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SUMMARY

Pioneer transcription factors (TFs) engage chromatinized DNA motifs. However, it is unclear how the resul-

tant TF-nucleosome complexes are decoded by co-factors. In humans, the TF p53 regulates cell-cycle pro-

gression, apoptosis, and the DNA damage response, with a large fraction of p53-bound sites residing in 
nucleosome-harboring inaccessible chromatin. We examined the interaction of chromatin-bound p53 with 
co-factors belonging to the ubiquitin proteasome system (UPS). At two distinct motif locations on the nucle-

osome (super-helical location [SHL]− 5.7 and SHL+5.9), the E3 ubiquitin ligase E6-E6AP was unable to bind 
nucleosome-engaged p53. The deubiquitinase USP7, on the other hand, readily engages nucleosome-bound 
p53 in vitro and in cells. A corresponding cryo-electron microscopy (cryo-EM) structure shows USP7 
engaged with p53 and nucleosomes. Our work illustrates how chromatin imposes a co-factor-selective bar-

rier for p53 interactors, whereby flexibly tethered interaction domains of co-factors and TFs govern compat-

ibility between co-factors, TFs, and chromatin.

INTRODUCTION

The repeating nucleosome units in the genome are principally 

viewed as repressive to most protein binding, 1–6 yet a subset 

of transcription factors (TFs) nonetheless binds to nucleosome-

embedded binding sites. To reach their DNA motifs on a steri-

cally crowded nucleosome, these TFs employ diverse strate-

gies, 7 such as distortion of the nucleosomal DNA 8–10 or binding 

through a reduced DNA-binding footprint. 9 In all the structures to 

date, TF binding triggers intricate interactions between the 

nucleosome and the DNA-binding domain (DBD), 7 raising the 

question if and how nucleosome-bound TFs interact with tran-

scriptional co-factors in a chromatin environment.

The tumor suppressor p53 regulates cell-cycle progression, 

apoptosis, and DNA repair. p53 plays an important role in 

safeguarding genome stability, 11–14 and it is mutated in ∼50% of 

human cancers. 13 Genome-wide binding profiles (chromatin 

immunoprecipitation sequencing [ChIP-seq]) and chromatin 

accessibility measurements (assay for transposase-accessible

chromatin with sequencing [ATAC-seq]) revealed the atypical abil-

ity of p53 to stably access a significant portion of its binding sites 

residing in closed chromatin prior to cellular stress. 12,15–17 While 

the exact nucleosomal engagement sites and binding modes are 

unclear, structural studies found p53 immediately juxtaposed to 

nucleosomes and engaging in interactions between the p53 

DBD and the histone H3 tail. 18 The diverse cellular roles of p53 

require a large network of co-factors and regulators, 14 rendering 

p53 an excellent model system for studying the TF interplay among 

nucleosomes and diverse co-factors.

Cellular p53 levels are controlled by the ubiquitin proteasome 

system (UPS). 19,20 To examine how chromatin impacts the acces-

sibility of p53 to the members of the UPS, we chose two p53-spe-

cific multi-domain enzymes: the E3 ubiquitin ligase E6AP 19 and the 

deubiquitinase (DUB) USP7 (also known as HAUSP). 21 Each spe-

cifically targets p53 and in parallel also acts as global regulators of 

protein homeostasis through other additional substrates. 

Multiple E3 ubiquitin ligases, including E6AP and MDM2, 

directly control p53 levels. 19,20,22,23 p53 is involved in a negative
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feedback loop with MDM2, where it is continuously ubiquitinated 

and turned over to maintain steady-state levels in cells. 24,25 Upon 

cellular stress and the ensuing checkpoint kinase response, 

MDM2/MDMX become phosphorylated and lose affinity to p53. 

p53 then switches binding partners to the DUB USP7, leading to 

increased p53 levels. 26,27 Decreased levels of USP7, on the other 

hand, stabilize p53 as USP7 also deubiquitinates and thereby sta-

bilizes MDM2 and MDMX 28–31 under stress-free conditions. 

Taken together, USP7 activity is an important regulator of p53 

function. USP7 is a multi-domain enzyme consisting of an N-ter-

minal substrate-binding tumor necrosis factor (TNF) receptor-

associated factor (TRAF) domain, a catalytic domain (CD), and 

five C-terminal ubiquitin-like (UBL) domains. 32 Structural studies 

have shown that the N-terminal TRAF domain engages the p53 

tetramerization (TET) domain. 33 Beyond p53, many of the known 

USP7 targets are nuclear proteins 34 : USP7 acts as a DUB for 

the TF HIF-1α, regulating ordered recruitment of CBP, and the 

CDK8-Mediator assemblies as well as transcriptional elongation 

complexes. 35 Additional nuclear substrates include TFs like 

FOXO4 36 and MGA, 37 histones H3 and H2B, 38,39 members of 

the DNA replication (DNMT1, Geminin, 40,41 and MCM-BP 40,41 ) 

and DNA repair machinery (XPC 42,43 and UVSSA 42,43 ), and the his-

tone demethyltransferase PHF. 44

Several viral proteins also target p53. 45 Best characterized are 

the malignant variants of the human papilloma virus (HPV). The 

HPV protein E6 serves as a p53 adaptor and triggers degradation 

by recruiting the homologous to the E6AP carboxyl terminus 

(HECT) E3 ligase E6-associated protein (E6AP, also known as 

UBE3A), 19 but whether E6-E6AP impacts p53 function in a 

non-enzymatic fashion is unclear. The multi-subunit E6AP con-

tains several domains, including an amino-terminal zinc-binding 

domain (AZUL), 46 an LxxLL motif implicated in binding nuclear 

hormone receptors, 47 and the catalytic HECT domain. Besides 

its pathogenic role in p53 degradation, E6AP ubiquitinates 

several substrates including PML, 48 annexin A1, 49 MAPK1, 

CDK1, CDK4, and β-catenin. 50 E6AP loss-of-function mutations 

lead to Angelman syndrome and Angelman syndrome-like 

symptoms, while the E6AP gene duplication is associated with 

autism spectrum disorder. 51–53

Using a p53-specific E3 and DUB co-factor pair, we mapped 

the spatial restrictions for engaging p53 bound to physiological 

sites on nucleosomes. Through biophysical methods and cryoe-

lectron microscopy (cryo-EM), we found that the DUB USP7 ac-

cesses p53 while it is engaged on the nucleosome; the multi-

meric E6-E6AP-bound p53 in the viral ternary complex, on the 

other hand, sterically prevents p53 from binding chromatin. 

The manner where and how these co-factors engage p53 deter-

mine whether the p53/co-factor complex is compatible with or 

mutually exclusive to nucleosome binding. This work reveals a 

set of simple spatial rules for how flexibly tethered interaction do-

mains as part of the co-factor and TF enable cohabitation in the 

spatially crowded environment of TF-nucleosome complexes.

RESULTS

p53 preferentially binds nucleosomes near entry/exit 

sites and linkers

To identify physiological substrates for p53 and co-factors on 

chromatin, we investigated the binding behavior of p53 in cells 

as well as the detailed nucleosomal registers engaged by p53 

in vitro. Levels of p53 are rapidly induced in response to various 

cellular stresses. 54 Genome-wide measurement of chromatin 

accessibility in mouse stem cells, using ATAC-seq, revealed that 

p53 situated in closed chromatin. 12,15–17 p53 sites in closed chro-

matin become more accessible following activation of the DNA 

damage stress response. 15 To define the chromatin binding pref-

erences of p53 in the presence and absence of cellular stress, we 

carried out CUT&RUN (C&R), through targeting a nucleosome-

sensitive micrococcal nuclease to p53-binding sites and analyzing 

the digestion pattern (Figures 1B and S1A–S1D). 55,56 The genomic 

DNA digestion pattern is impacted by the presence of nucleo-

somes with their characteristic footprint of ∼145 to 147 base pairs 

(bp) DNA wrapped around an octamer of histones including H4, 

H3, H2A, and H2B. 6 We found that C&R enrichment scaled with 

the ChIP-seq signals for both basal and ‘‘activated’’ p53 under 

cellular stress conditions (Figure 1B). The overall p53-binding 

nucleosome-engagement profile was similar at open and closed 

chromatin. The corresponding V-plot analysis found micrococcal 

digestion fragments in the range of ∼157–237 nucleotides (nt), 

best explained by p53 motifs protected from digestion through a 

nearby nucleosome (Figure S1E). While some fragments are not 

indicative of nucleosomes (i.e., larger or sub-nucleosomal sized), 

the majority of signal are consistent with p53 binding at multiple 

positions along the nucleosomal DNA trajectory with strong posi-

tioning of binding sites ranging from the inter-nucleosomal linker 

to the nucleosomal DNA entry/exit site (Figures 1B and S1F–S1H). 

The canonical p53 motif encompasses two CATG units sepa-

rated by a 6-bp linker, where p53 binding is mediated by its four

Figure 1. p53 binds at multiple motif registers on the nucleosome

(A) Domain schematic of transcription factor (TF) p53. TAD, transactivation domain; DBD, DNA-binding domain; TET, tetramerization domain. The full-length 

construct (human p53 residues 1–393) has been used in the study.

(B) CUT&RUN profile showing the binding of p53 relative to the nucleosome.

(C) SeEN-seq profile of p53 showing end-binding preference on the nucleosome (NCP) using a W601 sequence. The p53 motif used in this study is AA-

CATGCCCGGGCATGTC, and the motif position is indicated by SHLs that describe where the major groove of nucleosomal DNA faces the histones. The SHLs 

have been determined following the centroid of the motif. The nucleosomes (100 nM) were incubated with p53 (250 nM) for the assay. The enrichment values are 

shown as average of independent replicates (n = 3). Computationally predicted atomic clash of the TF with NCP is overlaid (gray). The blue region indicates the 

linker nucleosomal DNA.

(D) Cryo-EM maps of p53 bound to its motif at SHL+5.9. p53 DBD are shown in light and dark red, DNA as pale blue and gray, and histones are colored as indicated.

(E) Potential histone interaction between the S7/S8 loop of p53 and H2A and H2B.

(F) Cryo-EM map of p53 bound to its motif at SHL− 5.7. Density is colored as in (E); however, DNA is shown in light and dark gray.

(G) Superposition of p53-NCP SHL+5.9 , p53-NCP SHL− 5.7 , and p53-NCP SHL+7.4 structure from Nishimura et al., 18 aligned on the nucleosome. p53 DBD structures at 

SHL− 5.7 and SHL+5.9 are shown in red and semi-transparent, while the linker DNA structure at SHL+7.4 is shown in green.
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DBDs (p53 DBD ), with each CATG bound by two p53 DBD mono-

mers. 54 DBD oligomerization is facilitated by a TET domain 

(p53 TET , also known as the oligomerization domain) connected 

to the p53 DBD at its C terminus through a flexible linker 57,58 

(Figure 1A). We refer to TF-binding sites on nucleosomes in terms 

of ‘‘super-helical locations’’ (SHLs) defined by the sites on nucle-

osomal DNA. The dyad is denoted as SHL0, and DNA helical turns 

emanating from the dyad to the entry/exit sites are progressively 

numbered as SHL±1–7. Previous biochemical studies tested 

three selected p53 motifs locations at the ends of the nucleosome 

DNA (SHL±6.5, SHL±7.0, SHL±8.0) as well as tiling different pro-

moter sequences across parts of the nucleosome. 18,59–61

To precisely map p53 binding at base-paired resolution 

throughout the entire nucleosome and the linker, we used 

selected engagement on nucleosome sequencing (SeEN-

seq). 9 In SeEN-seq, a library of p53 DNA substrates is generated 

by tiling a high-affinity p53 motif (AACATGCCCGGGCATGTC 62 ) 

throughout every possible position of a Widom 601 nucleosome 

positioning sequence 63 throughout the nucleosome between 

SHL− 6.4 and SHL+6.5. Upon addition of recombinant p53 to 

nucleosomes reconstituted with this DNA library, binding is 

measured in vitro through a combination of electromobility shift 

assays (EMSAs) and next-generation sequencing (NGS) meth-

odology (Figure 1C). The SeEN-seq profiles found p53 with 

preferred binding at SHL− 5.7 and SHL+5.9 (Figure 1C), identi-

fying an overall p53-binding preference at the entry/exit sites 

of the nucleosomal DNA (also referred to as end-binding activity) 

but also local minima/maxima. In SeEN-seq, p53 accessibility 

maxima were around SHL+5.1 to SHL+4.8, and accessibility 

peaks decreased in amplitude as the motif was positioned closer 

to the dyad (Figure 1C). Calculating expected clash scores using 

a canonical nucleosome as template (Figure 1C), we not only 

found that the observed SeEN-seq accessibility peaks increased 

with distance to the nucleosomal dyad, but we also found a ∼10-

bp periodicity in peak regions. These highly accessible regions 

coincided with solvent-exposed, and hence intrinsically more 

accessible, motif positions on nucleosomes (in agreement with 

Wilson et al., 61 where diverse motifs were tested for p53, p63, 

and p73).

