higher-order

oligomers. (v) Histone PARylation forges interactions between nucleosomes and PAR-binding proteins such as XRCC1 and LIG3, which promote formation of

biomolecular condensates. Other proteins, including PAR-binding proteins and those which interact with CK2-phosphorylated XRCC1, also contribute to

condensation and favorably partition with their cognate binding partners. Undamaged nucleosomes, which are not PARylated, are not enriched inside con-

densates. Differential condensate partitioning may act as a mechanism for enforcing selective localization of factors to sites of DNA damage in chromatin.
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domains, such as forkhead associated (FHA) domains (Fig-

ure S6G).110,111 We assessed the localization of three other

PAR- and XRCC1-interacting DNA-repair factors, polynucleo-

tide kinase 30-phosphatase (PNKP), aprataxin (APTX), and apra-

taxin and PNKP-like factor (APLF), inside condensates contain-

ing PARylated or unmodified nNCPs and CK2-phosphorylated

XRCC1 (Figures S6H–S6J and S7). Like LIG3, APLF, APTX,

and PNKP failed to colocalize with mChPARP1 and nNCPs in

the absence of PARylation, instead occupying distinct subcom-

partments within multiphasic condensates (Figures S7D and

S7E). PARylation caused all factors to colocalize inside homoge-

neous single-phase droplets, showing that PARylation-depen-

dent compartmentalization follows a consistent pattern across

these examples (Figure S7C). Furthermore, phosphorylation of

XRCC1 greatly enhanced the partitioning of APLF, APTX, and

PNKP inside PARylated-nNCP condensates, whereas DNA po-

lymerase b (POLB), which interacts with XRCC1 via a phos-

pho-independent interface,112 partitioned strongly in the pres-

ence or absence of XRCC1 phosphorylation (Figure S7B).

These results show that PARylation and XRCC1 phosphorylation

regulate the spatial organization and enrichment of DNA repair

factors within biomolecular condensates according to their

known interaction tendencies, possibly reflecting an important

element of these PTMs’ functionality in the formation of DNA

repair foci.

DISCUSSION

Epigenetic modifications are one of several essential ways by

which chromatin structure and conformation are regulated. In

this regard, PARylation has at least two well-established func-

tions. First, PARylation of histones causes decompaction of

chromatin in specific regions of the nucleus. Second, PAR
12 Molecular Cell 84, 1–18, February 1, 2024
chains recruit interacting factors, such as chromatin remodelers,

that may impart their ownmodifications to chromatin structure in

a localized fashion. Through these direct and indirect activities,

PARylation enhances the accessibility of chromatin to various

DNA-templated biochemical reactions. Although the biological

significance of PARylation is clear, it is unclear how these func-

tions correlate with changes in nucleosome structure and dy-

namics. In this study, we demonstrated that PARylation impacts

multiple aspects of nucleosome structure, spanning from the

atomic-scale motions of individual NCP components to the

micron-scale organization of nucleosomes and other factors

within biomolecular condensates (Figure 6).

A notable property of PAR is its extensive size. In vitro esti-

mates of PAR chain length often surpass thirty-five units, poten-

tially reaching up to �100 nm long.72,113 Here, using NMR, we

estimated chain lengths of �75 ADP-ribose units associated

per histone H3. In an extended conformation, chains of such

length could exceed the diameter of a single NCP, even without

considering the presence of extensive branches.114,115 By virtue

of its size, PAR could potentially interact with and alter the dy-

namics of all the histone tails despite attachment to only one.

However, our backbone 15N NMR spin-relaxation measure-

ments only indicated significant enhancements in the ns-ps

time scale dynamics of the H3 N-terminal tail following PARyla-

tion. These observations mirror the effects of other histone

PTMs studied to date, such as phosphorylation and lysine acet-

ylation.9,116–119 Although these modifications are chemically

quite distinct, they all alter the charge characteristics of the tails,

either by imparting more negative charge, as is the case with

PARylation, or by neutralizing pre-existing positive charges. Ev-

idence from simulations and experimentation have both related

these chemical changes to a weakening of electrostatic interac-

tions between the tails and the DNA.83 Methyl spectra reporting
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on core residues showed negligible changes in peak intensities

or positions in all four histones, implying that PARylation had little

impact on core structural dynamics, and, hence, little coupling of

motions in the tails and core.

In this study, weconducted ligation experiments onNCPs con-

taining a single-strand nick located relatively far from the H3 tail.

Theconnection betweenchanges inH3 tail dynamics and ligation

of a distant nick site likely reflects the unique H3 N-terminal tail

position within the NCP; its protrusion near the DNA entry and

exit sites endows it with a special degree of influence over DNA

breathing motions.11,120 Deletion of this tail was shown to desta-

bilize the NCP and promote higher populations of an unwrapped

state.15 Although PARylation diminishes tail-DNA interactions in

the case of H3, additional factors must account for the influence

of PARylation on ligation rates, as we found that removing all the

histone tails—including that of H3—did not stimulate ligase activ-

ity to the same degree as PARylation. Our cryo-EM local resolu-

tion analyses show PARylation-dependent increases in DNA

conformational flexibility without structural perturbation of the

histone core. These results suggest an important functional

consequence: that PARylation enhances nucleosomal DNA

accessibility and ligase activity while leaving the overall confor-

mation of the nucleosome intact. The loss in local resolution

across the entire length of DNA further suggests that PARylation

can affect long-range dynamical changes despite being confined

to one histone tail. This may enable PAR to enhance repair reac-

tions, regardless of where damage sites occur relative to H3

within nucleosomes—an important consideration, given that

damage can occur at essentially any position within chromatin.

Due to their large size and repetitive structure, PAR chains can

support multiple interactions, making them a likely candidate for

driving condensate formation.57 Indeed, the involvement of

PARylation in biomolecular condensate formation has been

previously demonstrated in other systems.46–48,57,121,122 In the

present case, PARP1, HPF1, and NCPs formed condensates

that are disrupted by PARylation, while introducing additional

PAR-binding proteins such as XRCC1 and LIG3 promoted

condensation. Thus, it would be an oversimplification to state

that PARylation generally favors or disfavors phase separation;

rather, the effects of this modification depend on the context

of its interacting proteins and their own states of post-transla-

tional modification.

Although the in vitro condensates considered here have

extremely simplified compositions, they recapitulate several

interesting qualities associated with nuclear DNA damage foci.

We highlight the role of XRCC1 and LIG3 as two PAR-binding

proteins that interact with PARylated nucleosomes to form con-

densates. In cells, it has been shown that XRCC1 and LIG3 form

dense nuclear puncta in a DNA damage-dependent manner.

Mutating key residues in the BRCT1 domain of XRCC1 prevents

it from interacting with PAR and accumulating within these struc-

tures.102 Deletion of the LIG3 BRCT domain similarly prevents its

colocalization with DNA damage-induced foci.123 We found that

XRCC1/LIG3 condensate formation was disrupted by similar

perturbations in vitro: excluding XRCC1 or truncating LIG3 abol-

ished condensation of PARylated nNCPs and PARP1, showing

that common interactions underlie the formation of our in vitro

condensates and DNA damage foci.
Recent studies have illustrated the potential roles of phase

separation in chromatin organization.124–126Gibsonet al. demon-

strated that polynucleosome arrays form liquid-like condensates

with distinct compartments regulated by histone acetylation.23

Our own microscopy data suggest that PARylation and phos-

phorylation regulate enrichment and compartmentalization of

DNA repair proteins within condensates centered on nucleo-

somes. We propose that focal accumulation of repair proteins

in cells occurs dynamically within condensates nucleated by

PARylation and key scaffold molecules such as XRCC1. In this

manner, condensation may provide a physical mechanism for

translating DNA damage-dependent signaling events into the

spatial reorganization of DNA-repair functions. Reductive

condensate models such as the one we have investigated pro-

vide a useful means for studying the overlapping functions of

the many PTMs involved in DNA repair and provide a conceptual

basis for examining the structural organization of DNA damage

puncta in live cells.

Limitations of the study
The condensates we have analyzed herein have extremely

simplified compositions compared with the diverse DNA repair

foci existing in cells. Although this simplicity has enabled us to

precisely control and analyze these condensates for the pur-

poses of experimentation and to recapitulate some in vivo re-

sults, it is nevertheless a limitation. The lack of an observed cor-

relation between condensate formation and ligase activity may

reflect the simplicity of our model or, alternatively, that the

main role of the condensate is one of organization. Future

studies will be instrumental in further defining the nature of

DNA damage foci and testing to what extent our in vitro insights

can be applied to understanding the function of these compart-

ments in vivo.
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Fused in sarcoma (FUS) in DNA repair: tango with poly(ADP-ribose) po-

lymerase 1 and compartmentalisation of damaged DNA. Int. J. Mol.

Sci. 21, 7020.

123. Mortusewicz, O., Rothbauer, U., Cardoso, M.C., and Leonhardt, H.

(2006). Differential recruitment of DNA ligase I and III to DNA repair sites.

Nucleic Acids Res. 34, 3523–3532.

124. Shin, Y., Chang, Y.C., Lee, D.S.W., Berry, J., Sanders, D.W., Ronceray,

P., Wingreen, N.S., Haataja, M., and Brangwynne, C.P. (2018). Liquid nu-

clear condensates mechanically sense and restructure the genome. Cell

175, 1481–1491.e13.

125. Larson, A.G., Elnatan, D., Keenen, M.M., Trnka, M.J., Johnston, J.B.,

Burlingame, A.L., Agard, D.A., Redding, S., and Narlikar, G.J. (2017).

Liquid droplet formation by HP1a suggests a role for phase separation

in heterochromatin. Nature 547, 236–240.

126. Wang, L., Gao, Y., Zheng, X., Liu, C., Dong, S., Li, R., Zhang, G., Wei, Y.,

Qu, H., Li, Y., et al. (2019). Histone modifications regulate chromatin

compartmentalization by contributing to a phase separation mechanism.

Mol. Cell 76, 646–659.e6.

127. Liszczak, G., Diehl, K.L., Dann, G.P., and Muir, T.W. (2018). Acetylation

blocks DNA damage-induced chromatin ADP-ribosylation. Nat. Chem.

Biol. 14, 837–840.

128. Weber, A.R., Krawczyk, C., Robertson, A.B., Ku�snierczyk, A., Vågbø, C.B.,
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Deposited data

Cryo-EM map of the unmodified nucleosome

core particle in 100 mM KCl with

local resolution values

This study Accession no.: EMD-41182

Cryo-EM map of the PARylated nucleosome core

particle in 100 mM KCl with local resolution values

This study Accession no.: EMD-41183

Cryo-EM map of the unmodified nucleosome core

particle in 5 mM KCl with local resolution values

This study Accession no.: EMD-41184

Cryo-EM map of the PARylated nucleosome core

particle in 5 mM KCl with local resolution values

This study Accession no.: EMD-41178

Unprocessed Image Files This study https://doi.org/10.17632/3j5dyhdhxp.1
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Oligonucleotides

601DNA 31mer sequence with 50-phosphate
and 30-Alexa Fluor 647:

P-AGGCACGTGTCAGATATATACATCCTGTGAT-AF647

Integrated DNA Technologies Custom Order

Recombinant DNA

pUC19 601 DNA Muir Lab N/A

pET21b Histone H2A (D. melanogaster) Muir Lab N/A

pET28 Histone H2B TEV-His6 (D. melanogaster) Muir Lab N/A

pET21b Histone H3 (D. melanogaster) Muir Lab N/A

pET21b Histone H4 (D. melanogaster) Muir Lab N/A

pET SUMO mCherry-PARP1 (H. sapiens) This study N/A

pET SUMO HPF1 (H. sapiens) This study N/A

pET SUMO LIG3a (H. sapiens) This study N/A

pET SUMO LIG3 DBRCT (H. sapiens) This study N/A

pET SUMO XRCC1 (H. sapiens) This study N/A

pET SUMO APLF (H. sapiens) This study N/A

pET SUMO APTX (H. sapiens) This study N/A

pET SUMO PNKP (H. sapiens) This study N/A

pET SUMO POLB (H. sapiens) This study N/A

pET SUMO PARG (H. sapiens) This study N/A

pET SUMO CSNK2A1 (H. sapiens) This study N/A

pET SUMO CSNK2B (H. sapiens) This study N/A

pET21a mAP-His6 Genscript Custom Order

pCOLA Duet-1 nt.bsmAI R221D bsmAIM Genscript Custom Order

pET30 HPF1-His-Sumo-Flag (H. sapiens) Muir Lab127 Addgene Plasmid No. 111577

pGEX4T LIG3 Sch€ar Lab128 Addgene Plasmid No. 81055

pCRY2PHR-mCherryN1 Tucker Lab129 Addgene Plasmid No. 26866

pCMV-SPORT6 PARP1 Mammalian Gene Collection cDNA Clone MGC: 40266

pDONR223 LIG3 Mammalian Gene Collection cDNA Clone MGC: 75006

Software and algorithms

ImageJ Schindelin et al.130 https://imagej.nih.gov/ij/

Fiji Schindelin et al.130 https://imagej.net/Fiji/Downloads

UCSF Chimera X v1.5 Pettersen et al.131 https://www.cgl.ucsf.edu/chimerax/

download.html

CryoSPARC v4 Punjani et al.132 https://cryosparc.com/download

Modeling of Diffusion Data (NCP Stacking Analysis Code) This study; Kim et al.9 https://doi.org/10.5281/zenodo.10324511

Peakipy Dr. Jacob Brady https://pypi.org/project/peakipy/1.1.3/

Other

Superdex 200 Increase 10/300 GL Cytiva Cat. No. 28992944

Superdex 75 Increase 10/300 GL Cytiva Cat. No. 29148721

HiLoad Superdex 75 pg 16/600 Cytiva Cat. No. 28989333

HiLoad Superdex 200 pg 16/600 Cytiva Cat. No. 28989335

HiLoad Superdex 200 pg 26/600 Cytiva Cat. No. 28989336

HiTrap DEAE Sepharose 5mL FF Cytiva Cat. No. 17505501

HiTrap SP Sepharose 5mL FF Cytiva Cat. No. 17505401

HiTrap Desalting 5mL Cytiva Cat. No. 29048604

HiPrep Desalting 26/10 Cytiva Cat. No. 17508701

MonoS FPLC HR 5/5 Pharmacia N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MonoQ FPLC HR 5/5 Pharmacia N/A

Nepenthesin-2 Column (2.1mm internal diameter,

20mm length)

AffiPro Cat. No. AP-PC-004

Low Volume 384-Well Black Polystyrene/Clear

Bottom Microplate

Corning Cat. No. 3540

Cell Imaging Plate, 96-well, glass bottom Eppendorf Cat. No. 0030 471.030

Siliconized Glass Circle Cover Slips, 22mm Hampton Research Cat. No. HR3-231

Glass Bottom Culture Dish, 35mm dish, 14mm

micro-well, no. 1.0 coverglass

MatTek Life Sciences Cat. No. P35G-1.0-14-C

Symmetrical MICRO NMR Tubes for

D2O, 5mm, optimized for Bruker

Shigemi Co., Ltd. Cat. No. BMS-005B
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RESOURCE AVAILABILITY

Lead contact
Further information and inquiries about reagents should be directed to the lead contact, Lewis E. Kay (lewis.kay@utoronto.ca).

Materials availability
Plasmids generated in this study (as indicated in the key resources table) are deposited in Addgene and are available for purchase

through this distributor, or by contacting one of the lead authors.