We then wanted to quantify binding at a preferred nucleosome-

internal position NCP SHL− 5.7 versus more distal sites including 

NCP SHL− 7.4 (see also Nishimura et al. 18 ) and NCP SHL− 7.7 . EMSA 

experiments showed similar apparent affinities on the order of

∼300–350 nM for the three NCP substrates (Figures S2B–S2E). 

The distal sites at SHL− 7.7 and SHL− 7.4 showed slightly tighter 

binding (NCP SHL− 7.4 : ∼300 nM; NCP SHL− 7.7 : ∼310 nM), compared 

with the internal motif ∼335 nM NCP SHL− 5.7 . A trend for slightly 

tighter binding at distal positions was also evident in an SeEN-

seq experiment where a 20-bp linker attached to a Widom 601 

sequence was tiled at base-paired resolution (Figure S2A). We 

conclude that overall, p53 binds nucleosomal motifs at the entry/ 

exit site with surprising ease, with a slight preference in engaging 

more distal sites toward the linker.

p53 interacts with histones through its DBD and TET 

domains

Next, we set out to elucidate the binding mechanism of p53 at 

nucleosome-internal sites. Based on the enrichment peaks ob-

tained with SeEN-seq, we chose SHL+5.9 and SHL− 5.7 for in-

depth analysis (Figure 1C). At the site 59 bp away from the nucle-

osomal dyad (SHL+5.9), we were able to determine a cryo-EM 

structure of nucleosome-bound p53 at an overall resolution of

3.8 A ˚ (p53-NCP SHL+5.9 ) (Figure 1D; see Figure S3 for local resolu-

tion plots) as well as a second cryo-EM structure, located 57 bp 

away from the dyad in a different nucleosomal register at

SHL− 5.7 (p53-NCP SHL− 5.7 ) at 3.3 A ˚ (Figure 1F; see Figure S4 for

local resolution plots). In p53-NCP SHL+5.9 and p53-NCP SHL− 5.7 ,

p53 binds as a tetramer with its four well-resolved DBDs engaged 

to a full DNA motif. To gain access to the 18-bp motif, p53 stabilizes 

the unwrapped nucleosomal DNA at the entry and exit sites around 

histone H2B; DNA is removed from ∼SHL+4.3 to SHL+7.3 and 

from ∼SHL− 4.2 to SHL− 7.3 in the p53-NCP SHL+5.9 and p53-

NCP SHL− 5.7 structures, respectively. The positions of the p53 motif 

at SHL− 5.7 and SHL+5.9 are nearly pseudo-symmetric with 

respect to the dyad axis of the nucleosome (Figure 1G), yet the 

slight change in motif positioning gives rise to different DNA trajec-

tories with very distinct p53-histone interactions. The more internal 

complex at SHL− 5.7 shows a lower angle of DNA deflection 

(∼50 ◦ ), relative to a canonical nucleosomal DNA template, than 

the slightly more distal complex at SHL+5.9 (∼120 ◦ ) 

(Figure S5A). In the p53-NCP SHL+5.9 structure, the p53 S7/S8 

loop (residues 220–228) on the p53 DBD is proximal to H2A (residues 

75–80) and H2B (residues 48–56) (Figure 1E), while no such histone 

contacts were observed in the p53-NCP SHL− 5.7 structure 

(Figure 1F). We note that residue 220 of p53 DBD , which is frequently 

mutated (Y220C) in various cancers and can serve as a binding site 

for small molecules, 64–66 is oriented toward the histone interface. 

Previous nucleosomal interactions observed for p53 located at 

the linker-proximal site (SHL+7.4, Figure 1G) 18 displayed less un-

wrapping to accommodate p53 on a 21-bp DNA motif. In this 

case, the p53 DBD helix 1 (H1, residues 166–168) approached the 

N-terminal tail of H3 (residues 38–40) (Figure S5D).

In addition to resolving non-crosslinked structures of p53 at 

two different nucleosomal registers, we performed gradient fixa-

tion (GraFix) 67,68 crosslinking to determine cryo-EM structures of 

p53-NCP SHL− 5.7 and p53-NCP SHL+5.9 at similar SHLs selected 

for the non-crosslinked complexes (Figures 2A and S5F for the 

p53-NCP SHL+5.9 complex). The crosslinked p53-NCP SHL− 5.7 

complex revealed an additional density in the proximity of the 

histone core (Figure 2A). The only structured part absent from 

our previous model was the more flexible p53 TET domain. Cross-

linking mass spectrometry (XL-MS) studies of p53-NCP SHL− 5.7 

revealed intermolecular crosslinks between p53 and histones 

H2A (K357:K75) and H3 (K357:K57), and the additional density 

was assigned accordingly as the p53 TET based on density, 

crosslink, and energy-guided docking simulations (Figures 2B, 

S2E, S5E, S6G, and S6H). Comparing SHL+5.9 and SHL− 5.7 

structures, the interactions between the p53 DBD and p53 TET at 

SHL− 5.7 are accommodated through a rotation of the DBD 

tetramer relative to the nucleosome, thereby forgoing the DBD/ 

histone contacts observed in the SHL+5.9 structure. During the 

cryo-EM image processing (Figures S7 and S8), classifying out 

a well-defined DNA trajectory for the p53 DBD , we tended to 

lose the highly flexible p53 TET domain density gradually, even 

in the crosslinked sample. This suggests the existence of multi-

ple, flexible interaction modes among the p53 TET , the p53 DBD ,
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and the nucleosome. Interestingly, unassigned density near 

the p53 DBD tetramer was also observed in the previous structure 

of p53 bound at SHL+7.4. 18 Aligning our p53 model to this struc-

ture revealed co-localization of the p53 TET within this density 

(Figure 2C). The p53 TET has previously been reported to enhance 

the binding capacity of p53 in vitro and in cells. 57 This domain 

placed into p53-nucleosome structures at SHL− 5.7 and SHL-

+5.9 is ideally positioned to prevent re-wrapping of the nucleo-

somal DNA, potentially facilitating p53 access to the motif. 

Consistent with this, a recent structure of TF NR5A2 binding to 

nucleosome exhibits a somewhat related strategy to prevent 

DNA re-wrapping involving its C-terminal extension (CTE) loop. 60 

Overall, the three p53-NCP structures effectively illustrate how 

different motif registers give rise to differential nucleosome inter-

actions involving the p53 DBD as well as distal domains such as 

p53 TET . These structures are governed by three different motif 

registers with different interactomes and give rise to structurally 

distinct p53/nucleosome substrates to be read out by co-factors 

that recognize both p53 and the nucleosome.

p53 nucleosome binding differentially impacts co-factor 

binding

We next tested co-factor binding to p53 at in vitro and in vivo 

high-affinity/high-occupancy sites at SHL+5.9 and SHL− 5.7, us-

ing the co-factors USP7 or E6-E6AP.

In analytical size-exclusion chromatography (SEC), full-length 

USP7 or E6-E6AP were injected together with p53 and reconsti-

tuted nucleosomes containing a p53 motif at SHL− 5.7 or SHL-

+5.9 (NCP SHL− 5.7 and NCP SHL+5.9 ) (Figures 3B and 3C). The UV 

absorbance at a wavelength of 254 nm indicated absorption 

by nucleic acids while that of 280 nm was indicative of absorp-

tion by proteins. At both motif locations, the USP7 elution profile 

showed clear comigration with p53 and histones (Figures 3B and 

3C, panel 1), with a similar behavior observed in the SEC-MALS

Figure 2. p53 binds at multiple motif regis-

ters on the nucleosome

(A) Cryo-EM map of GraFix stabilized samples of 

p53 bound to nucleosome at SHL− 5.7 wherein 

there is an indication of an extra density, 

compared with the non-crosslinked maps shown 

in Figure 1F.

(B) Crosslinking mass spectrometry studies indi-

cate crosslinks between p53 TET and p53 DBD , also 

crosslinks between p53 TET and the histones. 

Model for p53 TET domain is derived from density, 

crosslink, and energy-guided docking simula-

tions.

(C) Superposition of p53 DBD tetramer and p53 TET 

(pink) from the p53-NCP SHL+5.9 structure with the 

p53 DBD tetramer from a previously published p53-

NCP SHL+7.4 structure 18 (green), suggesting that 

previously non-assigned cryo-EM density corre-

sponds to the p53 TET domain.

(Figure S16B; extended Table 1). USP7 

without p53 showed no detectable 

shift or comigration with nucleosomes 

(NCP SHL− 5.7 ) (Figure S9F). This suggests 

that high-affinity USP7 recruitment to nucleosomes depends 

on p53 (Figures 3B and 3C, panel 1). In contrast, the elution pro-

file of E6-E6AP with p53 and nucleosomes (NCP SHL− 5.7 or 

NCP SHL+5.9 ) did not show comigration with the histone core 

(Figures 3B and 3C, panel 2). Similarly, in mass photometry 

(MP), the E6AP-E6-p53 ternary complex measured in the 

presence and absence of NCP SHL− 5.7 had nearly identical 

mass profiles, differing only with a peak around ∼190 kDa, which 

corresponded to uncomplexed NCP SHL− 5.7 (Figures S10A and 

S10B). Fluorescence polarization measurements with a fluores-

cent oligo indicated that the E6AP-E6-p53 complex could 

nonetheless bind to nucleic acids and exhibited some level of 

preferential binding to p53 motifs over a scrambled wild-type 

control (Figures S10C–S10E). Flow-induced dispersion analysis 

(FIDA) of E6AP-E6-p53 with fluorescently labeled free DNA 

(Figure S10F) or NCP (Figure S10G) likewise showed an attenu-

ated affinity for DNA but not nucleosomes. Additionally, in our 

SEC experiments, we used a fluorescein (FAM)-labeled p53 

motif as the oligo to test its binding with the E6AP-E6-p53 com-

plex and observed a peak with an emission signal at 516 nm coe-

luting with the E6AP-E6-p53 complex (Figures S10H and S10I). 

Together, these data indicate that USP7 has high affinity for 

nucleosome-bound p53 at SHL− 5.7 and SHL+5.9 (Figures 3B 

and 3C), while binding of E6AP-E6-p53 to these two nucleo-

somal substrates was not detectable.

The E6-E6AP architecture is incompatible with 

nucleosome binding

To dissect the structural basis for the incompatibility between 

E6-E6AP-engaged p53 and nucleosomes and to preserve the 

native oligomeric state of p53 while in complex with E6-E6AP, 

we subjected the E6AP-E6-p53 complex to single particle 

cryo-EM analysis using full-length constructs. Purified proteins 

were subjected to GraFix 67 using bissulfosuccinimidyl suberate
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(BS3) (Figure 4A) or glutaraldehyde (GA) crosslinking (Figure 4B),

yielding structures at 3.7 and 4 A ˚ , respectively (Figures S11

and S12).

The BS3-crosslinked structure was in line with published X-ray 

structures of truncated p53, E6, E6AP, 69 and a recently pub-

lished cryo-EM study of a ternary complex formed between 

p53 DBD and full-length E6AP-E6. 70 Our structure includes a sin-

gle copy of E6AP, E6, and p53 DBD , with the HECT domain of 

E6AP visible in the characteristic L-conformation and where its 

LxxLL motif is sandwiched between the two zinc-binding 

domains of E6 (Figure 4A). A large helical domain in E6AP 

(130–516), previously unresolved in X-ray structures but now an-

notated by our structure and others, 70,71 forms an extended 

interface outside of the LxxLL motif with p53 (Figure 4A) and 

E6, which we designate the E6-p53-interacting (EPI) domain. 