Data and code availability
d Assignments of NMR spectra are available in the published literature.9,133,134 Cryo-electron microscopy data are deposited in

the ElectronMicroscopy Data Bank with accession codes listed in the key resources table. All other data, includingmicroscopy

datafiles, gel images from enzyme assays, and DLSmeasurements are available upon request to the lead contact. Additionally,

unprocessed image files, including gel images and micrographs, can be found on Mendeley Data (DOI listed in the key re-

sources table).

d Original code for analyzing NCP self-association from diffusion data is available as of the date of publication (DOI listed in the

key resources table). peakipy is a Python package developed by Dr. Jacob Brady and is publicly available on github (https://

github.com/j-brady/peakipy) or the Python Package Index, PyPI (https://pypi.org/project/peakipy/1.1.3/).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains
The Escherichia coli DH10B strain (ThermoFisher Scientific) was used for cloning and manipulation of plasmid constructs for recom-

binant protein expression. E. coli strains C41(DE3) (Sigma Aldrich) and BL21-CodonPlus (DE3)-RIPL (Invitrogen) were used for pre-

parative-scale recombinant protein and 601-DNA expression and purification.

METHOD DETAILS

Cloning of bacterial expression plasmids
XRCC1, LIG3, and DNA repair proteins

Plasmids harbouring cDNA clones of H. sapiens XRCC1 and PARG were acquired from the Mammalian Gene Collection (MGC),

made available through the SickKids Proteomics, Analytics, Robotics and Chemical Biology (SPARC) Centre. MGC cDNA clones

of H. sapiens APLF, APTX, PNKP and POLB were purchased from Dharmacon. Plasmids encoding the alpha-splice isoform of

H. sapiens LIG3 (i.e., including the C-terminal BRCT domain), and Flag-,His6-SUMO-tagged HPF1 were obtained from Addgene

(pGEX4T-hLIG3 and pET30 HPF1-His-SUMO-Flag, respectively; see key resources table).127,128 The open reading frame (ORF) of

each gene was amplified from cDNA by polymerase chain reaction (PCR) and inserted in frame with a N-terminal hexahistidine

(His6)-SUMO tag in a linearized Champion pET SUMO (ThermoFisher Scientific) vector via Gibson assembly (New England Biolabs).

Sequences encoding the full-length protein were used in every case, unless otherwise specified. PCR was performed with Kapa HiFi

HotStart Readymix (Roche) using custom primers with calculated annealing temperatures of�60�C. The purity of the PCR products

was assessed using agarose gel electrophoresis, and in cases where PCR-amplified inserts were insufficiently pure for Gibson
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assembly, an intermediate agarose gel extraction and purification step using a Geneaid gel extraction and PCR cleanup kit was

included. The fidelity of each construct was validated by DNA sequencing using primers complementary to the T7 promoter or termi-

nation sequences.

For the LIG3DBRCT truncation mutant, PCR primers were designed to amplify the DNA segment encoding residues 1-779 of LIG3

in the final translated protein. This fragment was inserted into pET SUMO via Gibson assembly as described above.

mCherry-tagged PARP1

A plasmid harbouring a cDNA clone of H. sapiens PARP1 was purchased from the MGC via SPARC. The ORF corresponding to the

full-length protein (residues 1-1014) was amplified by PCR and inserted via Gibson assembly in framewith anORF encodingmCherry

(originally amplified from pCRY2PHR-mCherryN1 obtained from Addgene; see key resources table)129 and a N-terminal His6-SUMO

tag in a linearized Champion pETSUMO (ThermoFisher Scientific) vector. A short linker sequence, encoding ‘‘Ser-Gly-Pro-Ser’’ in the

expressed fusion protein, was included in the overlapping segments of themCherry and PARP1 DNA fragments. Successful assem-

bly of this construct was validated by DNA sequencing using T7 promoter and T7 terminator primers along with a custom reverse

primer that anneals �300 bp from the 50 end of PARP1 (to check the linker and junction between mCherry and PARP1).

Metagenome-derived alkaline phosphatase

The metagenome-derived alkaline phosphatase (mAP) ORF sequence derived from Genbank (accession code GQ250428) was syn-

thesized by Genscript with custom codon optimization for expression in E. coli. The synthetic ORF was subcloned into a pET21a

plasmid (also by Genscript) in frame with a N-terminal His6 tag. The final construct was validated by DNA sequencing using the

T7 terminator primer.

Nt.BsmAI

Nt.BsmAI is a mutant of the restriction endonuclease, BsmAI, containing a point mutation (R221D) that favors the formation of single-

strand over double-strand cuts. Gene synthesis (with codon optimization for expression in E. coli) and subcloning were performed by

Genscript. DNA fragments encoding His6-SUMO-Nt.BsmAI and the DNA methyltransferase bsmAIM were inserted into a pCOLA

Duet vector. Coexpression of the methyltransferase was necessary to mitigate toxicity caused by Nt.BsmAI expression.

Casein kinase 2

DNA fragments encoding the ORFs for casein kinase 2 a and b subunits (i.e., full-length humanCSNK2A1 andCSNK2B), codon opti-

mized for expression in E. coli, were ordered from Genscript. The ORFs were amplified by PCR, gel purified, and inserted into line-

arized pET SUMO vectors in frame with a N-terminal His6-SUMO tag via Gibson assembly. Cloning fidelity was validated by DNA

sequencing using T7 and T7 terminator primers.

Recombinant protein and DNA purification
Expression and initial purification of mCherry-tagged PARP1, XRCC1, LIG3, PARG, HPF1, casein kinase 2 and other

DNA repair proteins in E. coli
pET SUMO constructs encoding full-length mCherry-PARP1, XRCC1, PARG, HPF1, APLF, APTX, PNKP, POLB, and casein kinase 2

(a and b subunits) were overexpressed in E. coli under identical conditions, except where indicated. Each pET SUMO vector con-

taining the construct of interest was transformed into chemically-competent E. coli BL21-CodonPlus (DE3)-RIPL prepared in house

using the calcium chloride method.135 Successful transformants were selected on lysogeny broth (LB)-agar plates containing kana-

mycin (50 mgmL-1). For LIG3 and LIG3DBRCT constructs, chemically-competent E. coliBL21 (DE3) C41 cells were transformed with

the pRIPL plasmid and selected on LB-agar containing chloramphenicol (34 mg mL-1). Successful transformants were then used to

prepare chemically-competent E. coli BL21 (DE3) C41 RIPL cells which were used for expression of pET SUMO LIG3 and LIG3

DBRCT. Successful transformants containing both the pRIPL and pET SUMO vectors were selected on LB-agar containing chloram-

phenicol (34 mg mL-1) in addition to kanamycin.

Bacterial colonies obtained following transformation and selection were used to inoculate �60 mL LB liquid cultures which were

then incubated overnight at 37 �C, shaking at 250 rpm. The next morning, these cultures were used to inoculate 43 1 L LB cultures in

2.5 L Fernbach flasks. Smaller culture volumes (i.e., 23 1 L LB cultures) were used for APLF, HPF1, LIG3 DBRCT and POLB due to

their high expression levels. 1 L cultures were incubated at 37 �Cwith 250 rpm shaking until an optical density (OD600) of 0.9-1.1 was

measured, at which point isopropyl-b-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM. For

mChPARP1, 0.1 mM ZnSO4 was also added at this time. Cultures were then allowed to incubate overnight (�18 h) at 16 �C with

250 rpm shaking. Cells were harvested by centrifugation and resuspended in lysis buffer: 25 mM Tris, 250 mM NaCl, 10% v/v glyc-

erol, 2.5 mM 2-mercaptoethanol, 25 mM imidazole, pH 7.5. Small amounts of bovine pancreatic DNAse I and hen egg-white lyso-

zyme were added to hydrolyze DNA and aid in lysis, respectively. A ‘‘cOmplete’’ protease inhibitor cocktail (Millipore Sigma) was

added in a ratio of 1 tablet per 100 mL of suspended cells.

Cell suspensions were sonicated on ice using a QSonica Q500 sonicator outfitted with a 6 mm probe operating at 30% power with

2 s pulses interspersed with 2 s delays for a combined runtime of 8 minutes. Lysates were then clarified by centrifugation (15000 rpm,

4 �C, 30 min) in a JA20 rotor (Beckman Coulter) operating in an Avanti J-26 XP centrifuge. The soluble fraction was loaded onto a 10

mL bed volume of Ni-NTA Sepharose Fast Flow resin, pre-equilibrated in lysis buffer in a gravity column. All subsequent steps were

performed at 4 �C to limit proteolysis and aggregation. Repeated washes with lysis buffer (�3 column volumes, CV) were followed by

two elution steps, the first with 3 CV of lysis buffer + 100mM imidazole, the secondwith 6 CV of lysis buffer + 250mM imidazole. Most

proteins eluted in the 250 mM imidazole fractions, as assessed by SDS-PAGE and Coomassie staining. Fractions containing the
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highest amounts of the protein of interest were dialyzed overnight against 20 mM Tris, 500 mM NaCl, 0.5 mM benzamidine, 2.5 mM

2-mercaptoethanol, pH 7.5. Ulp protease (possessing a N-terminal His6 tag; purified in-house) was included to cleave the

His6-SUMO tag. The cleaved protein was then re-applied to the Ni-NTA resin pre-equilibrated in lysis buffer. Following several

washes with lysis buffer (usually exceeding 5 CV), most of the cleaved protein of interest eluted from the column, while His6-Ulp

and His6-SUMO would remain bound along with any uncleaved protein. At this stage, subsequent purification steps diverged de-

pending on the protein.

Purification of mChPARP1 and XRCC1

Flowthrough and wash fractions from the second nickel column containing mChPARP1 or XRCC1 were pooled and concentrated by

centrifugation in an Amicon Ultra-15 concentrator unit equipped with a 50 kDamolecular weight cutoff (MWCO)membrane. Concen-

trated samples (�5 mL volume) were loaded onto a HiLoad Superdex 200 26/60 (Cytiva) column pre-equilibrated in 25 mM Tris, 1 M

NaCl, 0.5 mM sodium ethylenediaminetetraacetic acid (EDTA), 2 mM dithiothreitol (DTT), pH 7.5, and resolved isocratically over 1 CV

at a constant flow rate of 1.5 mL min-1. Fractions were assessed by SDS-PAGE and Coomassie staining. Those containing the high-

est amounts of pure protein were pooled and diluted with Q buffer A (10 mM Tris, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH 8.0)

to achieve a final NaCl concentration of 200 mM. Note that lower salt concentrations should be avoided to prevent aggregation and/

or phase separation at this stage. Samples were then resolved on a monoQ FPLC HR 5/5 anion exchange column (Pharmacia)

attached to an AKTA FPLC system (GE Healthcare) using a linear buffer gradient extending from 90% Q buffer A/10% Q buffer B

(10 mM Tris, 1 M NaCl, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH 8.0) to 100% buffer B over 50 mL. This step was crucial to

remove contaminating bacterial DNA, which typically eluted at NaCl concentrations above �300 mM (i.e., 30% buffer B), from

XRCC1ormChPARP1, which both eluted at relatively low salt concentrations. Samples of fractions containing XRCC1 ormChPARP1

were resolved on 15% tris-borate-EDTA (TBE)-urea polyacrylamide gels stained with SYBR Gold to confirm the absence of frag-

mented DNA. Protein-containing fractions were then pooled and dialyzed against storage buffer 250: 25 mM Tris, 250 mM NaCl,

0.5 mM EDTA, 2 mM DTT, pH 7.5. The buffer-exchanged samples were again concentrated, aliquoted, and flash frozen in a dry

ice-ethanol slurry for long term storage at -80 �C.
Purification of LIG3 and LIG3 DBRCT

Following the second nickel column, most LIG3 and LIG3 DBRCT was present in the wash fractions (containing �250 mM NaCl).

These fractions were pooled and loaded onto a 5 mL HiTrap Blue HP column (Cytiva) pre-equilibrated in Blue buffer A (25 mM

HEPES, 300 mM NaCl, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, 10% v/v glycerol, pH 7.5) using a peristaltic pump (Cytiva).

The column was then attached to an AKTA FPLC system (GE Healthcare) and bound proteins were eluted with a linear gradient

from 100% Blue buffer A to 100% Blue buffer B (same as A except containing 2 M NaCl) over 50 mL (10 CV). LIG3 and LIG3 DBRCT

both eluted around�400-600 mMNaCl. Fractions were assessed by SDS-PAGE and Coomassie staining. Those containing LIG3 or

LIG3 DBRCT were concentrated in an Amicon Ultra-15 centrifugal concentrator outfitted with a 50 kDa MWCO membrane and in-

jected onto a HiLoad Superdex 200 26/60 (Cytiva) column pre-equilibrated in 25 mM Tris, 1 M NaCl, 0.5 mM EDTA, 2 mM DTT,

pH 7.5. Proteins were resolved isocratically over 1 CV with a constant flow rate of 1.5 mL min-1. Fractions containing the purest pro-

tein were pooled and dialyzed against storage buffer 500: 25 mM Tris, 500 mM NaCl, 0.5 mM EDTA, 2 mM DTT, pH 7.5. Buffer-

exchanged samples were again concentrated, aliquoted, and flash frozen in a dry ice-ethanol slurry for long term storage at -80 �C.
Purification of APLF, APTX, PNKP, POLB, and PARG

Following the second nickel column APLF, APTX, PNKP, POLB, and PARG were purified according to the same protocol, with the

exception that additional ion exchange steps were included after size exclusion chromatography as needed. Fractions from the sec-

ond nickel column containing the protein of interest were pooled and concentrated in an Amicon Ultra-15 centrifugal concentrator

outfitted with a 10 kDa MWCO membrane (for PARG, a 50 kDa MWCO membrane sufficed). Note that for APLF, Ulp cleavage

was typically incomplete, although the expression yield was so high that the final yield was uncompromised. Concentrated proteins

were resolved isocratically on a HiLoad Superdex 200 26/60 (Cytiva) column pre-equilibrated in 25 mM Tris, 1 M NaCl, 0.5 mM so-

dium EDTA, 2 mM DTT, pH 7.5, at a constant flow rate of 1.5 mL min-1. Fractions were assessed by SDS-PAGE and Coomassie

staining.