In the presence of the GA crosslinker, we observed a C 2 -sym-

metric envelope consistent with a dimer of ternary complexes 

with two copies each of E6AP, E6, and p53 DBD (Figure 4B). Re-

processing the BS3 dataset with increased ice thickness to 

preserve larger assemblies combined with reference-free two-

dimensional (2D) classification and three-dimensional (3D) 

reconstruction revealed a similar dimeric ternary complex 

(Figure S11). The reconciled previous in-solution MP results 

with non-crosslinked samples depict peaks that agree with 

calculated molecular weights of ternary complexes with 2:2:2, 

3:3:3, and 4:4:4 stoichiometry (Figure S10A). MP measurement 

with ternary complexes composed of truncated p53 that only

contains the DBD, on the other hand, depicts peaks with smaller 

complexes with a calculated stoichiometry of 2:2:2 (Figure S10B). 

Together, these data suggest that the structured core of the 

ternary complex is in an equilibrium between monomeric (1:1:1) 

and dimeric (2:2:2) assembly states but can also form larger stoi-

chiometries through further oligomerization induced by the 

p53 TET domain. Although not resolved in either of our structures, 

the p53 TET domain can be expected to combine the monomeric 

and dimeric building blocks, creating higher-order assemblies. 

In line with these biochemical findings, two copies of the mono-

meric ternary complex were hence used to fit within the C 2 -sym-

metric density. This was possible without any notable structural

changes. The main interface (740 A ˚ 2 ) between the two dimers

comprises the E6AP N-terminal α helices (Figure S13A), with a 

smaller (160 A ˚ 2 ) interface formed by the two copies of p53 DBD, 

each bound to one copy of E6 and E6AP (Figure 4C), resembling 

the shape of a closed ring (Figure 4B). A recent study 71 deter-

mined the structure of E6-E6AP in the absence of p53 and 

showed that E6AP also forms a dimer when in complex with E6 

(Figure S13B). This E6AP dimerization interface differed from 

that observed in the presence of p53 (Figure S13C).

The p53 oligomerization state, mediated either through the 

TET domain or by the tandem DNA motif, is important for DNA 

binding. In our dimeric structure, the HECT domains reside on 

the face of the ring that is opposite of the p53 DBD dimer 

(Figure 4B). Importantly, the p53 DBD dimer shows a ∼35 ◦ rotation 

between p53 protomers, compared with our structures of the

Figure 3. p53 forms complex with subset of its interactors on the chromatin

(A) The two sites on the nucleosome (SHL− 5.7 labeled in red, and SHL+5.9 labeled in green) have been selected from the SeEN-seq assay in Figure 1C.

(B) Size-exclusion chromatography (SEC) profiles of p53, USP7, and E6-E6AP with nucleosome containing p53 motif at SHL− 5.7 are shown on the upper panel. 

The UV absorbance at a wavelength of 254 nm indicates absorption by nucleic acids while that of 280 nm is indicative of absorption by proteins. The blue region in 

panel 1 indicates comigration of p53 and USP7 with histones. The SDS-PAGE profiles show elution of the respective proteins. The light green region in panel 2 

indicates the formation of ternary complex of p53 with E6-E6AP but does not indicate comigration with histones, as also indicated in the SDS-PAGE in the 

lower panel.

(C) At the second entry/exit site, SHL+5.9 (in green) on the nucleosome, SEC profiles show comigration of histones with p53 and USP7 (labeled in blue, panel 1), 

whereas the ternary complex of p53 with E6-E6AP (labeled in light green, panel 2) do not show association with histones.
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Table 1. Cryo-EM data collection, refinement, and validation statistics

p53-

NCP SHL− 5.7

(+XL)

p53-

NCP SHL− 5.7

(− XL)

p53-

NCP SHL+5.9

(+XL)

p53-

NCP SHL+5.9

(− XL)

p53-USP7 FL -

NCP SHL− 5.7

p53-E6-E6AP

monomeric

p53-E6-E6AP

dimeric

Data collection and processing

Detector magnification 96,000× 75,000× 120,000× 120,000× 75,000× 120,000× 120,000×

Voltage (kV) 300 300 200 200 300 200 200

Electron exposure (e − /A ˚ 2 ) 50 50 50 50 50 50 50

Defocus range (μm) − 0.8 to

− 2.0 μm

− 0.8 to

− 2.0 μm

− 0.8 to

− 2.0 μm

− 0.8 to

− 2.0 μm

− 0.8 to

− 2.0 μm

− 0.8 to

− 2.0 μm

− 0.8 to

− 2.0 μm

Pixel size (A ˚ ) 0.66 0.845 0.84 1.1267 0.845 0.84 0.84

Symmetry imposed C1 C1 C1 C1 C1 C1 C2

Initial particle images (no.) 1,592,740 2,378,971 685,286 5,688,626 8,519,086 16,800,000 11,300,000

Final particle images (no.) 10,015 20,712 17,834 71,888 18,392 297,000 85,396

Map resolution (A ˚ );

FSC threshold (0.143)

4.2 3.2 4.2 3.8 3.9 3.7 4

Map resolution range (A ˚ ) 3.5–20 2.5–10 4–15 3–10 3–15 3–11 3–11

Refinement

Initial models used 

(PDB codes)

6T93; 3KMD 6T93; 3KMD 6T93; 3KMD 6T93; 3KMD 6T93; 3KMD 4XR8 monomeric

complex

Model resolution (A ˚ ) 4.2 3.2 4.2 3.5 3.9 3.67 3.99

Map sharpening

B factor (A ˚ 2 )

N/A a N/A a N/A a − 30.0 (full map);

− 50.0 (local

refinement)

N/A a 159.9 174.7

Model composition

Non-hydrogen atoms 15855 15855 15460 15971 27042 8366 16732

Protein residues 1552 1552 1559 1561 2730 1025 2050

Nucleotides 284 284 262 286 248 0 0

Ligands 0 0 0 0 4 3 6

B factors (A ˚ 2 ) 288.50 83.33 449.65 104.06 412.61 213.38 120.08

Protein 301.77 85.78 458.98 106.67 435.73 213.35 120.07

DNA 265.63 79.11 432.10 99.55 312.69 N/A N/A

Ligand N/A N/A N/A N/A N/A 279.26 157.38

RMSD

Bond lengths (A ˚ ) 0.008 0.008 0.006 0.004 0.015 0.008 0.006

Bond angles ( ◦ ) 1.339 1.190 1.107 0.825 1.572 0.979 0.921

Validation

MolProbity score 0.78 0.82 0.62 1.08 1.22 0.69 0.91

Clashscore 0.77 1.10 0.34 1.45 2.90 0.36 1.35

Poor rotamers (%) 0.58 0.44 0.14 0.43 0.79 0.21 0.27

Ramachandran plot

Favored (%) 97.84 98.69 98.57 96.81 97.26 97.74 97.84

Allowed (%) 2.09 1.31 1.43 3.12 2.41 2.26 2.16

Disallowed (%) 0.07 0.00 0.00 0.07 0.33 0.00 0.00

Model-to-data fit

CCmask 0.7531 0.7374 0.8137 0.7638 0.5724 0.53 0.55

CCbox 0.7788 0.7604 0.8362 0.8619 0.7249 0.58 0.69

CCpeaks 0.6273 0.6570 0.6581 0.7429 0.4532 0.42 0.48

CCvolume 0.7515 0.7241 0.8074 0.7577 0.5713 0.54 0.54

a No sharpening was applied.
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Figure 4. Cryo-EM structures of E6AP-E6-p53 ternary complex reveal multiple oligomeric states

(A) Cryo-EM structure of the monomeric ternary complex. Left: atomic model with resolved domains labeled. p53 is depicted in red, E6 in green, and E6AP in 

yellow. Middle: cryo-EM density map color-zoned according to atomic model at high contour value. Inset: cryo-EM density color-zoned according to atomic 

model at low contour value, focused on the C-lobe of the HECT domain.

(B) Cryo-EM structure of the dimeric ternary complex. Left: atomic model of the dimeric ternary complex. Both protomers of p53 are shown in red, the two E6 

protomers are shown in light and dark green, and the two protomers of E6AP are depicted in yellow and dark yellow. Middle: cryo-EM density color-zoned 

according to atomic model at high contour value. Inset: cryo-EM density color-zoned according to atomic model at low contour value focused on the C-lobe of the 

HECT domain for one E6AP protomer.

(C) Zoom of the p53 DBD dimer interface in the dimeric ternary complex. Cryo-EM density is shown as semi-transparent.

(D) The p53 dimer bound in the dimeric ternary complex is shifted from its planar orientation within the DNA-binding tetramer. Left: atomic model of p53 DBD 

tetramer bound to NCP SHL+5.9 , with histones and histone-bound DNA hidden for clarity and with the four p53 protomers labeled. Right: Superposition of the p53

(legend continued on next page)
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p53 tetramer on nucleosomes and crystal structures of p53 DBD 

when DNA bound 72–74 (Figure 4D). Our fluorescence polarization 

and FIDA measurements (Figures S10C–S10G) suggest some 

potential p53-specific motif recognition, possibly requiring a 

non-canonical p53-binding mode involving only a subset of the 

four DBDs at a time. Accordingly, it has been previously shown 

that p53 dimers are able to recognize and bind p53 half-sites. 73 

Yet, aligning the p53 DBD from the E6-E6AP complex on the p53-

NCP structures (SHL− 5.7 or SHL+5.9) reveals severe steric 

clashes with the entire nucleosome architecture (Figure 4E). 

This suggests that E6-E6AP, when bound to the p53 DBD directly, 

is structurally incompatible with nucleosomes, in line with our 

experimental observations (Figures 3B and 3C) and as expected 

given the spatial proximity between the p53 DBD and the nucleo-

some at nucleosome-internal motifs (Figures 1D–1F).

USP7 and p53 form an extensive complex on chromatin 

Next, we focused on the USP7-p53 complex to investigate how 

the multi-subunit USP7 is compatible with p53 binding in the 

nucleosome context. USP7 has an unstructured N terminus 

and a poly-Q low complexity region, followed by a TRAF domain 

(Figure 5A). The TRAF domain drives USP7’s interaction with 

p53. 33 While the TRAF domain is important for substrate recog-

nition, 33 it appears non-essential for deubiquitylation reactions 

involving a minimal substrate. 75 USP7’s C-terminal half is 

divided into its CD (residues 208–560) and five UBL domains 

(562–1102) (Figure 5A). These UBL domains are necessary for 

achieving full USP7 activity. 76 X-ray structures of USP7 have 

resolved specific domains in isolation 34,77–79 or in association 

with the N-terminal TRAF (residues 54–205) and CD 77 or the 

C-terminal UBL domains. 80

We used full-length USP7 for structural analysis to study the 

interplay of its domains with the nucleosome and p53. EMSA 

quantification returned a half-maximal saturation with nucleo-

some (NCP SHL− 5.7 , Figure S15) around 3 μM. The USP7 FL -p53-

NCP SHL− 5.7 complex underwent purification by density gradient 

centrifugation and was stabilized by GraFix crosslinking. 68 Using 

cryo-EM, we obtained a map of USP7 in complex with p53 

bound to the nucleosome at SHL− 5.7 at an overall resolution

of 3.3 A ˚ (Figures 5B and S14). The map for the p53 portion re-

sembles our earlier structures bound at SHL− 5.7, in that exten-

sive DNA unwrapping from SHL− 4.3 to − 7.3 is observed on one 

side of the nucleosome, with clear density for the p53 DBD 

tetramer. However, an additional large density extends from 

the region we previously attributed to the p53 TET to hook around 

one side of the DNA gyre. Another additional density extends 

from the other side of the p53 TET region to form a second hook 

across the histone face of the nucleosome. The USP7 FL -p53-

NCP SHL-5.7 map first allowed docking of a model of the tetra-

meric p53 DBD wherein we observed a similar mode of nucleo-

somal engagement by p53 in presence and absence of USP7 

(Figure S16A, see both structures superposed). However, the

trajectory of the released nucleosomal DNA in the ternary 

complex shows slight deviation, compared with the p53 SHL− 5.7 

structure (Figure S16A). The local resolution of the map outside 

of the nucleosome and p53 DBD tetramer was not sufficient for un-

ambiguous placement of individual domains and required addi-

tional insight from XL-MS. The p53 TET formed the same crosslink 

with histone H3 (K357:K57) as observed in p53-NCP SHL− 5.7 

structure without USP7, and it presumably occupies a similar po-

sition in complex with USP7 (Figures S6 and S16C). We 

observed additional density between the p53 DBD and exposed 

histones, corresponding to the size of a p53 TET -USP7 TRAF heter-

odimer (Figures 5, S6, and S16A). This assignment was 

confirmed by XL-MS, yielding crosslinks between p53 TET and 

histones (K351:K57 and K357:K57 from H3), as well as between 

p53 TET and USP7 TRAF (K357:K148) (Figures S6C and S16C). 