At this stage, APTX, POLB and PARG were of sufficient purity to proceed directly to buffer exchange and storage. Fractions con-

taining the purest protein were pooled and dialyzed against storage buffer 500. Samples were then concentrated again, aliquoted,

and flash frozen for long term storage at -80 �C.
After size exclusion chromatography, APLF and PNKP required an additional ion exchange step to reach acceptable purity. Frac-

tions containing PNKP were pooled and diluted with SP buffer A (25 mMHEPES, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH 7.0)

to yield a final NaCl concentration of �50 mM. Samples were loaded onto a 5 mL HiTrap SP HP column (Cytiva) pre-equilibrated in

95% SP buffer A/5% SP buffer B (25 mM HEPES, 1 M NaCl, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH 7.0) using a presitaltic

pump. Bound proteins were eluted by attaching the column to an AKTA FPLC and applying a linear buffer gradient from 95% SP

buffer A/5% SP buffer B to 100% buffer B over 50 mL (10 CV). For APLF, a similar protocol was followed using a 5 mL HiTrap Q

HP column (Cytiva) and Q buffers A (25 mM Tris, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH 8.0) and B (same as A but including

1 M NaCl). In all cases, fractions were assessed by SDS-PAGE and Coomassie staining. Those containing the purest protein were

pooled and dialyzed against storage buffer 500, concentrated and stored at -80 �C.
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Purification of HPF1

Following the second nickel column, fractions containing the highest amounts of HPF1 were pooled and concentrated by centrifu-

gation in an Amicon Ultra-15 concentrator unit equipped with a 10 kDa molecular weight cutoff (MWCO) membrane. Concentrated

samples were resolved on a HiLoad Superdex 75 26/60 (Cytiva) column pre-equilibrated in 25mM Tris, 250mMNaCl, 0.5 mMEDTA,

2 mM DTT, pH 7.5, and resolved isocratically over 1 CV with a constant flow rate of 1.5 mL min-1. Fractions were assessed by SDS-

PAGE and Coomassie staining. Those containing the purest protein were pooled and diluted with S buffer A (25 mM bis-tris, 0.5 mM

EDTA, 2.5 mM 2-mercaptoethanol, pH 6.0) to achieve a final NaCl concentration of �50 mM. Samples were then injected onto a

monoS FPLC HR 5/5 cation exchange column (Pharmacia) attached to an AKTA FPLC and pre-equilibrated in 5% S buffer B (25

mMbis-tris, 2MNaCl, 0.5 mMEDTA, 2.5mM2-mercaptoethanol, pH 6.0). Proteins were eluted using a linear buffer gradient extend-

ing from 5% to 50% buffer B over 50 mL. Fractions containing the purest protein were pooled and dialyzed against storage buffer

250: 25 mM Tris, 250 mMNaCl, 0.5 mM EDTA, 10% v/v glycerol, 2 mMDTT, pH 7.5. Buffer-exchanged samples were again concen-

trated, aliquoted, and flash frozen in a dry ice-ethanol slurry for long term storage at -80 �C.
Purification of CK2

Casein kinase 2 a and b subunits were expressed and purified separately according to the protocol described above (expression and

initial purification of mCherryPARP1, XRCC1, LIG3, PARG, HPF1, casein kinase 2 and other DNA repair proteins in E. coli). Fractions

from the second nickel column containing CK2 a or b (with His6-SUMO tags removed by Ulp) were pooled and concentrated in an

Amicon Ultra-15 centrifugal concentrator outfitted with a 10 kDaMWCOmembrane. Each was further purified on a HiLoad Superdex

75 16/60 (Cytiva) column pre-equilibrated in 25 mM Tris, 250 mM NaCl, 0.5 mM EDTA, 2 mM DTT, pH 7.5, and resolved isocratically

over 1 CV with a constant flow rate of 0.5 mL min-1. Fractions containing purified protein were pooled and concentrated again. To

assemble the active tetrameric form of the kinase complex (containing 2 a and 2 b subunits), the two purified subunits were combined

in a 1:1 ratio in the same size exclusion buffer described above. This mixture was resolved on a Superdex 200 Increase 10/300 col-

umn GL column in the same buffer at 4 �C, using a constant flow rate of 0.3 mLmin-1. Three species eluted—the earliest eluting peak

corresponded to the assembled tetramer as assessed by SDS-PAGE, while the later eluting peaks corresponded to leftover unas-

sembled a and b subunit monomers. Fractions containing the assembled complex were pooled, concentrated, and buffer exchanged

into 25 mM Tris, 170 mM NaCl, 15% v/v glycerol, 0.5 mM EDTA, 2 mM DTT, pH 7.5. Concentrated aliquots were flash frozen and

stored at a final concentration of 7.5 mM (based on 280 nm UV absorbance measurements, assuming a tetrameric a2b2 assembly)

at -80 �C.
Histone expression and purification

pET21b vectors encoding untagged D. melanogaster H2A, H3 or H4 were transformed into chemically competent E. coli BL21-

CodonPlus (DE3)-RIPL cells. Successful transformants were selected on LB-agar containing carbenicillin (100 mg mL-1). A pET28

vector containing D. melanogaster H2B tagged with a N-terminal TEV-cleavable His6-tag was transformed into the same cell line,

except kanamycin-containing (50 mg mL-1) LB-agar was used for selection. Note that the H2B and H4 constructs contained an addi-

tional isoleucine residue at the N terminus (in the case of H2B, just after the TEV cleavage sequence) to improve expression yield.

For protonated histone samples, colonies from overnight selection were picked and added to 50 mL LB cultures supplemented

with 100 mg mL-1 ampicillin (for H2A, H3, H4) or 50 mg mL-1 kanamycin (H2B), which were allowed to incubate overnight at 37 �C
with 250 rpm shaking. These cultures were then used to inoculate 1 L LB cultures in 2.5 L Fernbach flasks. Large-scale cultivation

continued at 37 �Cwith 250 rpm shaking until anOD600 of�1.0was attained, at which point 1mM IPTGwas added. For H2A, H2B and

H3, induced cultures were allowed to grow overnight (�18 h) at 37 �C before harvesting. For H4, whose expression is more toxic to

E. coli, the cells were harvested 5 h following induction and incubation at 37 �C. In each case, cells were harvested by centrifugation in

an Avanti J-26 XP centrifuge equipped with a JLA 9.1000 rotor.

To prepare perdeuterated histones, colonies were added to 200mL LB cultures supplemented with the appropriate antibiotic early

in the morning. These cultures were allowed to incubate for �6-8 h at 37 �C with 250 rpm shaking until they became turbid, at which

point they were sedimented by centrifugation. Cell pellets were resuspended in 200 mL M9 media (6 g L-1 disodium hydrogen phos-

phate, 3 g L-1 potassium dihydrogen phosphate, 1 g L-1 NaCl, 0.5 g L-1 ammonium chloride, pD 7.4) prepared with D2O (Cambridge

Isotope Laboratories) instead of H2O and supplemented with 2 mM MgSO4, 0.1 mM CaCl2, 3 g L-1 12C6
2H7-D-glucose (Cambridge

Isotope Laboratories), 10 mg L-1 D-biotin, 10 mg L-1 thiamine and the appropriate antibiotic. Deuterated growth media was sterile

filtered prior to use. For 15N isotopic labelling, ammonium chloride (the sole nitrogen source in this recipe) was substituted with am-

monium-15N chloride (Sigma Aldrich). For 13C isotopic labelling, 12C6
2H7-D-glucose was substituted with 13C6

2H7-glucose. These

cultures were allowed to continue incubating overnight (�18 h) at 37 �C with 250 rpm shaking. The next day, the cultures were

expanded to 1 L volumes of the same growth media in 2.5 L Fernbach flasks and kept growing at 37 �C with 250 rpm shaking.

Upon reaching an OD600 of�1.0, IPTG was added to a final concentration of 1 mM. For selective labelling of methyl groups in isoleu-

cine, leucine, and valine residues with 13C1H (otherwise perdeuterated and carbon natural abundance), the following precursors were

added to growth media �1 h prior to IPTG induction: 60 mg L-1 13C-methyl, 3,3-2H, a-ketobutyric acid and 80 mg L-1 3-methyl-13C,

3,4,4,4-2H, a-ketoisovaleric acid (Cambridge Isotope Laboratories). After induction, H2A, H2B and H3-expressing cells were incu-

bated overnight at 37 �C with 250 rpm shaking and harvested the next day. H4 cultures were harvested 5 h following induction.

Following expression and harvesting, cell pellets were resuspended in wash buffer: 50mMTris, 100mMNaCl, 1% v/v Triton X-100,

pH 7.5. Cell suspensions were subjected to sonication (30% power, 2 s pulses with 2 s delays, 10 min total runtime) on ice. Lysates

were sedimented by centrifugation at 180003 g, 30min at 4 �C. The insolublematerial was resuspended in wash buffer lacking Triton
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X-100 and sonicated a second time using the same settings as above. The lysate was sedimented again under the same conditions.

Insolublematerial was resuspended in unfolding buffer (20mMTris, 6Mguanidinium chloride, pH 7.5) and sonicated again, as above.

In the case of H2B, 20 mM imidazole was included in the unfolding buffer.

For H2A, H3 and H4, the lysates were sedimented a final time and dialyzed twice against 1 L volumes of urea buffer A: 50 mM so-

dium phosphate, 7 M urea, 1 mM EDTA, 50 mM NaCl, pH 7.4. Note that this buffer was prepared from 8 M urea that had been pre--

treated with 50 g L-1 Amberlite resin (Millipore-Sigma) for at least 1 h at room temperature. Histones solubilized in urea buffer were

loaded onto two tandem 5 mL HiTrap SP HP columns (Cytiva) pre-equilibrated in urea buffer A on a peristaltic pump. Following

loading, the columns were attached to an AKTA FPLC, and bound material was eluted over a linear buffer gradient from 100%

urea buffer A to 100% urea buffer B (50 mM sodium phosphate, 7 M urea, 1 mM EDTA, 1 M NaCl, pH 7.4). Fractions were assessed

by SDS-PAGE and Coomassie staining. Those containing the highest amounts of pure protein were pooled and dialyzed twice

against 5 L deionized water before being lyophilized for long term storage at -20 �C.
For His-tagged H2B, the insoluble material remaining after the second wash step was resuspended in unfolding buffer supple-

mented with 20 mM imidazole. Following another round of sonication and sedimentation, the soluble fraction was loaded onto a

10 mL bed volume of Ni-NTA Sepharose Fast Flow resin pre-equilibrated in unfolding buffer + 20 mM imidazole. Bound H2B was

eluted with elution buffer: 20 mM Tris, 6 M guanidinium chloride, 500 mM NaCl, 300 mM imidazole, pH 7.5. Fractions containing

H2B were pooled and slowly dripped into a rapidly stirring solution of TEV cleavage buffer (20 mM sodium phosphate, 500 mM

L-arginine chloride, 500 mM NaCl, 2 mM DTT, pH 7.5) using a peristaltic pump system. TEV protease was added to this solution

for overnight cleavage of the His-tag at 4 �C. The protease and tag were removed by applying this reaction mixture to the Ni-NTA

column under the same conditions described above. H2B present in the flowthrough was dialyzed twice against 5 L deionized water

and lyophilized for long term storage at -20 �C.
Expression and purification of mAP

The pET21a plasmid encoding His6-tagged mAP was transformed into chemically competent E. coli BL21-CodonPlus (DE3)-RIPL

cells which were subsequently selected on carbenicillin (100 mg mL-1)-containing LB-agar. Colonies were used to inoculate a 50

mL LB culture containing ampicillin (100 mg mL-1) which was incubated overnight at 37 �C with 250 rpm shaking. This small-scale

culture was then used to inoculate 1 L LB cultures in 2.5 L Fernbach flasks which were incubated under the same conditions until

an OD600 of�0.9 was attained. IPTG (0.5 mM) was added to induce mAP expression over�18 h at 18 �Cwith 250 rpm shaking. Cells

were harvested by centrifugation and resuspended in periplasmic lysis buffer (200 mM Tris, 20% w/v sucrose, 1 mM EDTA, pH 7.5).

Approximately 1 mg of hen egg white lysozyme were added to aid in lysing the bacterial cell wall. The cell suspension was incubated

on ice for 5min. Osmotic shock was induced by immediate addition of an equal volume of ice-cold water. The suspension was centri-

fuged at 120003 g for 20 min at 4 �C. The soluble fraction was applied to Ni-Sepharose resin pre-equilibrated in wash buffer (25 mM

Tris, 250 mM NaCl, 10% v/v glycerol, 2.5 mM 2-mercaptoethanol, pH 7.5). After extensive washing with several CVs of wash buffer

and wash buffer containing 100 mM imidazole, bound protein was finally eluted with elution buffer (25 mM Tris, 250 mM imidazole,

250mMNaCl, 10% v/v glycerol, 2.5 mM 2-mercaptoethanol, pH 7.5). Fractions were assessed by SDS-PAGE and Coomassie stain-

ing. Those containingmAPwere concentrated using an AmiconUltra-15 centrifugal concentrator unit equippedwith a 10 kDaMWCO

membrane and injected onto a HiLoad Superdex 75 16/600 column equilibrated in 25 mM Tris, 500 mM NaCl, 0.5 mM EDTA, 2 mM

DTT, pH 7.5. The protein was resolved isocratically over 1 CV at a flow rate of 0.3 mL min-1. Fractions were again assessed by elec-

trophoresis; those containing mAP were generally quite pure. After pooling and concentrating the relevant fractions to�110 mM, the

protein was flash frozen and stored in gel filtration buffer at -80 �C.
Expression and purification of Nt.BsmAI

The pCOLA Duet-1 vector containing the nt.bsmAI (N-terminally tagged with His6-SUMO) and bsmAIM genes was transformed into

chemically competent E. coli BL21-CodonPlus (DE3)-RIPL cells. Successful transformants were selected on kanamycin-containing

LB-agar and used to inoculate a 50 mL LB culture containing kanamycin (100 mg mL-1). Following overnight incubation at 37 �C with

250 rpm shaking, this small-scale culture was used to inoculate 1 L LB cultures in 2.5 L Fernbach flasks. Large-scale cultures were

incubated under the same conditions until an OD600 of �0.9 was attained, at which point IPTG was added to a final concentration of

0.3 mM. Cells were cultivated for another 18 h at 18 �C with 250 rpm shaking before being harvested by centrifugation. Cell pellets

were resuspended in lysis buffer (25 mMTris, 250mMNaCl, 10% v/v glycerol, 25mM imidazole, 2.5 mM 2-mercaptoethanol, pH 7.5)

supplemented with microgram-milligram amounts of bovine pancreatic DNase I, hen egg white lysozyme, and 1 cOmplete protease

inhibitor cocktail tablet. Lysis was achieved by sonication on ice (using a QSonica Q500 sonicator; 30% power, 2 s pulses with 2 s

delays, 8 min total). Lysates were clarified by centrifugation at 210003 g for 30 min at 4 �C. The soluble fraction was loaded onto Ni-

Sepharose resin equilibrated in the same buffer. Multiple washes (�10CV) with lysis buffer were followed by elution using several CVs

of 25 mM Tris, 250 mMNaCl, 250mM imidazole, 10% v/v glycerol, 2.5 mM 2-mercaptoethanol, pH 7.5. Fractions containing SUMO-

tagged Nt.BsmAI were pooled and dialyzed overnight against 20 mM Tris, 150 mM NaCl, 2.5 mM 2-mercaptoethanol, 0.5 mM ben-

zamidine, pH 7.5. His6-tagged Ulp protease was added to cleave the His6-SUMO tag. Reapplication of the sample onto the nickel

resin under the same buffer conditions enabled separation of the cleaved Nt.BsmAI from the His6-SUMO tag and protease. Flow-

through and wash fractions containing Nt.BsmAI were applied to a HiLoad Superdex 75 16/600 gel filtration column equilibrated

in 25 mM Tris, 300 mM NaCl, 2 mM DTT, pH 7.5. Purest fractions were collected and concentrated for long term storage in the

same buffer condition, with glycerol added to a final volume fraction of 20% v/v to stabilize the enzyme during repeated freeze/

thaw cycles. Aliquots were flash frozen and stored at -80 �C.
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Expression and purification of 601-DNA

A pUC19 vector harbouring approximately 30 copies of the 601-DNA sequence separated by short 12 bp linkers was transformed

into chemically competent E. coliBL21 (DE3) cells. Transformants were selected on LB-agar containing ampicillin (100 mgmL-1). Col-

onies were picked and used to inoculate 5mL volumes of Terrific Broth+ (TB+), containing 100 mgmL-1 ampicillin, 0.4% v/v glycerol, 7

mM MgSO4, which were then grown at 37 �C with 250 rpm shaking. Upon reaching an OD600 of �2.0, these cultures were used to

inoculate 100mL TB+ cultures that were then incubated under the same growth conditions. After several hours, anOD600 of�1.5was

attained, at which point these cultures were transferred to larger 1 L volumes of TB+ in 2.5 L Fernbach flasks. Incubation continued

overnight at 37 �C with 250 rpm shaking. The next morning, cells were sedimented by centrifugation and stored at -20 �C until later

use. Prior to storage, plasmid DNA from �4 mL volumes of each culture were extracted using a QIAGEN Plasmid Mini kit (following

the manufacturer’s instructions) in order to roughly estimate the plasmid DNA content in each pellet. This was an important consid-

eration for guaranteeing consistency in yield and for determining the appropriate number of columns to use in large-scale DNA pu-

rifications to follow.

Plasmid DNA was extracted from cell pellets originating from 1 L TB+ growths using a QIAGEN Plasmid Giga kit. The manufac-

turer’s instructions were followed with slight variations. Based on the estimated yield from each cell pellet, 1 QIAcolumn was

used per �10 mg plasmid DNA. 300 mL buffer QC was used instead of the recommended 600 mL during the washing steps. 180

mL buffer QF was used for elution instead of the recommended 100 mL. During the precipitation step, the DNA solution was stirred

rapidly, while 2-propanol was added gradually in order to prevent formation of DNA aggregates that were difficult to redissolve.

DNA precipitates were dissolved directly into NEB3 buffer (50mMTris, 100mMNaCl, 10mMMgCl2, pH 7.9) for overnight digestion

by EcoRV (NEB) at 37 �C. The reaction mixture was loaded onto two tandem 5mL HiTrap DEAE Sepharose FF columns (Cytiva) pre-

equilibrated in Q buffer A. Copies of 601-DNA and the corresponding 12 bp interspersing segments were separated from the

remainder of the plasmid using a linear buffer gradient from 100% Q buffer A to 100% Q buffer B—601-DNA and 12mers bound

to the columns while the plasmid backbone did not. Fractions containing 601-DNAwere resolved isocratically on a HiLoad Superdex

200 26/600 column pre-equilibrated in refolding buffer high (‘RB High’, 10 mM Tris, 2 M KCl, 1 mM EDTA, pH 7.5) to separate

601-DNA from the 12mer segments. Fractions containing 601-DNA were pooled and concentrated using an Amicon Ultra-15 cen-

trifugal concentrator unit bearing a 10 kDa MWCO membrane. For long term storage, 601-DNA was kept in RB High at 4 �C.

Protein modification
Alexa Fluor 488-C5-maleimide labeling of H3 Q125C

Purified and lyophilized H3 (Q125C) was dissolved inmodified unfolding buffer: 20mM sodium phosphate, 6M guanidinium chloride,

2 mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.5. Alexa Fluor 488-C5-maleimide was dissolved in dimethylsulfoxide (DMSO) to a

working concentration of 20mM. The labeling reaction was conducted in amixture containing 20 mMH3 (Q125C) and 200 mMAF488-

C5-maleimide diluted in modified unfolding buffer. Following an overnight (�18 h) incubation at 4 �C in the dark with constant rocking,

a small sample was analyzed by SDS-PAGE to ensure successful labeling. Minimal precipitation arose during labelling; this was sedi-

mented by centrifugation at 210003 g for 5 min at 4 �C. The soluble fraction of the sample was resolved on a HiLoad Desalting 26/60

column pre-equilibrated in quenching buffer: 20 mM Tris, 6 M guanidinium chloride, 2.5 mM 2-mercaptoethanol, 0.5 mM EDTA, pH

7.5. Fractions containing the AF488-labeled protein were pooled and purified further on a monoS FPLC 5/5 cation exchange column

to completely remove any remaining unconjugated dye. Prior to injection, the sample was diluted inmonoS buffer A (20mMbis-tris, 1

mM EDTA, 2.5 mM 2-mercaptoethanol, pH 6.0) to achieve a guanidinium chloride concentration of�100 mM. Bound H3 was eluted

using a linear gradient up to 100%monoS buffer B (20 mM bis-tris, 1 M NaCl, 1 mM EDTA, 2.5 mM 2-mercaptoethanol, pH 6.0); the

unconjugated dye eluted in the flowthrough. Fractions were again analyzed by SDS-PAGE and fluorescence imaging to ensure strin-

gent separation of the free dye from the protein. AF488-labelled H3 was collected and buffer exchanged into unfolding buffer (20 mM

Tris, 6 M guanidinium chloride, pH 7.5) for long term storage at -20 �C.
Alexa Fluor 488-C5-maleimide labeling of XRCC1 and LIG3

XRCC1 (unmodified or phosphorylated) and LIG3 were exchanged into labeling buffer by dialysis: 25 mM Tris, 500 mM NaCl, 2 mM

TCEP, 0.5 mM EDTA, pH 7.5. AF488-C5-maleimide was dissolved in DMSO to a working concentration of 20 mM. Labelling reaction

mixtures contained 20 mMprotein and 200 mMAF488-C5-maleimide dissolved in labeling buffer. After overnight incubation at 4 �C in

the dark, small samples of each reaction were analyzed by SDS-PAGE to ensure successful labeling. No visible aggregation was

present during labeling of (phospho-)XRCC1 or LIG3, although samples were nevertheless sedimented by centrifugation at

210003 g for 5 min at 4 �C prior to desalting. The soluble fraction of each sample was resolved on a HiLoad Desalting 26/60 column

pre-equilibrated in quenching buffer: 25mMTris, 500mMNaCl, 2.5mM2-mercaptoethanol, 0.5mMEDTA, pH 7.5. Small amounts of

unconjugated dye co-eluted with the proteins, necessitating additional purification on a monoS FPLC 5/5 column. A similar purifica-

tion scheme was used as in the case of H3 labelling, except a final NaCl concentration of �150 mM was achieved by diluting the

sample with monoS buffer A before application onto the column. Most XRCC1 and LIG3 eluted at higher NaCl concentrations while

unconjugated AF488 failed to bind. Fractions were analyzed by SDS-PAGE and fluorescence imaging to ascertain complete sepa-

ration of the unconjugated dye from the protein. AF488-labelled (phospho-)XRCC1 and LIG3 were pooled, concentrated, aliquoted,

and flash frozen for storage at -80 �C.
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Alexa Fluor 488-N-hydroxysuccinimidyl-ester labelling of APLF, APTX, PNKP, and POLB

Labeling of APLF, APTX, PNKP, and POLB was performed with N-hydroxysuccinimidyl (NHS)-ester-based chemistry instead of with

maleimide. Purified proteins were dialyzed overnight at 4�C into NHS labeling buffer: 25mM HEPES, 500mM NaCl, 0.5mM EDTA,

1mM TCEP, pH 7.5. AF488-NHS ester was dissolved in dimethylformamide to a working concentration of 10mM. Labeling reactions

containing a 1:4 ratio of protein:dye dissolved in NHS labeling buffer were allowed to incubate for 2h at room temperature with con-

stant rocking. Sample tubes were covered in aluminium foil to reduce light exposure. Reactions were quenched by adding 25 mM

Tris, 2 mM 2-mercaptoethanol, pH 7.5 to each sample. To remove unconjugated dye, APTX, PNKP and POLBwere diluted in monoS

buffer A to achieve a final salt concentration of�100mMbefore being loaded onto amonoS FPLC 5/5 column. Protein was separated

from unconjugated dye using the same protocol described for AF488-C5-maleimide labeling of H3. Protein-containing fractions were

analyzed by SDS-PAGE and fluorescence imaging to ensure complete separation of unconjugated dye from the protein.

For APLF, monoS purification was unsuccessful, necessitating an additional purification on a monoQ FPLC 5/5 column. The

quenched APLF labelling reaction was diluted with monoQ buffer A (20 mM Tris, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH

8.0) to achieve a final NaCl concentration of �100 mM. The sample was loaded and resolved on the monoQ column using a linear

buffer gradient from 100%monoQ buffer A to 100% buffer B (20 mM Tris, 1 M NaCl, 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol, pH

8.0). Fractions containing APLF were pooled and concentrated using an Amicon Ultra-15 centrifugal concentrator unit equipped with

a 30 kDaMWCOmembrane and injected onto aHiLoad Superdex 200 16/600 column pre-equilibrated in 25mMTris, 150mMNaCl, 2

mM DTT, 0.5 mM EDTA, pH 7.5. Protein-containing fractions were analyzed by SDS-PAGE and fluorescence imaging to ensure

removal of any residual unconjugated dye.

All AF488-labelled proteins were collected and concentrated for storage at -80 �C. Prior to imaging experiments, aliquots of each

protein were thawed and freshly dialyzed in separate GeBaFlex mini cassettes (with 3 kDa MWCOmembranes) against 25 mM Tris,

500 mM NaCl, 2 mM DTT, 0.5 mM EDTA, pH 7.5 at 4 �C.
Phosphorylation of XRCC1 with CK2

Aliquots of purified XRCC1 and CK2 a2b2 tetramer were thawed on ice. A reaction mixture was prepared with the following compo-

sition: 25mM Tris, 50mMNaCl, 1 mMDTT, 4mMATP-Mg (pH corrected to 7.5 with 12MNaOH), 10 mMXRCC1, 1 mMCK2 tetramer,

pH 7.5. Note that small amounts of glycerol carried over from the CK2 storage buffer. Phosphorylation was allowed to proceed over-

night with gentle rocking at lab temperature (�22 �C). The next day, small samples were set aside for SDS-PAGE and LC/MS-MS

analysis. CK2 was separated from phosphorylated XRCC1 by resolving the entire sample on a HiLoad Superdex 200 26/60 column

pre-equilibrated in 25 mM Tris, 500 mM NaCl, 2 mM DTT, 0.5 mM EDTA, pH 7.5. Fractions found to contain phosphorylated XRCC1

(but not CK2) by SDS-PAGE analysis were pooled, collected, and concentrated using an Amicon centrifugal concentrator equipped

with a 30 kDa MWCO membrane. Concentrated protein was aliquoted and stored at 10.5 mM final concentration in the chromatog-

raphy buffer at -80 �C.

601-DNA manipulation
mAP reaction

To remove terminal phosphate groups from 601-DNA, a reactionmixture was assembled with the following components: 25mMTris,

100 mM KCl, 1 mMCaCl2, 2 mMDTT, 3 mMDNA, 0.5 mMmAP, pH 7.5. This was allowed to incubate overnight at 37 �C. The reaction

was quenched by incubation in awater bath heated >65 �C for�10min. 601-DNAwas purified by applying thismixture onto amonoQ

FPLC HP 5/5 column pre-equilibrated in Q buffer A and eluting over a linear salt gradient into Q buffer B. 601-DNA normally elutes at

salt concentrations �600 mM (i.e., 60% buffer B) while other reaction components elute earlier. mAP activity was validated using a

crude ligation assay: 1 mL of themAP reaction was combinedwith 1mMmagnesium adenosine triphosphate (Mg-ATP), 25mMTris, 1

mMDTT and T4DNA ligase (NEB), pH 7.5 in a 10 mL volume. Following a 10min incubation period at 37 �C, products were resolved on

a 1% agarose-tris-acetic acid-EDTA (TAE) gel stained with SafeView (Applied Biological Materials). Complete DNA dephosphoryla-

tion results in no ligation, with 601-DNA migrating as a single 153 bp species.

Nicking reaction with Nt.BsmAI

mAP-treated 601-DNAwas buffer exchanged intowater by dialysis or repeated concentration and dilution in an AmiconUltra-15 cen-

trifugal concentrator unit. The nicking reaction mixture contained the following: 50 mM Tris, 300 mM NaCl, 10 mM MgCl2, 500 nM

601-DNA, 0.125 nM Nt.BsmAI, pH 8.7. Note that this reaction composition was carefully optimized to favour single strand cleavage.

Nicking was allowed to proceed overnight at 37 �C. The next day, small samples of the reaction were resolved on denaturing TBE-

urea 15% polyacrylamide and native TBE 12% polyacrylamide gels to ensure proper nicking and a lack of double-strand cuts,

respectively. DNA was visualized by SYBR Gold staining. Nicked, dephosphorylated 601-DNA (n601) was purified from the other re-

action components on a monoQ FPLC HR 5/5 column, exactly as detailed in the previous section on mAP treatment. Fractions con-

taining n601 were pooled and exchanged into water.

Incorporation of the 30-Alexa Fluor 647-, 50-phosphate-labeled oligonucleotide

A DNA fragment with the same sequence as the portion of 601-DNA spanning the Nt.BsmAI nick site to the 30-terminus was ordered

from Integrated DNA Technologies. This oligonucleotide (simply called the ‘31mer’ for brevity) was modified by the manufacturer to

contain a 50-phosphate and a 30-Alexa Fluor 647 (AF647) fluorescent dye (Figure S1A). Upon receipt, the lyophilized 31mer was dis-

solved in DNAse-free high purity water to a final concentration of 100 mM. n601-DNA dissolved in water was mixed in a 1:1 ratio with

the 31mer to yield final concentrations of 5 mM in 50mMNaCl. This mixture was heated to 95 �C for 5 min in a PCRmachine to induce
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DNA denaturation. Subsequent re-annealing of the 31mer with n601-DNA was achieved by allowing the sample to slowly re-equil-

ibrate to room temperature on the bench over the course of 30 min. The cooled sample was injected onto a HiLoad Superdex 200

26/600 column pre-equilibrated in RB High. Unannealed 31mer eluted as a distinct peak after n601-DNA and was easily separable.

Successful incorporation of the 31mer into n601-DNA was validated by native gel electrophoretic analysis; the efficiency of incorpo-

ration was estimated to be �50% based on detection and quantification of AF647 fluorescence intensity in bands corresponding to

n601-DNA. Partially AF647-labelled n601-DNA was pooled and concentrated for storage in RB High at 4 �C or -20 �C.

NCP reconstitution and PARylation
Histone octamer reconstitution

Lyophilized histones were dissolved in unfolding buffer (20 mM Tris, 6 M guanidinium chloride, pH 7.5) to a convenient working con-

centration (i.e., around 0.5-1 mM). Appropriate combinations of labeled and unlabeled histones were chosen depending on the

desired composition of the octamer. For example, for enzyme assay samples, fully protonated histones with natural carbon and ni-

trogen isotope abundances were used. For NMR samples, typically a single histone of interest was ILV-labeled, perdeuterated, and

enriched with 15N, while the others were only perdeuterated (possessing natural carbon and nitrogen isotope abundances).

The four histones (H2A, H2B, H3, H4) dissolved in unfolding buffer were combined in a 1:1:1:1 ratio at final concentrations of 70 mM.

Excess unfolding buffer was added to achieve this final concentration. Themixture was placed in aGeBaFlex dialysis cassette scaled

to the appropriate size depending on the sample volume. To prepare amounts of octamer that were sufficient for NMR samples, vol-

umes typically exceeded 3.5 mL, while for enzyme assay samples, volumes could be less than 250 mL. Gradient dialysis was per-

formed overnight at 4 �C. Briefly, the dialysis cassette was placed in a foam holder and floated in a rapidly stirring solution of RB

High (10 mM Tris, 2 M KCl, 1 mM EDTA, pH 7.5). The volume of this solution was scaled (200 mL or 400 mL) depending on the

size of the reconstitution reaction (400 mL was typically used for sample volumes exceeding 250mL). A small hole was drilled into

the side of the plastic beaker used to hold this solution at the 200 or 400 mLmark. An excess volume of RB High (0.8 L for the smaller

scale reconstitutions, 1.6 L for the larger) was allowed to drip into the solution holding the sample using a peristaltic pump calibrated

to�1-1.5mLmin-1. Asmore andmore RBHigh was added in this manner, excess volumewould flow out of the hole into a catchment

tray. This was allowed to proceed until the excess volume of RB High was depleted, typically overnight.

Octamer reconstitution samples were resolved on a Superdex 200 Increase 10/300 column GL column pre-equilibrated with RB

High at 4 �C. If required, samples were concentrated beforehand using an Amicon Ultra-4 centrifugal concentrator unit equipped with

a 10 kDa MWCO membrane to achieve the maximum allowable volume for injection (500 mL). Octamer samples were resolved iso-

cratically at a flow rate of 0.4 mL min-1 over 1 CV. A Gaussian peak corresponding to the properly formed octamer would typically

elute midway through the run while later-eluting, less prominent species comprising leftover histones and sub-octameric complexes

would follow. Fractions corresponding to the octamer were analyzed by SDS-PAGE and Coomassie staining and then concentrated

in RBHigh. Concentrations in the range of�20-50 mMwere considered ideal. Samples remained stable in RBHigh at 4 �C typically up

to several months.