USP7 TRAF and USP7 CD are connected through a short flexible 

linker and were found to loosely interact in previous structures. 77 

A structural unit comprising USP7 TRAF and USP7 CD domains is 

consistent with significant extra density features in the USP FL -

p53-NCP SHL− 5.7 structure (Figures S16A and S16C).

To resolve additional domains in the full-length USP7 structure, 

we used variability analysis in cryoSPARC and obtained 3D clas-

ses showing extra density with UBL domain-like features along 

the histone face of the nucleosome (Figure 5B). XL-MS indicates 

interactions between UBLs (UBL 2 and 3) and histones H2A 

(K96) and H3 (K57, K80, and K123) (Figures S6D and S16D). 

The overall structure of full-length USP7 is predicted to form a 

U-shaped conformation (evidence based on crosslinks, 

AlphaFold2 prediction, and assembled models from overlapping 

partial experimental structures 34 ), where TRAF and CDs are on 

one side, UBL3–5 on the other side, and UBL1–2 acting as a hinge 

in the middle. This conformation is consistent with the experimen-

tally constrained positions of USP7 TRAF and USP7 UBL2–3 and sat-

isfies various intra-molecular crosslinks (Figures S6 and S16E). 

The overall low local resolution of the map can be attributed to 

the flexible architecture of USP7, where UBL1–2 and UBL4–5 do-

mains are connected through flexible linkers with UBL3, respec-

tively. Similarly, UBL1 is connected through a rigid linker helix 

with the CD. In our assignment, the UBL3–5 domains reside 

near protein interaction ‘‘hotspots’’ 81 on the nucleosome, such 

as the acidic patch, H3 α1L1 elbow, and the H2B C helix 

(Figures 5D and 5E). Based on our obtained integrative model 

(Figure 5C; see STAR Methods), the USP7 active site is predicted 

to face toward the p53 DBD tetramer. In the model, the finger-

shaped β sheet (residues 369–395 and 326–347) that participates 

in ubiquitin binding comes close to the nucleosome-proximal 

p53 DBD ; however, this region of USP7 is not resolved in the 

map. Despite the proximity to p53 DBD , USP7 CD remains compat-

ible with ubiquitin binding in our model (Figure S16F). The ubiqui-

tin, in this conformation, would be sandwiched between USP7 CD 

and the p53 DBDs . Lysine residues (K101, K132, K164, and K291) in 

the p53 DBD , which have been reported as ubiquitination sites, 82

dimer (aligned protomer is shown in semi-transparent surface representation) and bound E6 from the dimeric ternary structure, with protomer C of the p53 

tetramer bound to NCP SHL+5.9 . Arrow depicts rotation of second bound protomer relative to protomer A in the NCP-bound structure.

(E) Alignment of E6AP-E6-p53 dimeric ternary complex with p53-NCP SHL+5.9 reveals steric clashes with the nucleosome. The dimeric ternary complex model, 

depicted in semi-transparent surface representation, is superimposed on two protomers of the p53 DBD tetramer bound to the nucleosome. E6 and E6AP form 

several clashes with the nucleosome (arrows), including both DNA gyres and the histone face.

ll
OPEN ACCESSArticle

Molecular Cell 85, 2919–2936, August 7, 2025 2927



Figure 5. Cryo-EM structure of USP7 FL -p53-NCP SHL–5.7 complex

(A) Domain organization of the deubiquitinase USP7.

(B) Cryo-EM density of the USP7 FL -p53-NCP SHL− 5.7 complex; p53 DBD is color-zoned in shades of light and dark red while p53 TET is in pink; domains of USP7 are 

shown according to domain map in (A). Histones are colored as indicated.

(C) Integrative atomic model of the complex.

(D) Protein interaction ‘‘hotspots’’ on the nucleosome from the integrative atomic model of USP7 FL -p53-NCP SHL− 5.7 . USP7 is hidden for clarity. Regions of 

histones frequently involved in interactions with chromatin binding proteins are colored and indicated with a label. DNA, histones, and p53 protein are shown in 

different gray shades for clarity.

(E) The C-terminal UBL domains of USP7 make contacts with protein interaction hotspots on the nucleosome. The integrative atomic model of USP7 FL -p53-

NCP SHL− 5.7 is shown as in (C). USP7 is depicted as semi-transparent surface representation.
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are facing toward USP7 CD /ubiquitin and thus could be potential 

targets for deubiquitylation by nucleosome-engaged USP7. Addi-

tionally, our model places the USP7 CD proximal to known ubiqui-

tinated lysine residues in the flexible linker region between p53 DBD 

and p53 TET (K292), as well as residues within the TET itself (K351) 

and the C terminus of p53 (K357). 83,84 Owing to the flexible linkers 

within p53, we would expect these ubiquitination sites to be simi-

larly accessible for nucleosome-engaged USP7.

USP7 activity is not impacted by the p53-nucleosome 

complex

The accessibility of the USP7 active site in the context of the 

nucleosome-bound p53 complex suggests that USP7 can be 

active when engaged with chromatin. USP7 is regulated by a 

‘‘switching loop’’ mechanism where the misaligned catalytic 

triad (Cys223, His464, and Asp481) undergoes a conformational 

transition in complex with ubiquitin. 32

To determine whether nucleosome binding interferes with 

ubiquitin substrate-binding and activation of the enzyme, we 

measured the activity of USP7 in complex with nucleosome-

bound p53 using NCP SHL− 5.7 . We qualitatively analyzed the deu-

biquitination capacity of USP7 using labeled tetra-ubiquitin 

chains (K-48 and K-63) in the presence of excess nucleosome 

(NCP SHL− 5.7 ) and p53 and found USP7 to be active on these 

substrates (Figure S17). We then performed steady-state deubi-

quitination assays using the fluorogenic minimal substrate ubiq-

uitin-rhodamine 110 (Ub-rhodamine), monitoring the cleavage of 

the fluorescent label triggered by the DUB activity. Under these 

assay conditions, USP7 steady-state Michaelis-Menten param-

eters were determined as K M : 3.6 μM and k cat : 9.5 s − 1 , respec-

tively (Figure 6A). These values are in accordance with recently 

published data. 85 USP7 in the presence of p53 gave a k cat and 

K M of 3.1 s − 1 and 3.5 μM, respectively. We then determined 

the activity of USP7 in complex with nucleosome-bound p53. 

We used USP7 (1 nM) incubated with excess of p53 (4 μM) 

and nucleosome (100 nM, p53 motif at NCP SHL− 5.7 ) for steady-

state parameter determination. To ensure that the concentration 

of p53 and the nucleosome are indeed near saturation under our 

assay conditions, we kept the USP7 and Ub-rhodamine concen-

tration constant and doubled the concentration of p53 or nucle-

osome in single measurements. This gave rise to near-identical 

USP7 activity traces (Figures S18A–S18D), as expected for 

near-saturation conditions. For USP7 activity in the presence 

of p53 and nucleosomes, we observed little change relative to 

the experiments done in the absence of nucleosomes, with a 

k cat and K M of 3.8 s − 1 and 3.6 μM, respectively (Figure 6A). We 

concluded that USP7 activity for the Ub-rhodamine model 

substrate is not impacted by nucleosome binding and that the 

USP7 DUB remains largely functional when recruited to nucleo-

some-bound p53, in line with unobstructed access to p53 in 

our model.

USP7 and p53 co-localize on chromatin under basal and 

stress conditions

Given the direct and extensive interactions between USP7 and 

p53 in the nucleosome context induced upon DNA damage, 86 

we next examined the binding preference of p53 and USP7 to 

chromatin in cells. We performed ChIP-seq on USP7 in mouse 

embryonic stem cells (mESCs) under normal conditions and 

upon doxorubicin treatment that activates p53 via stress

Figure 6. USP7 is functional and co-localizes with p53 on chromatin in cells

(A) Steady-state kinetic analysis of USP7 in complex with p53 and nucleosome indicates nucleosome compatibility of USP7 and an active DUB in the vicinity of 

nucleosome. The nucleosome used in the assay has the W601 sequence with p53 motif at SHL− 5.7. The Michaelis-Menten constant (K M ) and k cat were obtained 

by fitting the initial velocity (V o ) data for eight concentrations of the substrate Ub-rhodamine 110 (concentrations have been listed in Figure S18E). Data points are 

the mean of n = 3 measurements for USP7 plot. For the conditions involving a complex of USP7 with either p53 or nucleosome, as well as both p53 and 

nucleosome, data points are the mean of n = 2 measurements.

(B) USP7 binds to the genome (left), where upon p53 activation by cellular stress (4 h, doxorubicin 1 μM), USP7 binding increases at a subset of sites enriched for 

p53 binding (lower panels, log2 1.5-fold over immunoglobulin G [IgG] control).

ll
OPEN ACCESSArticle

Molecular Cell 85, 2919–2936, August 7, 2025 2929



signaling pathways in cells (see Isbel et al. 15 for experimental 

conditions). Although p53, with its pioneering capabilities, can 

access its binding sites on both closed and open chromatin, 

the binding of p53 to chromatinized sites increases significantly 

upon stress-mediated activation. 12,15–17 We identified approxi-

mately 5,000 binding sites for USP7, with roughly a third overlap-

ping with p53 binding in a stress-dependent manner (Figures 6B 

and S18L–S18N). USP7’s non-overlapping binding sites are 

likely generated by USP7’s interaction with other chromatin 

involved factors and histones. 35–43 Indeed, while there was little 

scaling in ChIP-seq signal between p53 and USP7 under non-

stress conditions, USP7 binding scales very well with p53 bind-

ing under stress, arguing that the interaction at these sites is pri-

marily due to the stress-dependent activation of p53 (Figure 6B). 

While we have previously noted p53 co-factor binding in partic-

ular chromatin environments, 15 this was not the case with USP7, 

with increased binding at p53 sites in both open and closed chro-

matin (Figure 6B). Thus, in the cellular context, we observed the 

stress-dependent recruitment of USP7 by p53 at chromatinized 

sites in line with the compatibility of USP7 to bind to chromati-

nized p53-binding sites in vitro. This is consistent with previously 

reported checkpoint-dependent binding and co-localization of 

USP7 and p53. 87 Together, these data argue that p53 recruits 

the nucleosome-compatible co-factor USP7 under stress and 

that USP7 appears well-tolerated in closed chromatin.

DISCUSSION

TFs engage binding sites on chromatin for gene activation, such 

as in response to cellular stress signals. These motifs are 

frequently situated in closed chromatin and are therefore difficult 

to access in a subset of the genome. Following TF binding, 

closed chromatin typically becomes open and accessible 

through the action of co-factors, requiring co-factors to engage 

pioneering TFs on or near nucleosomes and to drive the recruit-

ment of the machinery required for chromatin opening and tran-

scriptional activation. While TF binding to nucleosomal sites is 

increasingly better understood, 2,7 how co-factors engage TF/ 

nucleosome complexes is not known. This is a substantial mo-

lecular recognition challenge, considering that the precise TF/ 

nucleosome architecture varies as a function of the motif 

position.