NCP reconstitution for enzyme assays, dynamic light scattering, and microscopy

Enzyme assays and imaging experiments (both cryo-EM and light microscopy) typically required smaller amounts of NCP than NMR

samples, so samples needed for the former applications were prepared in a smaller format. The protocol was identical whether the

601-DNA was fluorescently labelled, nicked or unnicked. Histone octamers dissolved in RB High were mixed in a 1.1:1 molar ratio

with (n)601-DNA also dissolved in RB High. Final concentrations of 6 mM DNA and 6.6 mM octamer were often used. Absorbance

measurements at 260 nm (for DNA) or 280 nm (for histone octamers) UV light were used to measure concentrations. Higher octamer

concentrations were used to minimize the amount of leftover ‘free’ DNA which could convolute interpretation of assay and micro-

scopy data if present at moderate-to-high concentrations. For samples employed in fluorescence imaging and ligation experiments,

n601-DNA containing �5 mol% AF647-labeled 31mer was used. Otherwise, unlabeled n601-DNA sufficed. For MNase and DLS

experiments, unnicked, unlabeled 601-DNA was used instead.

Gradient dialysis at 4 �C was set up in a similar fashion as for octamer reconstitution. The octamer-DNA mixture was placed in a

GeBaFlex dialysis cassette floating in 200 mL RB High. For these smaller-scale reconstitutions, sample volumes were typically %

250 mL. A 1 L volume of pre-chilled RB Low (10 mM Tris, 150 mM KCl, 1 mM EDTA, pH 7.5) was dripped into the beaker containing

the sample and the RB High at a constant flow rate of 1 mL min-1. As in the case of octamer reconstitution, a small hole was

inserted at the 200 mL mark to allow spillover of excess buffer into a catchment tray. Rapid stirring was essential to ensure proper

mixing of the RB Low and High. This process continued until the RB Low was depleted. Minimal amounts of precipitation were

typically observed.

Proper (n)NCP assembly was validated by native gel electrophoresis on a TBE 6%polyacrylamide gel with an applied voltage of 80

V over 75 min. Running buffer was pre-chilled, and the tank containing the buffer and gel apparatus was submerged in ice water to

ensure homogenous cooling. (n)NCPs were visualized by AF647 fluorescence or SafeView (for DNA) or Coomassie (for histones).

Samples were centrifuged at maximum speed (21000 3 g for 10 min at 4 �C) to remove precipitates. Samples stored in RB Low

at 4 �C were stable long term. NCP concentration was measured based on DNA absorbance at 260 nm by spectrophotometry.

Octamer wrapping with n601-DNA for NMR samples

Samples prepared for NMR required higher nNCP concentrations than other types of experiments, so a larger reconstitution format

was used. Prior to large-scale NCP reconstitution, a smaller-scale trial run was used every time to identify an ideal DNA:octamer
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concentration ratio. Due to small, sample-to-sample variations in concentration measurements and buffer conditions, inclusion of

this step insured against losing large amounts of DNA or octamer to aggregation. n601-DNA was held at a constant concentration

(6 mM) while the octamer concentration was varied 0.8-1.23 in increments of 0.1. Octamers contained the desired isotopic enrich-

ment patterns and were prepared in RB High as described above. 50-70 mL volumes of each condition were placed in GeBaFlex mini

cassettes floating in 200 mL RB High. Gradient dialysis was performed at 4 �C using 1 L of RB Low as described in the previous sec-

tion. Native gel electrophoresis using a TBE 6%-polyacrylamide gel was used to estimate the ratio of nNCP to free n601-DNA remain-

ing in the samples. Optimal ratios were defined as those containing the least aggregation and the highest ratio of NCP to free DNA;

often ratios of 0.9-1.0 octamer:DNA were selected. For NMR samples, higher concentrations of DNA were preferred to minimize the

concentration of free histones left in the sample.

Using the optimal octamer:DNA ratio, a large-scale reconstitution reaction was prepared. Sample volumes exceeding 10 mL in

multiple GeBaFlex maxi cassettes were typical. The volumes of RB High and RB Low were scaled up to 400 mL and 2 L respectively.

Gradient dialysis at 4 �C proceeded as described, followed by native gel electrophoresis to ensure proper reconstitution. nNCP sam-

ples were concentrated in Amicon Ultra-15 centrifugal concentration units equipped with 10 kDa MWCO membranes and stored in

RB Low at 4 �C until further use.

For unPARylated nNCP NMR samples, the nNCP was buffer exchanged into 20 mM sodium phosphate, 100 mM NaCl, 0.1 mM

EDTA, pH 6.0 by serial concentration and dilution. The final nNCP concentration was measured by 260 nm absorbance based on

the theoretical molar absorptivity of n601-DNA; all samples contained between 80-110 mM in �300 mL. Deuterium oxide (D2O)

was added to a final concentration of 3% v/v. Samples were inserted into 5 mm Shigemi tubes prior to data acquisition.

Small-scale nNCP PARylation

Small-scale PARylation reactions were typically prepared with the following composition: 25 mM Tris, 37.5 mMKCl, 112.5 mMNaCl,

0.5 mM nNCP, 1 mMmChPARP1, 1.5 mM HPF1, 0.5 mMMgCl2, 2.5 mM DTT, 1 mM NAD+, pH 7.5. mChPARP1 and HPF1 were pre-

mixed at 103 concentration (i.e., 10 mMmChPARP1 and 15 mMHPF1) in storage buffer 250 (25mMTris, 250mMNaCl, 0.5mMEDTA)

prior to addition. In some conditions, HPF1 was excluded and replaced with storage buffer 250. nNCP samples were prepared in RB

Low (10 mM Tris, 150 mM KCl, 1 mM EDTA, pH 7.5). NAD+ stock solutions (10 mM) were prepared in deionized water and filtered.

PARylation reactions were allowed to proceed for 20 min at 37 �C. To qualitatively assess the extent of PARylation, samples were

quenched in 43 SDS-PAGE loading buffer and resolved on 4%–12%polyacrylamide SDS gels. Histones andmChPARP1 were visu-

alized by Coomassie staining, or, when nNCPs contained AF488-H3, AF488 fluorescence. Variations in the reaction compositions

were introduced depending on the experiment. For example, for PARylation of nNCPs containing AF488-labelled H3 in Figure S1F,

HPF1 was selectively excluded in some conditions. Please see the sections pertaining to specific assays for more details.

Large-scale nNCP PARylation for NMR

PARylated nNCPNMR samples were prepared by enzymatically modifying samples that had been previously used to acquire data in

the unmodified state. For instance, the unmodified and PARylated spectra derived from H3 originated from the same nNCP sample

containing isotopically labeled H3, before and after PARylation.

nNCPNMR samples were incorporated into PARylation reactionmixtureswith the following final composition: 25mMTris, 150mM

NaCl, 1 mM nNCP, 1 mM mChPARP1, 1.5 mM HPF1, 0.5 mM MgCl2, 2.5 mM DTT, 2 mM NAD+, pH 7.5. mChPARP1 and HPF1 were

premixed at 103 concentration (i.e., 10 mMmChPARP1 and 15 mM HPF1) in storage buffer 250 (25 mM Tris, 250 mM NaCl, 0.5 mM

EDTA) prior to addition. nNCP samples were buffer exchanged into RB Low prepared with sodium instead of potassium chloride (10

mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.5). NAD+ stock solutions were prepared in deionized water and filtered. The reaction was

allowed to proceed at 37 �C for 30 min. Sample volumes were scaled depending on the original quantity of nNCP in the NMR sample,

but typically exceeded 30 mL. Following this incubation period, the entire sample volume was loaded into a 50 mL Superloop and

connected to an AKTA FPLC System in line with a HiLoad Superdex 200 26/60 size exclusion column pre-equilibrated in NMR buffer

at 4 �C. Typically the NMR buffer had the same composition as described above (20 mM sodium phosphate, 100 mM NaCl, 0.1 mM

EDTA, pH 6.0), although the sodium chloride was omitted for experiments conducted with ‘no-salt’ (20 mM sodium phosphate, 0.1

mM EDTA, pH 6.0). Three consecutive injections (with maximum volumes of 12 mL) were performed over three identical runs at a

constant flow rate of 1.5 mL min-1. Fractions were collected at retention volumes spanning 80-260 mL from the point of injection.

Each consecutive injection resulted in nearly identical chromatograms. PARylated nNCPs eluted as a single peak partially overlap-

ping with an earlier-eluting peak containing automodified mChPARP1. Complete separation of these two peaks was not possible. All

fractions containing PARylated nNCPs (as assessed by SDS-PAGE andCoomassie staining) were pooled and concentrated using an

Amicon Ultra-15 centrifugal concentrator unit bearing a 10 kDa MWCO membrane. Final nNCP concentrations were estimated by

calibration of SDS-PAGE band intensities to standardized amounts of H2B loaded on the same gel and stained with Coomassie.

Samples were supplemented with 3% v/v D2O and inserted into 5 mm Shigemi tubes.

Sample preparation for ADP-ribose quantification

A PARylated nNCP NMR sample containing 13C,15N-labelled H3 (all other histones were protonated and isotopically unlabelled) was

prepared according to the protocol described above with the following modifications. After incubating the PARylation reaction for 30

min at 37 �C, an equal volume of 8M guanidium chloride was added to achieve a final concentration of 4M. This mixture was concen-

trated to a final volume of�12 mL using an Amicon centrifugal concentrator unit equipped with a 3 kDa MWCOmembrane. Portions

of the sample were serially injected onto a HiLoad Superdex 200 26/60 size exclusion column pre-equilibrated in 25 mM Tris, 4 M

guanidinium chloride, 0.5 mM EDTA, pH 7.5 at lab temperature (�22 �C). Each run had a duration of 320 mL (�1 CV) with a constant
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flow rate of 1.5 mL min-1, collecting fractions over retention volumes spanning 80-280 mL. PARylated mChPARP1 eluted early in the

run, well resolved from DNA and PARylated H3, which were partially overlapping. Some of the unmodified histones coeluted with the

PARylated H3, although this was not deemed an issue for subsequent NMR experiments as these histones were isotopically unla-

belled. Fractions spanning retention volumes 170-250 mL were pooled and concentrated in an Amicon centrifugal concentrator unit

(3 kDa MWCO) to a final volume of �1.1 mL and dialyzed in a GeBAflex midi dialysis cassette against NMR buffer (20 mM sodium

phosphate, 100 mM NaCl, 0.1 mM EDTA, pH 6.0) overnight at 4 �C. A sample of unPARylated, 13C,15N-labelled H3 (to use as a stan-

dard of known H3 concentration in subsequent NMR experiments) was dialyzed against the same buffer in a separate GeBAflex midi

cassette. The next morning, both samples were clarified by centrifugation at maximum speed (21000 3 g for 10 min at 4 �C) and
supplemented with 3% v/v D2O. The PARylated-H3 sample was split into 23 500 mL samples; in one sample, 50 nM PARG was

added to hydrolyze PAR, while to the other, 0.05 mg mL-1 proteinase K was added to hydrolyze the protein backbone. The PARG

reaction was allowed to proceed for 1.5 h at lab temperature (22 �C), whereas the proteinase K-treated sample was incubated over-

night at 50 �C. Each sample was transferred to a 5 mm NMR tube. The concentration of the H3 standard was measured by absor-

bance at 280 nm, using the theoretical molar extinction coefficient calculated from the Drosophila H3 primary sequence (4470 M-1

cm-1). Proteinase K treatment was also performed on this sample using the same conditions described above. Another standard con-

taining 1.0 mMADP-ribose was prepared by dissolving adenosine 50-diphosphoribose disodium salt powder in the sameNMRbuffer

used for dialyzing the protein samples. This standard was filtered through a 0.22 mmmembrane, supplemented with 3% v/v D2O, and

transferred into a 5 mm tube.

Enzyme assays
Ligation assays—General protocol including PARylation

Ligation reactions generally contained the following components: 25 mM Tris, 37.5 mMKCl, 112.5 mMNaCl, 0.5 mM nNCP (contain-

ing 5mol%AF647-labelled n601-DNA), 1 mMmChPARP1, 1.5 mMHPF1, 1mMMgATP, 1mMDTT, 1mMNAD+, pH 7.5, with variable

concentrations of XRCC1/LIG3. A stock solution of mChPARP1 and HPF1 was premixed at 103 concentration (i.e., 10 mM

mChPARP1 and 15 mM HPF1) in storage buffer 250 (25 mM Tris, 250 mM NaCl, 0.5 mM EDTA, pH 7.5)—in samples lacking

HPF1, only mChPARP1 was mixed with the same buffer. A stock solution of XRCC1 and LIG3 was also premixed in storage buffer

500 (25 mM Tris, 500 mM NaCl, 0.5 mM EDTA, pH 7.5) at 103 the highest concentration point used in the assay. A stock solution of

nNCPs was prepared at 43 concentration (usually 2 mM) in RB Low (10 mM Tris, 150 mM KCl, 1 mM EDTA, pH 7.5). 10 mM NAD+

stock solutions were prepared in deionized water and filtered through a 0.22 mm membrane. MgATP, DTT and Tris were also pre-

pared together as a 103 sterile-filtered stock solution with the pH adjusted to 7.5 by addition of aqueous 12 M sodium hydroxide.

For reactions including PARylation, a master mix including every component except XRCC1/LIG3 was prepared. PARylation was

initiated by addition of NAD+ and allowed to proceed for 20 min at 37 �C. Samples lacking NAD+ (i.e., ‘unmodified’ conditions) were

also incubated at the same temperature for the sake of consistency. During this period, XRCC1/LIG3 was serially diluted 0.53 in stor-

age buffer 500 across 11 concentration points (including a 12th point containing no XRCC1/LIG3, only buffer) in a 96-well low-protein-

binding polypropylene plate. Following the PARylation reaction, themastermix was apportioned in 9 mL volumes into an adjacent row

of the 96-well plate. 1 mL of each XRCC1/LIG3 stock solution (at 103 final assay concentration) was transferred simultaneously using

a multichannel pipet into the row of samples containing the master mix. Ligation was allowed to proceed for another 20 min at 37 �C.
Samples for denaturing gel analysis were quenched by simultaneously transferring 5 mL of each reaction into pre-aliquoted 15 mL

portions of loading buffer (1.33 TBE, 2.66 M urea, 8% w/v Ficoll PM400) and mixing vigorously. Each sample was then transferred

into a thin-walled PCR tube and heated to 95 �C for 5min before being rapidly cooled on ice. 10 mL of each sample was loaded onto a

TBE-urea 15% polyacrylamide gel pre-equilibrated in 0.53 TBE heated to 70 �C. DNA species were resolved by electrophoresis at a

constant voltage (180 V) for 30 min. Products were visualized by AF647 fluorescence originating from the ligated or unligated 31mer

segment of n601-DNA using a ChemiDoc MP system.

Ligation assays—Including PARG

Ligation assays including PARG were performed identically to the general assay protocol except varying concentrations of PARG

were added immediately prior to NAD+. In this scenario, 7 mL samples of a master mix including all assay components except for

NAD+, PARG and XRCC1/LIG3 were added to a 96-well plate. PARGwas prepared at 103 the highest assay concentration and seri-

ally diluted in storage buffer 500. 1 mL of each PARG dilution was added simultaneously to each sample of master mix followed by 1

mL of 10 mMNAD+. One sample contained the maximum PARG concentration (100 nM) with no NAD+ (replaced with 1 mL water). The

entire plate was sealed and incubated at 37 �C for 20 min. A stock solution containing 150 nM XRCC1/LIG3 was then added (1 mL)

simultaneously to each condition. After another 20min incubation period at 37 �C, sampleswere resolved by electrophoresis on urea-

TBE gels and imaged as described above.

Ligation assays—On ‘‘Free’’ DNA

Assays involving n601-DNA unincorporated into NCPs were performed essentially the same as the general protocol, except the

nNCP was substituted with n601-DNA (also including 5 mol% AF647-labelled 31mer) pre-exchanged into RB Low.