We find that the E3 ubiquitin ligase E6-E6AP is incompatible 

with p53 binding on nucleosomes at two positions, while the 

E6-E6AP-p53 complex remains DNA bound in the absence of 

nucleosomes, albeit at a reduced affinity, compared with p53 

alone. In a p53-dependent in vitro transcription system, where 

transcription of a chromatinized template was dependent on 

p53 and p300, the addition of E6 ablated transcription. This 

was assigned to the inability of p53 to direct p300 activity to nu-

cleosomes in the presence of E6. 88 In the context of HPV path-

ogenesis, E6AP may therefore serve a dual role in degrading 

p53, a long-term solution that removes a potent apoptotic factor, 

and also inhibiting p53’s ability to productively engage chromatin 

or other co-factors on nucleosomes.

USP7, on the other hand, engages p53 at its physiological site 

at the entry/exit site of the nucleosome at positions SHL− 5.7 and 

SHL+5.9 in open and closed chromatin. Our structural studies 

illustrate that this is made possible through extensive protein-

protein contacts between nucleosomes and p53. Complemen-

tary functional studies showed that p53 and USP7 also co-reside 

on chromatin in cells; yet in cells, USP7 can engage chromatin in 

the absence of p53, likely with the help of other nuclear binding 

partners.

As a more general model for how nucleosome/TF complexes 

recognize co-factors, we suggest that for those co-factors that 

can bind TFs on nucleosomes (e.g., p300, CBP, BAF, SIN3A/B, 

etc.), the co-factors must bind TFs in multiple different states de-

pending on where the motif is located on the nucleosome. This 

may be best realized if the interaction between TFs and co-fac-

tors involves at least one binding domain being on a flexible 

linker (Figure 7A). In this scenario, the co-factor can also read 

out the different rotational and translational registers of a TF rela-

tive to the nucleosome and engage p53 at different sites on the 

nucleosome. When the co-factors bind the DBD directly, on the 

other hand, without being flexibly tethered, as is the case for E6-

E6AP, this is expected to be more inhibitory for nucleosome 

binding, given the sterically crowded environment of the DBD

Figure 7. Proposed mechanisms of TF co-regulator binding to nucleosomes

Simultaneous chromatin binding by TF and co-regulator may be accomplished by three different schemes. Inhibition of chromatin binding, however, may be 

caused by the inflexibility of the co-regulator itself.
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around the nucleosome. Hence, whether chromatin is repressive 

for co-factor binding, as well as the extent of the repressive 

behavior, likely depends on the co-factor interaction mode of 

the TF. The co-factor has to be able to reach the nucleosome-

bound TF, which in turn can be present in different registers, 

sites, and orientations on the nucleosome (in the case of p53, 

see Figure 1G for three possible conformations p53 can as-

sume). A single linker on the co-factor, however, is likely not suf-

ficient to reach all possible TF orientations. Co-factor binding to 

TF/nucleosome complexes would hence be further facilitated by 

the ability of the co-factor to engage different epitopes on the 

histone, thereby occupying binding sites where the TF can be 

bound directly. Such multiple co-factor binding sites on nucleo-

somes were, for example, observed for p300 89,90 (Figure 7). 

Conversely, co-factors that reduce the TFs affinity for DNA, as 

in the case of E6-E6AP and p53, may be disproportionately 

affected by the obstacle that nucleosomes pose for DNA access, 

further reducing their ability to bind chromatin. Therefore, rather 

than merely being a principal barrier, chromatin may additionally 

serve as a filter to modulate co-factor access to nucleosome.

Limitations of the study

We demonstrate the nucleosome co-binding capability of p53 

and two co-factors and generalize this capability to other TFs 

and transcriptional regulators. However, we do not account for 

the role of posttranslational modifications of histones or TFs, 

which may exert an important role in chromatin binding. While 

the E6-E6AP-p53 ternary complex did not bind nucleosomes 

at the two positions tested, it is conceivable that at other internal 

positions or linker-embedded sites, the co-factor could still be 

more or less excluded. The detailed measurements of posi-

tion-dependent co-factor binding will warrant further study.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p53 (1C12) Mouse mAb Cell Signaling Technology Cat# 2524S

Anti-USP7 Thermo Fisher Scientific Cat# A300-033A

V5-tag monoclonal Thermo Fisher Scientific Cat# R960-25

Anti-IgG Sigma-Aldrich Cat# M7023

Bacterial and virus strains

E. coli BL21-CodonPlus(DE3)-RIL Agilent Cat# 230245

NEB Stable Competent E. coli NEB Cat# C3040H

Chemicals, peptides, and recombinant proteins

Protease inhibitor cocktail Sigma (Merck) Cat# S8830

Doxorubicin Sigma-Aldrich Cat# 44583

Ub-Rh110Gly (UbiQ-002) UbiQ, the Netherlands Cat# UbiQ-002

K48-Tetra-Ubiquitin Fluorescein-Labeled LifeSensors Cat# SI4804F

K63-Linked Tetra-Ubiquitin, TAMRA-labeled LifeSensors Cat# SI6304T

Phusion™ High-Fidelity DNA Polymerases (2 U/μL) Thermo Fisher Scientific Cat# F530L

Phusion™ HF Buffer Pack Thermo Fisher Scientific Cat# F518L

dNTP Mix (10 mM each) Thermo Fisher Scientific Cat# R0192

Cellfectin™ II Thermo Fisher Scientific Cat# 10362100

Desthiobiotin IBA Cat# 2-1000-005

QIAquick Gel Extraction kit Qiagen Cat# 28706

SYBR GOLD Nucleic acid stain Invitrogen Cat# S11494

NEBNext Ultra DNA library prep kit for Illumina NEB Cat# E7370L

NEBNext Multiplex Oligos for Illumina 

(Dual index primers set 1)

NEB Cat# E7600S

CUTANA pAG-MNase Epicypher Cat# 15-1016

MinElute PCR Purification Kit Qiagen Cat# 28004

DSSO Thermo Fisher Scientific Cat# A33545

Deposited data

p53-NCP SHL-5.7 non-XL model This study PDB: 9R2Q

p53-NCP SHL-5.7 non-XL map This study EMD-53537

p53-NCP SHL-5.7 XL model This study PDB: 9R04

p53-NCP SHL-5.7 XL map This study EMD-53478

p53-NCP SHL+5.9 XL model This study PDB: 9R2P

p53-NCP SHL+5.9 XL map This study EMD-53536

p53-NCP SHL+5.9 non-XL model This study PDB: 9R2M

p53-NCP SHL+5.9 non-XL map (full map) This study EMD-53534

p53-NCP SHL+5.9 non-XL map (focus refined map of p53) This study EMD-53535

p53-NCP SHL+5.9 non-XL map (composite map) This study EMD-53532

USP7 FL -p53-NCP SHL-5.7 map This study EMD-53517

USP7 FL -p53-NCP SHL-5.7 model This study PDB-IHM: 9A9W

Monomeric E6AP-E6-p53 ternary complex map This study EMD-18809

Monomeric E6AP-E6-p53 ternary complex model This study PDB: 8R1F

Dimeric E6AP-E6-p53 ternary complex map This study EMD-18810

Dimeric E6AP-E6-p53 ternary complex model This study PDB: 8R1G
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

XL-MS (p53-NCP SHL-5.7) This study PXD054140

XL-MS (p53-USP7-NCP SHL-5.7) This study PXD054141

TET models (Zenodo) This study 10.5281/zenodo.15268030

ChIPseq_ESC_wt_p53_Unt Isbel et al. 15 GEO: GSM6038035, GSM6038036

ChIPseq_ESC_wt_p53_Act Isbel et al. 15 GEO: GSM6038037, GSM6038038

ChIPseq_ESC_wt_IgG_Unt Isbel et al. 15 GEO: GSM6038043, GSM6038044

ChIP-seq This study GEO: GSE299056

Cut & Run This study GEO: GSE299057

p53-nucleosomes clash analysis code (Zenodo) This study https://doi.org/10.5281/zenodo.15706014

Experimental models: Cell lines

Wildtype mouse embryonic stem cells,

a TC-1 line, background 129S6/SvEvTac.

Line was originally 

obtained from A. 

Dean at the National 

Institutes of Health. 

Lienert et al. 91

Mouse embryonic stem cells: 

EY wildtype mESCs

p53 v5-taged mouse embryonic stem cells, 

a TC-1 line, background 129S6/SvEvTac.

Isbel et al. 15 Mouse embryonic stem cells: 

p53.V5.dTag mESCs

GFP-expressing mouse embryonic stem cells, 

a TC-1 line, background 129S6/SvEvTac.

Isbel et al. 15 Mouse embryonic stem cells: 

Cag.eGFP mESCs

Experimental models: Organisms/strains

E. coli BL21-CodonPlus(DE3)-RIL Agilent Cat# 230245

Sf9 Insect cells Thermo Fisher Cat#11496015

High-Five Insect cells Thermo Fisher Cat# B85502

Oligonucleotides

p53 library DNA sequence TWIST Biosciences N/A

Fluorescein-p53 oligo 

(CGGACATGCCCG 

GGCATGTCCG)

Microsynth N/A

Cy5-p53-oligo (Cy5AGGACTAAC 

ATGCCCGGGCATGTCTAAGCT)

Microsynth N/A

Atto-p53 (ATCCTGGAGAAACATG 

CCCGGGCATGTCCTCAATTGGTCGTA)

Microsynth N/A

Recombinant DNA

pAC8-Strep-TEV-p53 This study N/A

pAC8-Strep-TEV-p53-DBD This study N/A

pAC8-Strep-TEV-USP7 This study N/A

pET-28a-His-TEV-TRAF This study N/A

pAC8-Strep-TEV-E6AP This study N/A

pET-28a-His-SUMO-E6 

(C80S, C97S, C111S, C140S)

This study N/A

Software and algorithms

FEI EPU v2.7.0 Thermo Scientific https://www.thermofisher.com/

cryoFLARE Schenk et al. 92 https://www.cryoflare.org/

Relion 3 Zivanov et al. 93 https://github.com/3dem/relion

cryoSPARC v3-v4 Punjani et al. 94 https://cryosparc.com/

ChimeraX Pettersen et al. 95 https://www.rbvi.ucsf.edu/chimerax/

Coot Emsley and Cowtan 96 https://www2.mrc-lmb.cam.ac.

uk/personal/pemsley/coot/

ISOLDE v1.3 Croll 97 https://isolde.cimr.cam.ac.uk/

AlphaFold v2.3 Jumper et al. 98 https://github.com/deepmind/alphafold 
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse ES cells were cultured as described previously. 108 Briefly, cells were maintained in Dulbecco’s modified Eagle medium 

(DMEM, Invitrogen), supplemented with 15% fetal calf serum (Invitrogen), l-glutamine (Gibco) and nonessential amino acids (Gibco), 

betamercaptoethanol (Sigma) and leukemia inhibitory factor (produced in-house). Experiments were performed with cells grown for 

several passages on plates coated with 0.2% gelatin (Sigma).

METHOD DETAILS

Expression, purification and reconstitution of histone octamers

Human histones H2A, H2B, H3 and H4 were expressed and purified from Escherichia coli using an N-terminal His 6 -tag. Cells were 

lysed by sonication in a buffer A containing 50 mM Tris pH 8.0, 500 mM NaCl, 1 mM PMSF and 5% glycerol. Following centrifugation 

(27,216 x g, for 20 minutes) the insoluble portion was resuspended in buffer A containing 7 M guanidine hydrochloride, followed by an 

additional round of centrifugation (27,216 x g, for 20 minutes). Filtered supernatant was then loaded onto a HiTrap His column (Cytiva) 

and washed with buffer B (50 mM Tris pH 8.0, 500 mM NaCl, 6 M urea, 5 mM imidazole and 5% glycerol) until absorbance is low. The 

histones were eluted with a linear gradient of 5-500 mM imidazole in buffer B. The eluted fractions were then dialyzed against a buffer 

containing 5 mM Tris pH 7.5, and 1 mM DTT. Thrombin protease treatment (1 unit/mg of histones, GE Healthcare) at room temper-

ature for 3 hours was used to remove the His 6 tags. After thrombin cleavage, each histone was then subjected to Poros Q column 

(Thermo Fisher) chromatography. The column was washed with 20 mM sodium acetate pH 5.2, 200 mM NaCl, 1 mM DTT, 1 mM 

EDTA and 6 M urea, and then eluted with a linear gradient of NaCl from 200 to 900 mM. Upon lyophilization, the purified histones

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PHENIX Adams et al. 99 https://phenix-online.org/

Molprobity Chen et al. 100 https://github.com/rlabduke/MolProbity

EMRinger Barad et al. 101 https://github.com/fraser-lab/EMRinger

PyMol v2.3.3 Schrodinger, LLC, 2020125 102 https://pymol.org/2/

Proteome Discoverer v.2.5 Thermo Fisher Scientific Cat# OPTON-31014

R studio 4.4.0 or higher Racine 103 https://www.r-project.org

Bioconductor QuasR Gaidatzis et al. 104 https://doi.org/10.18129/B9.bioc.QuasR

Bowtie Langmead et al. 105 https://bowtie-bio.sourceforge.net/index.shtml

MACS2 Zhang et al. 106 https://pypi.org/project/MACS2/

Bioconductor EnrichedHeatmap Gu et al. 107 https://www.bioconductor.org/packages/

release/bioc/html/EnrichedHeatmap.html

Other

SF4 Baculo-Express Media BioConcept Cat# 900F38

HiLoad Superdex™ 200 pg 

preparative SEC column

Cytiva Cat# 28989335

HiTrap™ Q HP Cytiva Cat# 17115301

Amicon Ultra-4 Centrifugal Filter Unit, 

Ultracel-50 30 Kda, 4mL

Merck (EMD Millipore) Cat# UFC803096

Amicon Ultra-15 Centrifugal Filter Unit, 

Ultracel, 30 Kda, 15 mL

Merck (EMD Millipore) Cat# UFC903024

Mono Q 5/50 GL Cytiva Cat# 17-5166-01

Strep-Tactin Sepharose 50% suspension IBA Cat# 2-1201-010-BULK5

POROS Heparin Thermo Fisher Cat# 4329435

Superdex 200 10/300 Cytiva Cat# 17517501

POROS HQ Thermo Fisher Cat# 82077

Superose 6 10/300 Increase Cytiva Cat# 29091596

HisTrap HP, 5 ml Cytiva Cat# 17-5248-02

Superose 6 Increase 3.2/300 Cytiva Cat# 29091598

QIAquick Gel Extraction spin columns Qiagen Cat# 28115

concanavalin A magnetic beads Bangs Laboratories Cat# BP531

AMPure XP beads Beckman Coulter Cat# A63881
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were mixed in a denaturing buffer containing 20 mM Tris-HCl pH 7.5, 6 M guanidine hydrochloride and 1 mM DTT. Samples were 

dialyzed against refolding buffer containing 20 mM Tris-HCl pH 7.5, 2 M KCl and 1 mM DTT. Further, the histone complexes were 

purified by size-exclusion chromatography (HiLoad Superdex™ 200 pg; Cytiva).

DNA purification and reconstitution of nucleosome

Large scale generation of DNA was performed using Phusion (Thermo Fischer Scientific) PCR amplification. The resulting amplified 

DNA was purified by a HiTrap Q HP column (Cytiva). The purified DNA was dialysed overnight in 20 mM Tris-HCl pH 7.5, and further 

concentrated using 30 kDa concentrator (Amicon Ultra, Merck Millipore) and stored at -20 ◦ C until usage.

Large scale nucleosome reconstitution for cryo-EM

The purified DNA and the histone octamer complex were reconstituted at a 1:1.5 molar ratio in presence of 2 M KCl. The complex was 

dialyzed against refolding buffer (RB) ‘high’ (10 mM Tris-HCl pH 7.5, 2 M KCl, 1 mM EDTA and 1 mM DTT). Upon slow dialysis, there 

was gradual reduction in the concentration of KCl from 2 M to 0.25 M using a peristaltic pump with RB ‘low’ buffer (10 mM Tris-HCl pH 

7.5, 250 mM KCl, 1 mM EDTA and 1 mM DTT) at 4 ◦ C. The reconstituted nucleosomes were incubated at 55 ◦ C for 1.5 h, and further 

purified using a MonoQ 5/50 ion-exchange gradient (Cytiva) and dialyzed into 20 mM Tris-HCl pH 7.5 and 500 μM TCEP overnight. 

The nucleosomes were concentrated using 30 kDa concentrators (Amicon Ultra, Merck Millipore) and stored at 4 ◦ C.

Small scale nucleosome reconstitution for deubiquitination assays, EMSA and FIDA

The purified DNA (∼300 pmoles) and the histone octamer complex were set-up in multiple smaller scales in buffer ‘high’ containing 

30 mM Tris-HCl pH 7.5, 4 M KCl and 1 mM DTT, and incubated at 37 ◦ C for 20 min. Subsequently, buffer ‘low’ containing 20 mM Tris-

HCl pH 7.5 and 1 mM DTT was added every 20 min for 1h 20 min with a final incubation at 55 ◦ C for 1 h. After the dialysis, the nucle-

osomes were purified using a MonoQ 5/50 ion-exchange gradient (Cytiva) and dialyzed into 20 mM Tris-HCl pH 7.5 and 500 μM TCEP 

overnight. The nucleosomes were concentrated using 30 kDa concentrators (Amicon Ultra, Merck Millipore) and stored at 4 ◦ C.

Protein expression and purification

p53

Human full-length p53 (residues 1-393) was cloned into pAC-derived vector containing an N-terminal Strep II tag. 109 The protein was 

expressed from 4 L of Trichoplusia ni High Five (Hi5) cells using the Bac-to-Bac system (Thermo Fisher Scientific). The cells were 

cultured at 27 ◦ C and harvested two days after infection with the baculovirus. The cells were resuspended in lysis buffer (20 mM 

Tris-HCl pH 8.0, 1 M sodium chloride, 0.5 mM TCEP, 10% glycerol and 1 tablet protease inhibitor cocktail (Merck) and lysed by son-

ication. The lysate was centrifuged at 40k rpm using a Type 45 Ti Fixed-Angle rotor (Beckman Coulter) for 45 min at 4 ◦ C and the su-

pernatant was filtered and loaded onto a gravity column containing a Strep-Tactin Sepharose bead slurry (IBA life sciences) for affinity 

chromatography. The protein was eluted in buffer containing 150 mM sodium chloride and 5 mM desthiobiotin. The protein was sub-

jected to further purification by using heparin column (Thermo Fisher) and eluted with a linear gradient using 1M sodium chloride as 

buffer B. Further, the protein was purified by size-exclusion chromatography (Superdex 200; Cytiva) in buffer containing 

20 mM HEPES pH 8.0, 150 mM sodium chloride, 5% glycerol, 0.5 mM TCEP. The purified proteins were concentrated using 

30 kDa concentrators (Amicon Ultra, Merck Millipore) and stored at -80 ◦ C. The DBD (residues 92-292) was also subcloned into a 

pAC-vector containing an N-terminal Strep II tag and expressed in 4 L of Spodoptera frugiperda (Sf9) cells (Thermo Fisher Scientific). 

The protein was purified by Strep-Tactin affinity chromatography (IBA life sciences) and eluted with 2.5 mM desthiobiotin in buffer 

containing 150 mM sodium chloride. The protein was further subjected to heparin ion-exchange and size-exclusion chromatography 

(Superdex 200; Cytiva) and eluted in buffer containing 20 mM HEPES pH 7.5, 150 mM sodium chloride, 5% glycerol, 0.5 mM TCEP. 

USP7

Human full-length USP7 (residues 1-1102) was cloned into pAC-derived vector containing an N-terminal Strep II tag. 109 USP7 was 

expressed from Trichoplusia ni High Five (Hi5) cells using the Bac-to-Bac system (Thermo Fisher Scientific). Upon infection with the 

baculovirus, the cells were harvested after two days, resuspended in lysis buffer (20 mM HEPES pH 7.5, 1 M sodium chloride, 1 mM 

EDTA pH 7.5, 0.5 mM TCEP, 5% glycerol and 1 tablet protease inhibitor cocktail (Merck) and lysed by sonication. Following purifi-

cation by affinity chromatography, the protein was eluted with 2.5 mM desthiobiotin in a buffer containing 150 mM sodium chloride. 

The Strep (II) eluted fractions were diluted to 100 mM sodium chloride and loaded on POROS HQ column and eluted with a linear 

gradient using 1 M sodium chloride. The purified proteins were purified by size-exclusion chromatography (Superose 6; Cytiva) in 

a buffer containing 20 mM HEPES pH 7.5, 100 mM sodium chloride, 5% glycerol, 0.5 mM TCEP. Pure fractions were collected, 

concentrated and stored at -80 ◦ C.

The TRAF domain (residues 1-208) of USP7 was subcloned into a pET28-derived vector containing an N-terminal 6x His tag for 

expression in Escherichia coli. Cells were grown aerobically at 37 ◦ C in 4 L LB medium with Kanamycin. At an optical density 

(OD 600 nm ) of 0.6-0.8, the cultures were induced with 0.2 mM IPTG (final concentration), grown at 18 ◦ C, 200 rpm overnight. The cells 

were centrifuged at 4 ◦ C for 15 minutes and the pellet was stored overnight in -20 ◦ C. Upon resuspension of the cells in lysis buffer/His 

buffer A (50 mM Tris-HCl pH 6.8, 400 mM sodium chloride, 20 mM Imidazole, 0.5 mM TCEP, 5% glycerol, 1 tablet protease inhibitor 

cocktail (Sigma)), the cells were disrupted by sonication, and further centrifuged at 40k rpm using a Type 45 Ti Fixed-Angle rotor 

(Beckman Coulter) for 40 minutes at 4 ◦ C. The supernatant was subjected to a HisTrap HP column (5 mL, Cytiva), washed with buffer
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(50 mM Tris-HCl pH 6.8, 1 M sodium chloride, 20 mM Imidazole, 0.5 mM TCEP, 5% glycerol) and purified in His buffer B (50 mM Tris-

HCl pH 6.8, 400 mM sodium chloride, 500 mM imidazole, 0.5 mM TCEP, 5% glycerol). The relevant fractions were pooled, TEV-

cleaved at 4 ◦ C and loaded on POROS HQ column and eluted with a linear gradient using 1 M sodium chloride. Further, following 

purification by SEC (Superdex 200, Cytiva), the proteins were eluted in 50 mM Tris-HCl pH 6.8, 150 mM sodium chloride, 0.5 mM 

TCEP and 5% glycerol, concentrated and stored in -80 ◦ C.

E6AP

Human full-length E6AP (residues 1-875) with an N-terminal Strep (II) tag was expressed in Trichoplusia ni High Five insect cells 

following similar methods as described before. The cells were harvested and lysed by sonication in buffer containing 25 mM Tris 

pH 8.0, 200 mM sodium chloride, 5% glycerol, 0.5 mM TCEP, 5 mM magnesium chloride, 1 tablet protease inhibitor cocktail (Roche 

Applied Science) and 0.1% Triton X-100. Using Strep-Tactin Sepharose bead slurry (IBA life sciences) for affinity chromatography, a 

low salt (200 mM sodium chloride) buffer was used to wash the column, followed by high salt (1M sodium chloride), and the protein 

was eluted at 200 mM sodium chloride and 5 mM desthiobiotin. The eluted fractions were diluted to 100 mM sodium chloride, prior to 

application on a POROS-HQ μm column (Life Technologies) and further eluted with a linear gradient using 2 M sodium chloride as 

Buffer B. The sample was then subjected to SEC (Superose 6, Cytiva) in a buffer containing 25 mM Tris pH 8.0, 150 mM sodium chlo-

ride, 5% glycerol, 0.5 mM TCEP. Pure fractions were concentrated and stored at -80 ◦ C.