Ligation assays—Titrating mChPARP1

For assays containing variable concentrations of mChPARP1/HPF1 and no NAD+ (Figure S2B), a master mix containing all ligase re-

action components except for mChPARP1/HPF1 and XRCC1/LIG3 was prepared and apportioned into 8 mL samples in a 96-well

plate. A stock solution of mChPARP1/HPF1 was prepared at 103 the highest concentration point and serially diluted 0.53 in storage
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solution 250; the final well contained 0 mMmChPARP1/HPF1. 1 mL of eachmChPARP1/HPF1 dilution was simultaneously added into

the 8 mL master mix samples. Following a 20 min incubation period at 37 �C, 1 mL of a 103 XRCC1/LIG3 stock solution (150 nM) was

added into every sample. Following another 20 min incubation period at 37 �C, the reactions were quenched and resolved by elec-

trophoresis as described in the general protocol.

Ligation assays—Comparing PARylated to trypsinized nNCPs

Assays containing trypsinized nNCPs were performed essentially the same as those containing PARylated nNCPs, except

mChPARP1 and HPF1 were omitted. Storage buffer 250 was added in their place to keep the salt concentrations between conditions

constant. 1 mM NAD+ was included in trypsinized nNCP samples even though mChPARP1/HPF1 was absent. XRCC1/LIG3 were

titrated to higher concentrations, reaching 1 mM maximum and descending in increments of 0.333. Ligation reactions and electro-

phoresis were otherwise performed exactly as described in the general protocol.

Ligation assays—Titrating XRCC1 or LIG3DBRCT

Assays including mutant LIG3 DBRCT were performed identically to the general protocol, except full-length LIG3 was swapped for

LIG3 DBRCT. In reactions containing variable concentrations of XRCC1, LIG3 and XRCC1 were added separately into 8 mL samples

containing all other components (including PARylated nNCPs). XRCC1was serially diluted in storage buffer 250 from 103 the highest

concentration point, while LIG3 was prepared at a constant concentration (150 nM; to yield a final concentration of 15 nM in the re-

action) in the same buffer. Following PARylation, 1 mL XRCC1 (variable concentration) was added simultaneously into each sample

followed by 1 mL LIG3 (constant concentration, 150 nM) to initiate ligation.

Micrococcal nuclease sensitivity assays

Micrococcal nuclease (MNase) reactions contained the following: 25 mM Tris, 37.5 mM KCl, 112.5 mM NaCl, 0.5 mM (n)NCP, 1 mM

mChPARP1, 1.5 mM HPF1, 0.5 mMMgCl2, 2.5 mM DTT, 2.5 mM CaCl2, 1 mM NAD+, 100 gel units mL-1 MNase (units defined by the

manufacturer, NEB), pH 7.5. All components except forMNasewere combined in amaster mix that was incubated for 20min at 37 �C
to induce PARylation. Samples lacking NAD+ were incubated in the same way. A 103 stock solution of MNase (1000 gel units mL-1)

was prepared by diluting the enzyme (as supplied by the manufacturer) 1:1 with DNAse-free water. Following the 20 min incubation,

the 103MNase stock solution was diluted 1:10 into each sample. 5 mL aliquots werewithdrawn at specific time intervals following the

addition of MNase and quenched in 15 mL loading buffer. Samples were transferred to thin-walled PCR tubes and incubated at 95 �C
in a PCRmachine. After rapid cooling on ice, 10 mL of each sample was loaded onto a TBE-urea 15%polyacrylamide gel. Both the gel

and 0.53 TBE electrophoresis buffer were pre-heated to 70 �C. DNA species were resolved by applying a constant voltage (180 V) for

30 min. To stain DNA, the gel was incubated with SYBR Gold (diluted 1:10000 in deionized water) for 5 min with constant agitation.

Excess dye was removed by several washes with fresh water prior to imaging. DNA species were visualized on a ChemiDoc MP im-

aging system using the fluorescence specifications for SYBR Gold.

Electrophoretic mobility shift assays

Binding reactions involving nNCPs andmChPARP1 contained the following: 25mMTris, 37.5mMKCl, 112.5mMNaCl, 0.5 mMnNCP

with 5% AF647-labelled 31mer, varying concentrations of mChPARP1 (7.8-2000 nM), 0.5 mMMgCl2, 2.5 mM DTT, 1 mM NAD+, pH

7.5. Note that HPF1 was excluded to prevent PARylation of the nNCP. A master mix containing all components except mChPARP1

was assembled. mChPARP1 was prepared at 103 the highest concentration point used in the experiment. Serial dilution (with 0.53

increments) was performed in storage buffer 250 in a 96-well plate. 9 mL of master mix was transferred into each well of a row in the

96-well plate. 1 mL of each mChPARP1 serial dilution was added to a sample of the master mix. The plate was incubated at 37 �C for

20min to induce PARylation in cases where NAD+ had been included. 5 mL of each sample was then transferred to andmixed with 15

mL of native loading dye (1.333 TBE, 8%w/v Ficoll PM400), from which 10 mL was then loaded onto a native TBE 6% polyacrylamide

gel. Electrophoresis was conducted at a constant voltage (80 V) for 75 min at room temperature. Bound species were visualized by

AF647 fluorescence on a ChemiDoc MP imaging system.

Nuclear magnetic resonance spectroscopy
Samples

NMR samples were prepared from reconstituted nNCPs buffer-exchanged into NMR buffer (20 mM sodium phosphate, 100 mM

NaCl, 0.1 mM EDTA, 3% D2O, pH 6.0) at typical concentrations between �90 mM–110 mM. A pair of NMR samples was prepared,

corresponding to PARylated and unmodified particles, with one histone 2H, 15N-, and ILV-methyl labelled (the others were uniformly
2H-labelled), as described above. In addition to the eight samples prepared in this manner, we also generated samples of PARylated

and unmodified NCPs with either H3 or H4 2H, 15N-, ILV-methyl labelled (other histones perdeuterated) using a buffer that lacked

NaCl (20 mM sodium phosphate, 0.1 mM EDTA, 3% D2O, pH 6.0).

Assignment of NCP methyl groups

Assignments of 1H-15N amide (NCP tail) and 1H-13Cmethyl correlations for the individual histones in the context of unmodified NCPs

were obtained from previous reports9,133,134 and could easily be transferred to spectra of the PARylated particles.

NMR experiments

All NMR experiments were recorded at 37 �C (with the exception of the diffusion experiments which were measured at 25 �C) using
either 14.1 T or 18.8 T Bruker Avance III HD spectrometers, or with a 23.5 T Bruker Avance NEO spectrometer, each equipped with a
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x,y,z gradient TCI cryoprobe. The integrity of each NCP sample was established by recording 1H-15N HSQC spectra using a gradient-

enhanced HSQC experiment, 37 �C (18.8 T),136 focusing on the histone tail regions, or via 1H-13C HMQC datasets, 37 �C (23.5 T) with

water suppression achieved using a WATERGATE scheme.137

Chemical shift perturbations

CSPs (Hz) were calculatedwith the following equation,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdH3no;HÞ2+ðDdN3no;NÞ2

q
or

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdH3no;HÞ2+ðDdC3no;CÞ2

q
for peaks in 1H-15N

and 1H-13C correlation spectra, respectively,whereDdi is the shift difference in ppmand no,i is the Larmor frequency of nucleus i (1H, 13C

or 15N)at themagneticfieldatwhich theexperimentswereconducted.TheCSPsofH3,whichweremeasured fromdataacquiredat23.5

T, were scaled down to be consistent with the CSPs measured from the other histone NMR data recorded at 18.8 T. In the case where

multiple peaks for a given site were observed, the peak with the largest intensity was used for calculating CSPs.

Measurement of J(0) values of backbone amides in NCPs

Wehavemade use of a series of experiments that measure the relaxation rates of four 15N-1H two spin terms, either in the presence or

absence of 15N and 1H spin-lock fields, as described previously138,139 and more recently in the context of studies of NCPs.9 These

experiments were supplemented by recording 15N[1H]-heteronuclear NOEs and 15N R1 relaxation rates, yielding chemical exchange

free measures of histone tail backbone mobility. Details can be found in a previous publication.9

Measurement of diffusion

Translational diffusion coefficients weremeasured via a series of 1D 13C-edited 1H spectra with nine different gradient strengths (from

10% to 100%maximum,where themaximum strength is 45G cm-1), 25 �C, using a pulse scheme that is similar to a 15N-edited exper-

iment published previously, but with 15N and 13C pulses interchanged.140 Encoding and decoding of signals was achieved using pairs

of bipolar gradient pulses, where each pulse of the pair has a duration of 1 ms, sandwiched between a diffusion delay period of 300

ms duration. Sample concentrations were varied by successive dilution in NMR buffer: 20 mM sodium phosphate, 100 mMNaCl, 0.1

mM EDTA, 3% D2O, pH 6.0.

Quantification of ADP-ribose

The average number of ADP-ribose units per PAR chain attached to H3 was quantified by recording 1H 1D excitation sculpting

spectra141 of the PARylated-H3 sample treated with PARG and integrating the aromatic region from 8.5�8.1 ppm. Notably, we

observed a very broad, low intensity ‘hump’ derived from the DNA bases which was removed from spectra by insertion of a T2 filter

of 100 ms net duration. Comparison of ADP-ribose peak intensities with the corresponding intensities from the control sample of

known adenosine 50-diphosphoribose concentration (also recorded with a T2 filter of 100 ms), enabled the determination of the con-

centration of ADP-ribose units associated with H3. The concentration of H3 in the PARylated-H3 sample to which proteinase K was

added was ascertained by recording 1D 13C edited spectra. The spectral region extending from 2.7 ppm – 0.5 ppm was integrated

and the integral compared with a proteinase K digested H3 standard of known concentration. In this manner the concentrations of

ADP-ribose units and H3 were obtained.

Hydrogen-deuterium exchange mass spectrometry
Unmodified and PARylated nNCPs at 2 mM were equilibrated in 20 mM sodium phosphate, 100 mM NaCl, 0.1 mM EDTA, pH 6.0.

Hydrogen-deuterium exchange (HDX) was initiated at room temperature (22 ± 1 �C) by a 10-fold dilution into a D2O-based buffer

with an identical composition as the one described above. The pD of the buffer was adjusted to account for the isotope effect on

glass electrodes.142,143 HDX was allowed to proceed for 0.2, 1, 5, 15, 60, and 180 minutes. The samples were quenched by mixing

1:1 [v:v] with ice-cold 250mMsodiumdihydrogen phosphate, 3Mguanidinium chloride and 3mMN-dodecylphosphocholine144 for a

final pH of 2.5, followed immediately by flash-freezing in liquid N2.

Proteolytic digestion, sample handling, and liquid chromatography (LC) were performed on an M-Class ACQUITY UPLC system

with HDX technology (Waters). The quenched protein samples were rapidly thawed and loaded onto a 50 mL loop of the UPLC sys-

tem, resulting in a final injection of 5 pmol of nucleosome core particle per sample. Digestion was carried out online using an immo-

bilized Nepenthesin-II protease145 column (AffiPro, 1 mm 3 20 mm, 16.2 mL) at 15 �C. The resulting peptides were trapped on a 1.7

mm, 2.1mm3 5mmethylene bridged hybrid (BEH) C18 column (Waters) at flowrate of 100 mLmin-1 for 3minutes and separated using

reversed-phase chromatography at 0 �C on a 1.8 mm, 1mm3 50mmHSS T3 column (Waters). A linear water: acetonitrile gradient at

a flowrate of 100 mL min-1 was used to separate the trapped peptides over 8 minutes by ramping acetonitrile from 5% to 35%. Both

mobile phases were acidified using 0.1% [v/v] LCMS-grade formic acid. Between each run, the protease column and the injection

loop were extensively cleaned using a solution containing 1.5 M guanidinium chloride, 4% [v/v] acetonitrile, 0.8% [v/v] formic acid,

and 1.5 mM N-dodecylphosphocholine to ensure minimal column carry-over.144,146

The LC outflow was directed to a quadrupole time-of-flight (Q-TOF) Synapt G2Si mass spectrometer (Waters) equipped with a

standard electrospray ion source operated in positive-ion mode. The instrument was calibrated online via infusion of LeuEnk solution

(1+, 556.2771 Th) from the LockSpray exact mass ionization source (Waters) every 20 seconds at a flow rate of 10 mL min-1. Peptide

mapping was performed in triplicate using drift time-aligned MSE data-independent acquisition, as described previously.147 Mass

spectra were recorded over the 50 to 2000 Th range with a scan time of 0.4 s. The transfer collision energy was ramped linearly

in alternating scans over 20-40 V to induce fragmentation. Ion mobility separation was controlled manually as described previ-

ously.147 The quadrupole transmission profile was set manually to exclude ions smaller than 300 Th. The TOF mass analyzer was

operated in resolution mode. All MSE data were analyzed using PLGS 3.0.3 (Waters). Raw data were processed with low and high

intensity thresholds of 200 and 50 counts, respectively, and data were searched against a customized database including only
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the histone sequences. Only peptides identified in all replicates with at least 0.11 product ions per amino acid, and 1 consecutive

product ion were processed further.148

For deuterium uptake measurements, the mass spectrometer parameters were set similar to those recommended by Guttman

et al.149 to minimize ion activation and deuterium loss. The level of deuterium uptake, D, at time t is represented as:

DðtÞ =
mt � m0

m100 � m0

where mt is the measured centroid mass of the peptide of interest at time t, and m0 and m100 correspond to the measured centroid

mass for the undeuterated control and the theoretical maximum deuteration, respectively. HDX data analyses were performed using

DynamX 3.0 (Waters). A value of ±0.50 Da, considerably above the average methodological error (±0.14 Da),150 was selected as the

cutoff to determine significant differences in relative deuterium incorporation measurements, following the approach described by

Engen and coworkers.151,152

Cryogenic electron microscopy
Cryo-EM sample preparation and data collection

Holey gold grids with regular arrays of �2 mm holes were nanofabricated in-house as previously described.153 Grids were glow-dis-

charged in air for 15 s prior to application of 3 mL of sample. Each sample contained 2 mM nNCP, either unmodified or PARylated, in

EM buffer (20 mM Tris-HCl, 100 mM or 5 mM KCl for high- or low-salt conditions, 0.1 mM EDTA, pH 7.5). PARylated samples also

contained automodified mChPARP1 and HPF1. Grids were blotted from the gold side using a Leica EM GP2 plunge freezer (Leica

Microsystems) for�2 s (0 s in the Leica setting) at 4 �C and�95% relative humidity prior to plunge freezing in liquid ethane. Samples

were imaged with a Titan Krios G3 electron microscope (ThermoFisher Scientific) equipped with a Falcon 4i direct electron detector

camera (ThermoFisher Scientific) and operating at 300 keV. Data collection was automated using the EPU software (ThermoFisher

Scientific), applying a defocus range of 1.0 mm to 2.0 mm. Movies were acquired with 30 exposure frames at a nominal magnification

of 75,0003 corresponding to a calibrated pixel size of 1.03 Å, using an exposure rate of�5.7 e– pixel-1 s-1 and a total exposure of�40

e– Å-2. 4969, 3533, 7203, and 3311movies were collected for the high-salt unmodified, high-salt PARylated, low-salt unmodified, and

low-salt PARylated conditions, respectively.