E6

Full-length HPV16 E6 (residues 1-158) containing four amino acid substitutions (C80S, C97S, C111S, C140S) was cloned into a pET-

28(+) vector with an N-terminal 6xHis and SUMO tag for Escherichia coli expression. 4-6 L of culture was inoculated in a 1:100 (v/v) 

ratio with an overnight pre-culture and incubated at 37 ◦ C with Kanamycin. Upon reaching an OD 600 nm of 0.6-1.0, gene expression 

was induced with 0.5 mM IPTG induction. Cells were harvested by centrifugation at 4 ◦ C for 10 min and resuspended in 100-200 mL 

lysis buffer containing 50 mM Tris pH 6.8, 400 mM sodium chloride, 20 mM Imidazole, 5% glycerol and 0.5 mM TCEP. The resus-

pended pellet was sonicated prior to lysate clarification through ultracentrifugation at 40k rpm using a Type 45 Ti Fixed-Angle rotor 

(Beckman Coulter) for 1 hour. Filtered supernatant was loaded onto a HiTrap His column (Cytiva). After loading, the column was 

washed with wash buffer until absorbance is low and eluted with 10-80% gradient in buffer containing 50 mM Tris pH 6.8, 

400 mM sodium chloride, 500 mM imidazole, 5% glycerol and 0.5 mM TCEP. The eluted fractions were then further purified with 

a heparin column by first diluting to <200 mM sodium chloride before loading and using a linear sodium chloride salt gradient. Finally, 

samples were diluted/dialyzed to no less than 400 mM salt and flash frozen in 5-10% glycerol and stored at -80 ◦ C.

SeEN-seq library preparation

The HT-SELEX derived p53 motif 110 (AACATGCCCGGGCATGTC, JASPAR Matrix ID: MA0106.3) was tiled through the Widom 601 

(W601) sequence at 1 bp intervals across the entire 147 bp nucleosome positioning sequence, resulting in a library of 130 DNA se-

quences with different motif positions. The p53 library DNA sequences were flanked by EcoRV sites and adapter sequences and 

were ordered as gene fragments from TWIST Biosciences. Individual gene fragments were suspended, equimolar amounts were 

pooled and cut with EcoRV-HF (NEB). The resulting 153bp DNA fragments were purified from a 3% agarose gel using the QIAquick 

Gel Extraction kit (Qiagen). p53 motif containing DNA fragments were mixed with an excess of W601 DNA (1:30 molar ratio) for nucle-

osome assembly.

Generation of linker SeENseq pool

SeEN-seq nucleosomes were assembled and purified following the protocol described above, where the 601 p53 motif library DNA 

pool was PCR amplified with primers that extended the 5’ flanking DNA by 20bp and spiked with distinct amplicons representing the 

p53 motif tiled throughout the 5’ flanking 601 DNA at approximately equimolar concentration relative to the individual library tiles. The 

resulting pool represented an extended 170 bp 601 sequence with the HT-SELEX derived p53 motif 110 (AACATGCCCGGGCATGTC, 

JASPAR Matrix ID: MA0106.3) tiled at every possible position throughout the 20 bp 5’ flanking and nucleosomal W601 sequence, up 

to final 23bp of the 601 sequence where it was necessary to design a 3’ primer to generate the amplicons.

SeEN-seq assay

SeEN-seq was performed as before 9 with some modifications. Nucleosomes (100 nM) were incubated for 1 hour at room tempera-

ture with full-length p53 (250 nM) in 20 μL reactions containing 20 mM Tris-HCl pH 7.5, 75 mM sodium chloride, 10 mM potassium 

chloride, 1 mM magnesium chloride, 0.1 mg/mL BSA, and 1 mM DTT. For each condition, 3 technical replicates were generated. 

Reactions were loaded onto 6% non-denaturing polyacrylamide gels (acrylamide:bis-acrylamide = 37.5:1) in 0.5x TGE and run for 

1.2 h (150V, room temperature). Gels were stained with SYBR gold nucleic acid stain (10 min, Invitrogen) and DNA bands correspond-

ing to p53-bound and unbound nucleosome complexes were excised. EMSA gel slices were incubated with 100 μL acrylamide gel 

extraction buffer (500 mM ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1% SDS) for 30 min at 50 ◦ C. A pre-mix of 

water (50 μL per sample) and QIAquick Gel Extraction kit QG buffer (450 μL per sample) was added, and samples were incubated for 

an additional 30 min at 50 ◦ C. After a short spin, the supernatant was transferred to QIAquick Gel Extraction spin columns and DNA 

fragments were purified according to the manufacturer’s instructions. DNA was eluted in water (22 μL) and approximately half of the 

sample (10 μL, 1-10 ng DNA) was used for NGS library preparation (NEBNext Ultra DNA library prep kit for Illumina, E7370S/L, NEB) 

with dual indexing (E7600S, NEB) and 12 cycles of PCR amplification. Purified sequencing libraries were quantified by Qubit (Thermo
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Fisher), equimolar amounts were pooled, and the library size was checked using the HS DNA assay on an Agilent 2100 Bioanalyzer 

instrument. Finally, samples were sequenced on an Illumina NextSeq platform (300 bp paired-end).

CUT & RUN

Cleavage under targets and release using nuclease assays (CUT & RUN) were performed as previously described 111 and based on 

the EpiCypher manufacturer’s protocol (v.1.5) with some modifications. Approximately 24 h before the experiment, mouse stem cells 

with the V5 tag integrated into the 5’ end of the p53 gene 15,112 were seeded into 6-well dishes (∼5 × 10 5 cells/well) and where appli-

cable, the media was exchanged with fresh media and containing 1 μM doxorubicin (#44583, Sigma-Aldrich) for four hours prior to 

harvesting. In brief, 10 μL per sample of concanavalin A beads (concanavalin A magnetic beads; Bangs Laboratories, BP531) were 

washed twice with bead activation buffer (20 mM HEPES pH 7.9, 10 mM KCl, 1 mM calcium chloride and 1 mM manganese(II) chlo-

ride and resuspended in 10 μL of the bead activation buffer. For each sample, 5 × 10 5 cells were washed in PBS and centrifuged at 

room temperature at 600g for 3 min. Cells were then washed twice in 100 μL of wash buffer (20 mM HEPES pH 7.5, 150 mM sodium 

chloride, 0.5 mM spermidine, 1 tablet protease inhibitor-Roche) and resuspended in 100 μL of the same wash buffer. Afterward, cells 

were aliquoted in eight-well strip tubes containing 10 μL of activated beads, mixed with gentle vortexing and incubated at room tem-

perature for 10 min. After this time, supernatant was removed, and beads were gently resuspended in 50 μL of cold antibody buffer 

(wash buffer + 0.001% digitonin + 2 mM EDTA). At this point, 0.5 μL of antibody (V5 tag, R960-25, Thermo Fisher Scientific) were 

added to each sample and left overnight at 4 ◦ C. The following day, beads were washed twice using 250 μL of cold digitonin buffer 

(wash buffer + 0.001% digitonin) and gently resuspended in 50 μL of the same buffer. At this point, 2.5 μL of CUTANA pAG-MNase 

(20x pAG-MNase; Epicypher, 15-1016) were added to each of the samples, which were then gently mixed and left for 10 min at room 

temperature. After this time, 250 μL of cold digitonin buffer was added directly to the samples. The previous step was repeated for 

two washes, and then samples were resuspended in 50 μL of digitonin buffer. To start the MNase reaction, 2 μL of 50 mM calcium 

chloride was added to the samples, which were then gently mixed and left at 4 ◦ C for 2 h. After this time, 33 μL of stop buffer (340 mM 

sodium chloride, 20 mM EDTA, 4 mM EGTA, 50 μg mL − 1 RNase A and 50 μg mL − 1 glycogen) were added, and samples were then 

vortexed and incubated at 37 ◦ C for 10 min. Samples were moved on the magnet, and the supernatant was transferred to clean 

1.5 mL tubes for nucleic acid extraction using the MinElute PCR Purification Kit (Qiagen). Purified DNA was used for library prepa-

ration using the NEBNext Ultra Library Prep Kit (Illumina) according to the manufacturer’s instructions with the following Epicypher 

manufacturer’s modifications. DNA clean-up before PCR amplification was done using 1.1x AMPure XP beads. PCR amplification 

parameters were adjusted to 1 cycle of 45 s at 98 ◦ C, 14 cycles of 15 s at 98 ◦ C followed by 10 s at 60 ◦ C and 1 cycle of 1 min at 

72 ◦ C. DNA was again purified using 1.1× AMPure XP beads and eluted in 0.1x TE buffer. Libraries were analyzed and quantified 

using Agilent Bioanalyzer and sequenced on the Illumina NextSeq platform at 41 bp paired-end.

Generation of double-stranded oligonucleotides

Double-stranded oligo corresponding to the p53 motif was generated by performing an annealing reaction using unlabeled and fluo-

rescein labeled oligo (CGGACATGCCCGGGCATGTCCG) in 10x annealing buffer (100 mM Tris-HCl pH 7.5, 500 mM sodium chloride, 

10 mM EDTA pH 7.4) for 75 cycles in the thermal cycler.

Size-exclusion chromatography (SEC)

The complex formation was analyzed by SEC runs on Superose 6 Increase 3.2/300 (Cytiva) analytical column at 900 pmoles (∼60-

80 μL, 1:4.5 molar ratio of nucleosome to proteins) in 20 mM HEPES pH 8.0, 150 mM sodium chloride, 5% glycerol, 0.5 mM TCEP. 

Proteins were incubated for ∼30 min before injection into the column. The content of each peak was evaluated by SDS/PAGE and 

Coomassie staining.

SEC-MALS

Forty microliters of sample were injected onto a Superose 6 Increase 10/300 GL column (Cytiva) using an Agilent Infinity 1260 II HPLC 

system. In-line refractive index and light scattering measurements were performed using a Wyatt Optilab T-rEX refractive index de-

tector and a Wyatt miniDAWN TREOS 3 light scattering detector. System control and analysis was carried out using the Wyatt Astra 

7.3.1 software. System performance was checked with BSA (initial and final run).

Mass photometry

Protein dilutions were made in MP buffer (20 mM Tris-HCl pH 8.0, 100 mM potassium chloride and 0.5 mM TCEP) and mixed in a 1:1:1 

ratio (E6AP: E6: p53) or 1:3:3:3 ratio (NCP:E6AP:E6:p53) for nucleosome containing samples and incubated at room temperature for 

30 min. Data were acquired on a Refeyn OneMP mass photometer. 18 μL of MP buffer was added into the flow chamber followed by 

focus calibration. 2 μL of protein solution was then added to the chamber and movies of 60 or 90 seconds were acquired. Each sam-

ple was measured at least two times independently (n=2) and acquired movies were processed and molecular masses were analyzed 

using Refeyn Discover 2.3, based on a standard curve created with BSA and thyroglobulin.
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Fluorescence polarization

Cy5-labeled DNA containing the canonical p53 motif (5ʹ-Cy5-AGG ACT AAC ATG CCC GGG CAT GTC TAA GCT-3ʹ) was used as a 

fluorescent tracer. Increasing amounts of E6-E6AP with equimolar p53 were mixed with tracer (10 nM final concentration) in a black 

384-well microplate (Greiner, 784076) and incubated for 15 min at room temperature. The interaction was measured in a buffer con-

taining 50 mM Tris pH 7.5, 100 mM sodium chloride, and 0.1% (v/v) pluronic acid. Changes in fluorescence polarization were moni-

tored by a PHERAstar FS microplate reader (BMG Labtech) equipped with a fluorescence polarization filter unit. Fluorescence po-

larization [mP] was plotted versus protein concentration and fitted assuming a one-to-one binding model to determine the 

dissociation constant (Kd) using Prism 9 (GraphPad). Since the oligonucleotide that was used contained a fluorescent label, we refer 

to these as apparent Kd (Kd (app)). All measurements were performed in duplicates. For the competitive titration assays, the E6AP-

E6-p53 ternary complex bound to the fluorescent oligo tracer was back titrated with unlabeled oligo either containing the p53 motif or 

with a jumbled sequence. The competitive titration experiments were carried out by mixing tracer (10 nM), E6-E6AP (100 nM) and p53 

(100 nM) and increasing concentration of different oligos (0 – 10 mM).