Cryo-EM image analysis

Image analysis was conducted using cryoSPARC v.4.132 Patch-based alignments and contrast transfer function (CTF) estimation

were carried out during automated data collection in cryoSPARC Live. Particle selection was performed using templates generated

from projections of a low-pass filtered NCP map, followed by per-particle motion correction and extraction using a 256 3 256 pixel

box. Following extraction, particles from all four datasets (unmodified and PARylated, high and low salt) were combined into a single

dataset containing a total of 1,364,323 particle images (Figure S5A). Several measures were taken to allow accurate comparison of

local resolution between maps. The combined dataset was cleaned using three consecutive rounds of 2D classification, yielding a

reduced dataset of 645,890 high-quality particle images. From here, particle images were separated according to the specimen

preparation condition and used for ab-initio 3D reconstruction and map refinement, with a single 3D map calculated for each spec-

imen condition without further removal of any particle images. In this way, we attempted to 1) avoid image analysis steps that would

inconsistently keep or remove particles from the four datasets and 2) remove junk and low-quality particle images while retaining the

relevant heterogeneity from each dataset that would inform on NCP dynamics. The four maps above had different overall resolutions

with the unmodified NCP at 5mMKCl being theworst. To accurately compare local resolution distribution between the four maps, we

reduced the number of particles from each of the other three datasets in the final reconstruction and refinement steps such that the

computedmaps of all four datasets had overall resolutions of 3.8 Å. This overall nominal resolution includes corrections for the effects

of masking and was calculated using the loose mask generated in the non-uniform refinement job in cryoSPARC, which includes the

entire NCPmolecule including the dynamic DNA entry/exit sites (Figure S5A). Local resolution estimations were carried out on the 3.8

Å maps and the output resolutions were used to colour the 3D map in UCSF ChimeraX.131

Dynamic light scattering and fitting of diffusion data
DLS sample preparation and analysis

DLS autocorrelation functions weremeasured using a plate reader formatWyatt DynaPro DLS instrument. Briefly, samples were pre-

pared by dilution of concentrated nNCP or trypsinized nNCP stocks (100 mM) in buffer containing 20mM sodium phosphate, 100mM

NaCl (omitted for some conditions), 1 mM EDTA, pH 7.5. To remove contaminating dust, the experimental buffer was filtered (0.22

mm) and the sample tubes and the DLS plate wells were evacuatedwith compressed air prior to use. Prior to loading on the DLS plate,

samples were centrifuged at 17500 rpm for 15 min to pellet any large aggregates or dust. Each well contained 20 mL of each sample.

Autocorrelation functions (averaged from 25 individual transients) were recorded for each sample well at 25 �C. The average auto-

correlation functions were numerically fitted using the DYNAMICS software package (Wyatt Technology) to obtain z-averaged diffu-

sion coefficient (Dz) values.
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Analysis of diffusion constants derived from NMR experiments

Diffusion constants from NMR experiments were fit to an isodesmic model of NCP association, as previously described.9 In this

model, NCPs oligomerize into rodlike stacks, with the thermodynamics of association described by the following set of equilibrium

equations:

KA =
½N2�
½N1�2

=
½N3�

½N2�½N1� = / =
½Ni�

½Ni� 1�½N1� = / =
½Nn�

½Nn� 1�½N1� (Equation 1)

In Equation 1, NCP monomers are denoted as N1 and add to growing assemblies in each step with an association constant KA,

where n is the final assumed assembly size (i.e., n NCPs in a stack; values of 100, 200, or 300 were used in the analysis with identical

results). Concentrations of individual NCP species were obtained by solving the system of equations in [1], as described previously,9

during each round of the fitting procedure using the current value ofKA and the total experimental concentration of NCP particles,NT .

Average diffusion constants, Davg:, were subsequently calculated using the solved NCP concentrations in each fitting iteration ac-

cording to:

Davg: =
Xn

i = 1

i½Ni�
NT

Di (Equation 2)

where Di is the set of diffusion constants for each NCP species at infinite dilution, with each element of the set assumed to obey a

scaling law relating the diffusion constant to the number of NCP monomers in the rodlike assembly,9 and i takes into account the

number of monomers in a given oligomer. This process was iterated until agreement between experimental and calculated diffusion

constants at each NCP concentration was obtained.

It is important to note that we have not taken into account the likely possibility that larger particles will contribute less to the NMR

signal due to spin relaxation during constant delays in the pulse sequence used. In addition, Equtaion 2 is strictly only valid in the limit

of fast exchange, which in the case of interconversion between a pair of conformers A and B, requires that:

kex [ DR1 + k2DD (Equation 3)

where kex is the sum of the rates of forward and backward conversion between A and B, DR1 = R1;B � R1;A is the difference in lon-

gitudinal relaxation between the conformers, DD = DB � DA, with Di the diffusion constant of the ith species, and k = gGd, where

gis the proton gyromagnetic ratio, G is the gradient strength, and d is the duration of the encoding and decoding gradient pules.154

Note that in the NCP case, kex is the sum of the association and dissociation rates for the successive addition/elimination of a particle.

Our analysis of the unmodified (i.e., unPARylated) NCP diffusion profile indicates that 70% of the particles are trimers or less (80% of

the particles are monomers and dimers in the PARylated case), for which amaximumDD of 3.4 x 10-7 cm2 s-1 is calculated. A value of

ðk2DDÞmax < 2 s-1 is obtained for the experimental setup used, and given the relatively low affinities of particles for each other

(KD values of 42 ± 24 mM and 185 ± 98 mM are fitted for the unmodified and PARylated NCPs, respectively), kex is expected to be

sufficiently large to satisfy Equation 3. Thus, the approximation of the measured diffusion rate as a population-weighted average

of diffusion constants of species in solution is a reasonable assumption. It is worth emphasizing that our goal in fitting the data is

simply to provide a qualitative measure as to how the relative NCP affinities change with PARylation. It is clear without any analysis

of the data that the PARylated sample diffuses more rapidly than the unmodified NCP, despite its increased size, and that the rate of

change of diffusionwith NCP concentration is less steep, consistent with a decreased tendency to self-associate (as the extractedKD

values from the fits indicate).

Light microscopy
Sample preparation

Samples prepared for microscopy generally contained the following, with slight variations depending on the experiment: 25 mM Tris,

37.5 mM KCl, 112.5 mM NaCl, 0.5 mM nNCP (containing 5 mol% AF647-labelled n601-DNA; also trypsinized in Figure 5E), 1 mM

mChPARP1, 1.5 mM HPF1, 1 mM XRCC1/LIG3 (with or without AF488-labelling), 0.1 mM MgATP, 0.5 mM MgCl2, 2.5 mM DTT, 1

mMNAD+, pH 7.5. ‘Unmodified’ samples did not contain NAD+. Prior to combining all components, mChPARP1 and HPF1 were pre-

pared in a 103 stock solution with storage buffer 250. XRCC1 and LIG3were combined in a 103 stock solution preparedwith storage

buffer 500. For samples containing AF488-labelled XRCC1 or LIG3, 10 mol% of the final concentration of either was substituted for

AF488-labelled protein (e.g., to give final concentrations of 0.9 mM XRCC1 and 0.1 mM AF488-labelled XRCC1 in the sample to be

imaged). To induce PARylation, samples containing all components except for XRCC1/LIG3 were incubated for 30 min at 37 �C prior

to image acquisition. XRCC1/LIG3 were added immediately prior to imaging to induce phase separation. 10 mL of each sample were

deposited on 35 mm-diameter uncoated no. 1 coverslip glass-bottom dishes (for fluorescence imaging) or into a black polystyrene

glass-bottom (140 mm thickness) 96-well plate (for DIC imaging). Samples were observed immediately, although usually a few mi-

nutes were required for enough droplets to accumulate on the glass surface to collect consistent images.

For DIC experiments illustrated in Figures 5B, S5A, and S5B, 103 stock solutions containing different concentrations of LIG3,

XRCC1/LIG3 or XRCC1/LIG3 DBRCT were prepared in storage buffer 500. As in the general sample preparation protocol described

above, these were added following PARylation.
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For samples illustrated in Figure 5F, unnicked, unPARylated NCPs were added to samples following PARylation (i.e., after the

30min incubation period following addition of NAD+. Automodified mChPARP1 is incapable of initiating PARylation). A 43 stock so-

lution containing 37 mMunlabelled NCPs and 3 mMAF488-H3NCPs in RB Lowwas prepared. All other components were the same as

described above, except 75mMKCl was present instead of 37.5mM. The NaCl concentration was adjusted to yield a total combined

NaCl and KCl concentration of 150 mM, as in the other imaging samples. The final concentrations of unlabelled and AF488-H3 NCPs

were 9.7 mM and 0.3 mM, respectively. XRCC1 and LIG3 were left unlabelled.

In samples containing additional DNA repair proteins (i.e., APLF, APTX, PNKP or POLB), each protein was added to the samples

along with (phospho-)XRCC1/LIG3 following the 30min PARylation incubation. 103 stock solutions containing 0.5 mM AF488-

labelled repair protein along with 4.5 mMof its unlabelled counterpart were prepared in storage buffer 500. The amount of NaCl added

to these samples was scaled down to account for the extra storage buffer 500 included with the DNA repair proteins; the final NaCl

concentration still totalled 150 mM after all components were combined.

Differential interference contrast imaging

Differential interference contrast (DIC)micrographs were captured on a Zeiss Axio Observer 7microscope equippedwith an Axiocam

702 monochromatic camera and a LD Plan-Neofluar 633/0.75 NA Corr M27 objective lens. All images were acquired at 25 �C.
Fluorescence confocal imaging

Fluorescence confocal images were collected on a Leica TCS SP8 Lightning/DMI8 system containing a Hamamatsu C9100-13

EM-CCD camera. All images were acquired at room temperature with a 633/1.3 NA glycerol-immersion objective lens at 2042 3

2042 px image resolution, using 488 nm (20 mW), 552 nm (20 mW) and 638 (30 mW) lasers. Laser powers were adjusted to avoid

detector oversaturation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ligation assays
To quantify ligation, gel images were processed in ImageJ.155 The ‘upper’ and ‘lower’ bands visualized by AF647 fluorescence were

assigned as the fully ligated 153 nt and unligated 31 nt fragments of n601-DNA, respectively. Band intensities were measured manu-

ally. Background intensity was quantified as the average signal in regions outside of the bands; these valueswere subtracted from the

band intensity values. The fraction of ligated DNA in each condition was calculated from the quotient of ligated band intensity (IL) to

the sum of the ligated and unligated band (IUL) intensities:
IL

IL+IUL
. Ligation data, including mean values and standard deviations taken

from multiple replicates, were plotted in GraphPad Prism v6.

Partition coefficients derived from fluorescence micrographs
Fluorescence imaging data was processed using Fiji.130 Brightness and contrast levels were left unadjusted between samples. Mean

fluorescence intensity valuesweremeasured in the centres of similarly sized droplets viewed through the AF488 channel. Tomeasure

fluorescence intensity outside of droplets, duplicated images weremodifiedwith a Gaussian blur filter (5 s) andmanually thresholded

to exclude regions inside the droplets. The region of interest defined in this manner was used to measure the mean intensity outside

the droplets in the original, unmodified image. Partition coefficients were calculated by dividing themean intensity inside the droplets

with themean intensity outside the droplets. Results were averaged acrossmultiple droplets frommicrographs originating from three

independent experiments. The average partition coefficients and their associated standard deviations were plotted in GraphPad

Prism v6.

Error analysis of J(0) data
J(0) values were calculated from analysis of spectra from which 15N[1H]-heteronuclear NOEs, 15N R1 relaxation rates, and the relax-

ation rates of a series of four 15N-1H two-spin terms were obtained. Peak intensities in all datasets were quantified using peakipy

(https://j-brady.github.io/peakipy/). The resulting errors in intensities were utilized to calculate the errors of heteronuclear NOE values

and relaxation rates, with errors in J(0) values then obtained via propagation of these uncertainties. Further details can be found in our

previous publication.9
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1. Supplementary Figures  
 

 
 

Figure S1. Preparation and modification of nucleosome core particle (NCP) 
samples; related to Figures 1-5 and STAR Methods. (A) Nucleotide sequence of 
Widom 601-DNA. The Nt.BsmAI excision site is indicated by a slash (/) within the 
restriction site: GTCTCN/N, where N is any nucleobase. In the 31nt sequence 
succeeding the excision site (‘31mer’), the location of the 5' phosphate (p) and 3' 
AlexaFluor 647 label (-AF647) are indicated. (B) Denaturing TBE-urea 15% 
polyacrylamide gel resolving nicked, mAP-treated 601-DNA. Single-stranded DNA 
fragments are stained with SYBR Gold. Note the presence of three bands: a 153nt 
fragment corresponding to the unnicked strand, and 122nt and 31nt fragments 
corresponding to the nicked strand. (C) Native TBE 6% polyacrylamide gel of nicked, 
metagenomic alkaline phosphatase (mAP)-treated 601-DNA. A single double-stranded 



DNA species corresponding to the full 601-DNA sequence (153nt) is stained with 
SafeView. (D) 1% agarose-TAE gel depicting products of a T4 ligation reaction including 
mAP-treated or untreated 601-DNA. Without mAP-treatment, DNA molecules are 
concatenated by the ligase and migrate as a distribution of high molecular weight 
species. With mAP-treatment, 601-DNA is impervious to ligation and travels as a single 
species between the 75bp and 150bp markers. (E) Native TBE 6% polyacrylamide gel 
depicting various concentrations of 5mol% AF647-labelled nicked 601-DNA-containing 
NCPs (nNCPs), along with small amounts of residual ‘free’ DNA. Species are visualized 
by fluorescence of the AF647 dye adjoined to the 31mer. (F) 4-12% polyacrylamide 
SDS gel resolving AF488-labelled H3(Q125C)-containing nNCPs PARylated by 
mChPARP1 in the presence or absence of HPF1. Both panels are the same gel imaged 
by AF488 fluorescence (left) or Coomassie staining (right). (G) Coomassie-stained 4-
12% polyacrylamide SDS gel showing little change in mobility of H2A, H2B and H4 in 
the presence (+NAD+) or absence (NAD+) of PARylation. Note that unmodified H2B 
and H3 bands are partially overlapping. (H) Electrophoretic mobility shift assays 
(EMSAs) involving unPARylated nNCPs and mChPARP1 at different concentrations of 
mChPARP1, as indicated. Samples are resolved on a native TBE 6% polyacrylamide 
gel and imaged by AF647 fluorescence of n601-DNA. (I) Same as (H) except 
mChPARP1 is automodified (20min, 37C) by adding NAD+ prior to electrophoresis. 
Note that nNCPs are unmodified because HPF1 is absent. (J) Size exclusion 
chromatogram (SEC) of a nNCP PARylation reaction prepared for NMR and resolved 
on a HiLoad Superdex 200 26/60 column. Protein and DNA species are detected by UV 
absorbance at 280nm. (K) Coomassie-stained SDS-polyacrylamide gel resolving SEC 
fractions corresponding to the hatched box in (J). ‘Unmod.’ denotes an unmodified 
nNCP sample for comparison. Note that only three discrete histone bands appear in the 
modified samples because PARylated H3 migrates as a higher molecular weight smear. 
Fractions in the range of retention volumes ~150-200mL were typically collected for 
NMR samples.  
 
  



 
 
Figure S2. Supplementary ligase and micrococcal nuclease data; related to 
Figures 1 and 2. (A) Denaturing TBE-urea 15% polyacrylamide gel resolving the 
products of ligating 5mol% AF647-labelled n601-DNA (‘free’ n601) or nNCPs (both 
500nM) with XRCC1/LIG3 (2M). Note that at high concentrations of XRCC1/LIG3 
(2M) ligation is observed, while at lower concentrations (31nM) ligation cannot be 
quantified (Fig. 1C) in the absence of PARylation. (B) Products of ligating 5mol% 
AF647-labelled nNCPs (500nM) with XRCC1/LIG3 (15nM) in the presence of varying 
mChPARP1/HPF1 concentrations, but in the absence of NAD+. All molecules are 
unmodified. (C) Ligation of 5mol% AF647-labelled nNCPs (500nM) with XRCC1/LIG3 
(2M) in the presence or absence of NAD+ (1mM). mChPARP1/HPF1 was not present. 
At 2M XRCC1/LIG3, small amounts of nNCP ligation occur without PARylation. (D) 
Ligation of 5mol% AF647-labelled n601-DNA (500nM) at various concentrations of 
XRCC/LIG3 in the absence of mChPARP1/HPF1 and NAD+. (E) Same as (D) with 
mChPARP1/HPF1 (1M/1.5M) present. (F) Same as (E) with mChPARP1/HPF1 and 
NAD+ (1mM) present to induce PARylation. (G) Quantification of results in (D-F). 
 
  



 
 
Figure S3. Supplementary NMR data, including H2A and H2B 1H-15N and methyl 
spectra, and H2A, H2B and H4 J(0) data; related to Figure 2. (A) Overlaid 1H-15N 
heteronuclear single quantum coherence (HSQC) spectra of histones H2A and H2B in 
PARylated (red) and unmodified (black) nNCPs, in 20mM sodium phosphate, 100mM 
NaCl, 1mM EDTA, pH 6.0, 37C, 18.8T. Insets, notable peak shifts are highlighted. (B) 
NMR chemical shift perturbations (CSPs) calculated from the spectra in (A). (C) 
Overlaid 1H-13C methyl heteronuclear multiple quantum coherence (HMQC) spectra of 
histones H2A and H2B in PARylated (red) and unmodified (black) nNCPs, in 20mM 
sodium phosphate, 100mM NaCl, 1mM EDTA, pH 6.0, 37C, 23.5T. (D) CSPs 



calculated from spectra in (C). (E-G) J(0) values calculated for H2A (E), H2B (F) and H4 
(G) in PARylated (red) and unmodified (black) nNCPs, in 20mM sodium phosphate, 
100mM NaCl, 1mM EDTA, pH 6.0.  
 
  



 
 
Figure S4. Preparation and ligation of trypsinized nNCPs; related to Figures 2,4 
and 5. (A) Coomassie-stained SDS-polyacrylamide gel depicting fractions from size 
exclusion chromatography (SEC) of a trypsinized nNCP sample. ‘Unmod.’ denotes an 
untrypsinized sample; note how all four histone migrate more slowly compared to the 
trypsinized case. Trypsinized histones coelute, suggesting NCPs remain intact following 
tail removal. (B) Native TBE 6% polyacrylamide gel resolving unmodified (‘unmod.’) and 
trypsinized nNCPs containing 5mol% AF647-n601 DNA. (C) Ligation of PARylated, 
5mol% AF647-labelled nNCPs (500nM) at XRCC1/LIG3 concentrations extending up to 
1M. (D) Ligation of trypsinized 5mol% AF647-labelled nNCPs (500nM) at various 
XRCC1/LIG3 concentrations and in the absence of mChPARP1/HPF1. (E) 
Quantification of results in (C) and (D) based on three independent replicates. Error 
bars represent standard deviation of the mean fraction ligated.  
  



 
 
Figure S5. Characterization of DNA dynamics in unmodified and PARylated 
nNCPs by hydrogen-deuterium exchange mass spectrometry (HDXMS) and cryo-



EM local resolution analysis; related to Figure 3 and STAR Methods. (A) Flowchart 
summarizing processing and analysis workflow of cryo-EM data for local resolution 
analysis. Particles picked from datasets acquired from PARylated and unmodified nNCP 
samples at different KCl concentrations were merged for 2D classification. Following 
reassignment to the original datasets, particles were further analyzed by 3D 
reconstruction. In some datasets, the number of particles was limited to yield similar 
overall resolutions for the 3D density maps. (B) Plots of Fourier Shell Correlation (FSC) 
versus resolution (Å) for cryo-EM maps of each nNCP condition (unmodified or 
PARylated, 100mM or 0mM KCl). FSC curves were calculated after applying a loose 
mask (green; the density map thresholded at 50% of its maximum value and dilated 25Å 
with an additional 15Å cosine falloff), a tight mask (red), and the tight mask with the FSC 
corrected for the effect of masking (corr., violet) [S1]. Using the standard CryoSPARC 
automatic procedure, the tight mask was tightened until FSC(0.143) was equal for the 
tight mask and the tight mask corrected for the effect of masking. Blue horizontal lines 
indicate FSC = 0.143. (C) Cryo-EM density maps of PARylated and unmodified nNCPs 
at ‘high’ salt: 20mM Tris-HCl, 100mM KCl, 0.1mM EDTA, pH 7.5. Maps are coloured by 
local resolution and four different views of the same map are shown: shades of blue 
indicate better resolution, shades of red indicate worse resolution. (D) Heatmap 
depicting relative fractional uptake values as a function of D2O exposure time for 
peptides originating from H3 in unmodified or PARylated nNCPs. The red box highlights 
the set of peptides indicated in (E). (E) Differential deuterium uptake of select H3 
peptides originating from unmodified and PARylated histones. Deuterium uptake for 
each peptide was calculated as a function of the duration of deuterium exposure, using 
𝐷(𝑡) =

௠೟ି௠బ

௠భబబି௠బ
 , where mt is the measured centroid mass of the peptide of interest at 

time t, and m0 and m100 correspond to the measured centroid mass for the undeuterated 
control and the theoretical maximum deuteration, respectively (see Methods). 
  



 
 
Figure S6. Supplementary condensate data, including effects of condensation on 
ligase activity and the effects of XRCC1 phosphorylation on condensate 
morphology; related to Figure 5. (A) Differential interference contrast (DIC) 



micrographs of nNCP samples containing mChPARP1/HPF1 (1M/1.5M) and variable 
concentrations of XRCC1/LIG3, with or without PARylation. Micrographs including 
PARylation were contrast-adjusted to better highlight features. Scale bar: 10m. (B) DIC 
micrographs of samples containing PARylated nNCPs (500nM), PARylated mChPARP1 
(1M), HPF1 (1.5M), XRCC1 (1M) and various concentrations of LIG3BRCT. Scale 
bar: 20m. (C) DIC micrographs of samples containing PARylated nNCPs (500nM), 
PARylated mChPARP1 (1M), no XRCC1 (0M) and various concentrations of full 
length LIG3. Scale bar: 20m. (D) Ligation of PARylated, 5mol% AF647-labelled nNCPs 
(500nM) in the presence of varying concentrations of XRCC1/LIG3 (black, full-length 
‘WT’) and XRCC1/LIG3BRCT (orange). Error bars represent standard deviation of the 
mean from three independent replicate experiments. (E) Ligation of PARylated, 5mol% 
AF647-labelled nNCPs (500nM) in the presence of varying concentrations of XRCC1 
and constant LIG3 (15nM). (F) Fluorescence micrographs of samples containing 
mChPARP1/HPF (1M/1.5M), partially AF488-labelled XRCC1 (1M), LIG3 (1M), 
with or without NAD+ (1mM) to induce PARylation. Scale bar: 10m or 2m (zoomed-in 
panels). (G) Schematic of the domain structure of XRCC1 and its interactions (hatched 
black lines) with DNA polymerase beta (POLB) and forkhead associated (FHA) domain-
containing proteins, aprataxin- and PNK-like factor (APLF), aprataxin (APTX), and 
polynucleotide kinase 3'-phosphatase (PNKP). These selections were rationalized by 
their known interaction properties: APLF, APTX and PNKP bind PAR [S2, 3] and 
XRCC1 (G408-S421) especially in its CK2-phosphorylated state (see G) [S4, 5]; POLB 
interacts with the XRCC1 N-terminal domain (NTD) via a dedicated interface that is 
unaffected by CK2-phosphorylation [S6, 7]. We predicted that these proteins’ 
interactions with PAR and/or phospho-XRCC1 would dictate the extent to which they 
partition into nNCP condensates. Orange marks represent in vitro CK2-phosphorylation 
sites identified by tandem mass spectrometry. A subset of the in vitro phosphorylation 
sites matched those previously identified in endogenous XRCC1 [S4]. (H) Coomassie-
stained SDS-polyacrylamide gels depicting purified, recombinant APLF, APTX, PNKP 
(left) and POLB (right). (I) Coomassie-stained SDS-polyacrylamide gel showing 
diminished migration of XRCC1 following phosphorylation with casein kinase 2 (CK2) 
and 1mM MgATP. (J) Fluorescence micrographs of samples containing partially AF488-
labelled XRCC1 (either unmodified or CK2-phosphorylated, including the dye-labelled 
fraction; 1M), LIG3 (1M), PARylated mChPARP1/HPF1 (1M/1.5M) and PARylated 
5mol% AF647-labelled nNCPs (500nM). CK2-phosphorylation did not change the 
overall morphological characteristics of the droplets, nor did it affect the localization of 
AF488-XRCC1, mChPARP1 and AF647-nNCPs in the presence of PARylation. Scale 
bar: 10m.  
  



 
 
Figure S7. PARylation and XRCC1 phosphorylation regulate enrichment and 
localization of APLF, APTX, PNKP and POLB in nNCP condensates; related to 
Figure 5. (A) Graphic illustration of condensate components with potential labelling 



schemes and PTMs. (B) Partition coefficients calculated from fluorescence signals 
measured in PARylated samples containing each indicated AF488-labelled repair 
protein. Overall, these proteins’ partition coefficients correlated with their propensities to 
interact with XRCC1 in its unmodified or CK2-phosphorylated states. APLF, APTX and 
PNKP, which all engage in phospho-specific interactions with XRCC1, were especially 
enriched in condensates containing CK2-phosphorylated XRCC1 and PARylated NCPs, 
whereas POLB partitioned strongly into condensates containing unmodified or 
phosphorylated XRCC1, likely because it binds XRCC1 in a phosphorylation-
independent manner. pXRCC1: CK2-phosphorylated XRCC1. Error bars represent 
standard deviation from three independent experiments. (C) Fluorescence micrographs 
of PARylated nNCP samples containing different, partially AF488-labelled DNA repair 
proteins. All samples contain XRCC1/LIG3 (1M) and PARylated mChPARP1/HPF1 
(1M/1.5M). XRCC1 was unmodified or CK2-phosphorylated in each sample. 
PARylation promoted homogenous mixing of all components into a single condensed 
phase. Scale bar: 10m or 2m (zoomed-in panels). (D) Same as (C) except in the 
absence of PARylation. In the presence of phosphorylated XRCC1, APLF, APTX and 
PNKP partitioned into condensate subcompartments that were distinct from the 
mChPARP1- and nNCP-enriched phase, similar to what was observed for AF488-
labelled LIG3 and XRCC1 in the absence of PARylation (Fig. 5C,S6F). When both 
PARylation and XRCC1-phosphorylation were excluded, none of the repair proteins—
except for POLB, which interacts with XRCC1 regardless—partitioned strongly into the 
condensates, likely due to the dual loss of interactions with PAR and XRCC1. Scale bar: 
10m or 2m (zoomed-in panels). (E) Plots depicting fluorescence intensities measured 
along the hatched white lines indicated in the corresponding merged images of APLF, 
APTX or PNKP-containing droplets in (C) and (D). 



2. SI References 
 
S1. Chen, S., et al. (2013) High-resolution noise substitution to measure overfitting 

and validate resolution in 3D structure determination by single particle electron 
cryomicroscopy. Ultramicroscopy, 2013. 135: 24-35. 
10.1016/j.ultramic.2013.06.004 

S2. Li, M., et al. (2013) The FHA and BRCT domains recognize ADP-ribosylation 
during DNA damage response. Genes Dev, 2013. 27(16): 1752-68. 
10.1101/gad.226357.113 

S3. Ahel, I., et al. (2008) Poly(ADP-ribose)-binding zinc finger motifs in DNA 
repair/checkpoint proteins. Nature, 2008. 451(7174): 81-5. 10.1038/nature06420 

S4. Loizou, J.I., et al. (2004) The protein kinase CK2 facilitates repair of 
chromosomal DNA single-strand breaks. Cell, 2004. 117: 17-28. 10.1016/s0092-
8674(04)00206-5 

S5. Caldecott, K.W. (2019) XRCC1 protein; Form and function. DNA Repair (Amst), 
2019. 81: 102664. 10.1016/j.dnarep.2019.102664 

S6. Kubota, Y., et al. (1996) Reconstitution of DNA base excision-repair with purified 
human proteins: interaction between DNA polymerase beta and the XRCC1 
protein. The EMBO Journal, 1996. 15(23): 6662-6670. 10.1002/j.1460-
2075.1996.tb01056.x 

S7. Dianova, II, et al. (2004) XRCC1-DNA polymerase beta interaction is required for 
efficient base excision repair. Nucleic Acids Res, 2004. 32(8): 2550-5. 
10.1093/nar/gkh567 

 


	ELS_MOLCEL9028_annotate.pdf
	Poly(ADP-ribosyl)ation enhances nucleosome dynamics and organizes DNA damage repair components within biomolecular condensates
	Introduction
	Results
	Preparation of a PARylated nucleosome core particle containing nicked DNA
	Histone PARylation enhances the ligation of nucleosome-associated nicked DNA
	PARylation increases H3 tail dynamics and induces site-specific chemical shift perturbations across all histone tails
	PARylation has negligible effects on histone core structure and dynamics
	Effects of nucleosome PARylation extend beyond histone tail interactions
	PARylation enhances DNA conformational flexibility without major disruptions to the core structure
	PARylation inhibits nucleosome-nucleosome interactions
	PARylation modulates biomolecular condensates containing XRCC1/LIG3, nucleosomes, and mChPARP1

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Bacterial strains

	Method details
	Cloning of bacterial expression plasmids
	XRCC1, LIG3, and DNA repair proteins
	mCherry-tagged PARP1
	Metagenome-derived alkaline phosphatase
	Nt.BsmAI
	Casein kinase 2

	Recombinant protein and DNA purification
	Expression and initial purification of mCherry-tagged PARP1, XRCC1, LIG3, PARG, HPF1, casein kinase 2 and other DNA repair  ...
	Purification of mChPARP1 and XRCC1
	Purification of LIG3 and LIG3 ΔBRCT
	Purification of APLF, APTX, PNKP, POLB, and PARG
	Purification of HPF1
	Purification of CK2
	Histone expression and purification
	Expression and purification of mAP
	Expression and purification of Nt.BsmAI
	Expression and purification of 601-DNA

	Protein modification
	Alexa Fluor 488-C5-maleimide labeling of H3 Q125C
	Alexa Fluor 488-C5-maleimide labeling of XRCC1 and LIG3
	Alexa Fluor 488-N-hydroxysuccinimidyl-ester labelling of APLF, APTX, PNKP, and POLB
	Phosphorylation of XRCC1 with CK2

	601-DNA manipulation
	mAP reaction
	Nicking reaction with Nt.BsmAI
	Incorporation of the 3′-Alexa Fluor 647-, 5′-phosphate-labeled oligonucleotide

	NCP reconstitution and PARylation
	Histone octamer reconstitution
	NCP reconstitution for enzyme assays, dynamic light scattering, and microscopy
	Octamer wrapping with n601-DNA for NMR samples
	Small-scale nNCP PARylation
	Large-scale nNCP PARylation for NMR
	Sample preparation for ADP-ribose quantification

	Enzyme assays
	Ligation assays—General protocol including PARylation
	Ligation assays—Including PARG
	Ligation assays—On “Free” DNA
	Ligation assays—Titrating mChPARP1
	Ligation assays—Comparing PARylated to trypsinized nNCPs
	Ligation assays—Titrating XRCC1 or LIG3ΔBRCT
	Micrococcal nuclease sensitivity assays
	Electrophoretic mobility shift assays

	Nuclear magnetic resonance spectroscopy
	Samples
	Assignment of NCP methyl groups
	NMR experiments
	Chemical shift perturbations
	Measurement of J(0) values of backbone amides in NCPs
	Measurement of diffusion
	Quantification of ADP-ribose

	Hydrogen-deuterium exchange mass spectrometry
	Cryogenic electron microscopy
	Cryo-EM sample preparation and data collection
	Cryo-EM image analysis

	Dynamic light scattering and fitting of diffusion data
	DLS sample preparation and analysis
	Analysis of diffusion constants derived from NMR experiments

	Light microscopy
	Sample preparation
	Differential interference contrast imaging
	Fluorescence confocal imaging


	Quantification and statistical analysis
	Ligation assays
	Partition coefficients derived from fluorescence micrographs
	Error analysis of J(0) data