XL-MS

The nucleosome and proteins were mixed in 1:4.5 ratio in MS sample buffer (50 mM HEPES pH 7.5, 150 mM sodium chloride and 

500 μM TCEP), and incubated for 30-45 min at room temperature. Crosslinking reagent disuccinimidyl sulfoxide (DSSO) (Thermo 

Fisher Scientific, A33545) was warmed up to room temperature and diluted to a 100 mM stock concentration in DMSO by shaking 

at 400 rpm for 5 minutes. The incubated sample was transferred to a concentrator (Amicon Ultra, Merck Millipore, 10,000 MWCO), 

DSSO was added, and the crosslinking reaction mix was incubated for 1 h at 10 ◦ C, while shaking at 400 rpm. 1 M Tris pH 6.8 (50 mM 

final concentration) was added to quench the excess crosslinker, while shaking at 400 rpm at room temperature for 1 h. The excess 

reagent and non-crosslinked proteins were removed by centrifugation at 14,000g for 5 minutes. 400 μL of fresh 8 M urea in 50 mM 

HEPES, pH 8.0 was added to the concentrator for denaturing and washing, followed by centrifugation at 14,000g for 5 minutes. The 

step was repeated twice, and the sample was concentrated to a final volume of 50 μL. Next, reduction/alkylation buffer (50 mM TCEP, 

100 mM 2-chloroacetamide) was added (5 mM and 10 mM final concentration respectively) and incubated for 90 min at 400 rpm. 

The concentrator was washed twice (centrifugation at 14,000 rpm, 5 min) with 8 M urea in 50 mM HEPES pH 8.0, and finally washed 

with 5 M urea in 50 mM HEPES pH 8.0 while concentrating sample to ∼30 μL. Lys-C was added (0.2 μg μL − 1 stock, 1:75 enzyme to 

protein ratio) and the sample was digested for 1.5 h at room temperature while shaking. The sample was diluted 2.5-fold with 50 mM 

HEPES pH 8.0. Trypsin (0.2 mg mL − 1 stock, 1:50 enzyme to protein ratio) was added and the sample was incubated overnight at 

37 ◦ C, while shaking at 400 rpm. An additional aliquot of trypsin (1:100 enzyme to protein ratio) and acetonitrile to a final concentra-

tion of 5% was added the next day and the sample was incubated for 5-6 h at 37 ◦ C, while shaking at 400 rpm. The sample was trans-

ferred into an Eppendorf tube, TFA was added (1% final concentration), the sample was briefly sonicated and centrifuged for 5 min at 

20,000 g. The supernatant was desalted using a PreOmics iST-NHS kit and concentrated in a speedvac. Samples were reconstituted 

with 0.1% TFA in 2% acetonitrile.

Samples were analyzed by LC–MS in two ways:

1. EASYnLC-Orbitrap Fusion Lumos: Approximately 1 mg of peptides per sample in 0.1% TFA and 2% acetonitrile in water were 

loaded onto a uPAC C18 trapping column, and then separated on a 50 cm uPAC C18 HPLC column (connected to an EASY-

Spray source (all Thermo Fisher Scientific, columns formerly from Pharmafluidics)) connected to an Orbitrap Fusion Lumos. 

The following chromatography method was used: 0.1% formic acid (buffer A), 0.1% formic acid in acetonitrile (buffer B), 

flow rate 500 nL/min, 240 min in total, (mobile phase compositions in % B): 0–5 min: 3–7%, 5–195 min: 7–22%, 195– 

225 min: 22–80%, 225–240 min: 80%.

2. Vanquish Neo- Orbitrap Eclipse with FAIMS: Approximately 2.5 mg of peptides per sample in 0.1% TFA and 2% acetonitrile in 

water were loaded onto a Vanquish Neo chromatography system with a two-column set-up. Samples were injected onto a 

trapping column at a constant pressure of 1,000 bar. Peptides were chromatographically separated at a flow rate of 

500 nL/min using a 142 min method, (mobile phase compositions in % B): 0-4 min: 2–7%, 4-82 min: 7–20%, 82-112 min: 

20-30%, 112-124 min: 30-36%, 124-128 min: 36-45%, 128-142 min at 100% B (buffer A: 0.1% formic acid; buffer B: 0.1 formic 

acid in 80% acetonitrile) on a 15-cm EASY-Spray Neo C18 HPLC column mounted on an EASY-Spray source connected to an 

Orbitrap Eclipse mass spectrometer with FAIMS (all Thermo Fisher Scientific).

In either case, the mass spectrometer was operated in MS2_MS3 mode, essentially according to a previous report. 91 Peptide MS1 

precursor ions were measured in the Orbitrap at 120 k resolution. On the Orbitrap Eclipse, three experiments were defined in the MS 

method, with different FAIMS compensation voltages, − 50, − 60 and − 75 V, respectively, to increase the chances of identifying more 

highly charged peptides (i.e. crosslinked peptides).

Crosslink- and density-guided docking simulations

A python script available under https://github.com/fmi-basel/gthoma_rosetta-density-crosslink-docking was used to run crosslink-

and density-guided docking. Detailed flags and parameters for the respective protocols are included in the script. In brief, the model 

was subjected to ten trials of prepacking and the model with the best total energy score was selected for centroid docking generating
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50,000 poses. The poses were then scored with the RosettaDensityScoring protocol and solvent accessible crosslink distances were 

calculated with Xwalk. In case of homomeric proteins, the shortest distance for each possible chain combination is selected. The 

density and crosslink scores were normalized by minimum and maximum values and the poses were clustered by RMSD using 

AgglomerativeClustering from the scipy library. RMSD values were calculated with the pyRMSD library and a distance threshold 

of 5 A was used for clustering. From each cluster, the pose with the highest average score calculated from the density and crosslink 

scores (equal weight) was selected. From the selected cluster poses, the top 5 poses were subjected to local docking generating 

2,000 poses, respectively. For the resulting poses, the density- and crosslink scores were calculated as before and combined 

with the interface energy score from rosetta (I_sc). After clustering, the best pose for each cluster was selected based on the average 

score calculated using a weight of 0.33 for each individual score.

Cryo-EM sample preparation

Nucleosomes were incubated with excess of respective proteins (molar ratio: 1:4.5) in a volume of 60-100 μL at room temperature for 

45 minutes in a binding buffer containing 10 mM Tris-HCl pH 7.5, 10 mM potassium chloride, 1 mM magnesium chloride, 10 μM zinc 

chloride, 1 mM DTT and 5% glycerol. For p53 bound nucleosome complexes, the samples were prepared by using crosslinking re-

agents as well as without. For the non-cross-linked samples, following incubation, the samples were concentrated to a final volume of

∼20 μL. The concentration of the samples was determined by measuring the DNA concentration at an absorbance of 260 nm. For the 

crosslinked samples, the samples were crosslinked following the GraFix method. 67 For GraFix crosslinking, the nucleosome-protein 

complexes were added to the top layer of 10-30% (w/v) sucrose gradient (20 mM HEPES pH 8.0, 100 mM potassium chloride, 

0.5 mM magnesium chloride, 0.5 mM TCEP) with ∼0.2% glutaraldehyde added to the 30% sucrose (w/v) layer. The complex was 

subjected to ultracentrifugation (Beckman SW60Ti rotor, 37,000 rpm, 14 h, 4 ◦ C). 100 μL fractions were collected and analyzed 

by native PAGE. The peak fractions were combined, and the sucrose was removed by dialysis into GraFix buffer (20 mM HEPES 

pH 8.0, 100 mM potassium chloride, 0.5 mM magnesium chloride, 0.5 mM TCEP). The resulting sample was concentrated with 

an Amicon Ultra 0.5-mL centrifugal filter. After concentration, ∼3 μL sample was applied to EM grids. The grids were glow discharged 

with a Pelco EasyGlow (15 mA current, 45 seconds) prior to application of the sample. Grids were blotted for 3 s at 4 ◦ C 90% humidity 

in a Vitrobot Mark IV (FEI), and then immediately plunged into liquid ethane.

Cryo-EM data collection (see Table 1 Statistics for details)

Except for the p53-NCP SHL+5.9 XL dataset that was recorded with a Glacios (Thermo Fisher Scientific) operating at 200 kV, the p53-

NCP datasets were collected on a Cs-corrected (CEOS GmbH) Titan Krios (Thermo Fisher Scientific) operating at 300 kV.

The E6AP containing datasets were collected on a Glacios operating at 200 kV.

The Automatic data collection on both microscopes was performed with EPU (Thermo Fisher Scientific).

Cryo-EM image processing

Real-time evaluation was performed using CryoFlare1.10 92 during acquisition. Images were motion-corrected using Relion3 motion-

corr implementation 93 by applying a dose-weighting scheme to generate a motion-corrected sum of all frames. CTF estimation was 

done using the patch CTF implementation in cryoSPARC v.3 or v.4. 94 Particles were picked using either blob picker or template 

picker in cryoSPARC v.3 or v.4. 94 Each dataset was further processed in cryoSPARC v.3 or v.4 94 which included 2D and 3D classi-

fication, 3D refinement and CTF refinement. To improve the quality of the EM density for the p53 DBDs, the particles were imported 

into Relion and analyzed with multi-body refinement in combination with Blush. Resolution values reported for each reconstruction 

were calculated based on the gold-standard Fourier shell correlation curve (FSC) at 0.143 criterion, 113 correcting for the effects of soft 

masks using high-resolution noise substitution. 114 Local resolution for each final map was estimated using local resolution estimation 

implemented in Relion or MonoRes (XMIPP) implementation in cryoSPARC v.3 or v.4. 115

Model building and refinement

For modelling of p53 bound to the NCP, PDB:6T93, 9 was used as a template for the nucleosome, and combined with the p53 tetramer 

coordinates form PDB:3KMD. 74 The models were fitted into the cryo-EM map using ChimeraX 95 and the nucleosomal DNA was 

extended and its sequence adjusted based on the motif position of the respective structure. The DNA was extended by joining it 

with B-form DNA generated in Coot 96 and flexible fitting in Isolde 97 with DNA-specific adaptive distance and torsion restraints. 

This was followed by flexible fitting of the whole model using adaptive distance restraints. Restraints for p53 and its DNA motif 

were derived from PDB:3KMD, 74 and self-restraints were generated for the rest of the model.

A model for USP7 in complex with p53-bound NCP was obtained by predicting the complex of p53 TET and USP7 TRAF with Alpha-

fold multimer (v2.3) 98 using PDB:2FOO, 33 as a multimer template (chain masking removed during prediction). The obtained model 

was merged with the predicted model for full-length USP7 (Alphafold database accession Q93009, model version 4, https:// 

academic.oup.com/nar/advance-article/doi/10.1093/nar/gkad1011/7337620) replacing the USP7 TRAF domain with the predicted 

model for the USP7 TRAF -p53 TET complex in Coot. This model was combined with the p53 DBD -NCP SHL-5.7 model followed by rigid-

body and flexible fitting. For flexible fitting in ISOLDE, rigid USP7 domains were separately restrained, allowing flexibility between 

the domains around the linker regions. Inter-chain crosslinks were used as additional single distance restraints.
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All models were subjected to a final round of refinement with PHENIX 99 real-space refinement using strong coordinate restraints. 

This step also included B-factor refinement. Molprobity (v.4.5.2) 100 and PHENIX 99 were used for validation. Side-chains of p53 and 

USP7 were not resolved in the maps and truncated to Cβ atoms.

The structure of full-length E6AP was first predicted with Alphafold2 98 and docked into the map of the monomeric ternary complex, 

along with E6 and p53 chains from the previous crystal structure of the ternary complex (PDB: 4XR8) 69 using the ChimeraX fit-in-

map. 95 Restrained flexible fitting was done with ISOLDE, 97 and local corrections were done with Coot 96 and ISOLDE. B-factor fitting 

and coordinate-constrained minimization was done with Phenix real-space refine. 99 The dimeric ternary complex model was built by 

docking two copies of the monomeric complex model into the dimeric map using ChimeraX fit-in-map, followed by local corrections 

done in ISOLDE and B-factor fitting using Phenix real-space refine. Validation was carried out with Phenix, Molprobity, 100 and EM-

Ringer. 101 Figures were prepared with ChimeraX.

Simulation of p53 nucleosome clash scores

To simulate the clashes of p53 with a nucleosome at all possible DNA motif positions, the DNA of PDB 6T93 was extended at both 

ends by adding 27 additional base pairs in PyMOL. 102 The DNA trajectory was fitted to the p53-NCP SHL-5.7 and p53-NCP SHL+5.9 

models at both ends using DNA-specific distance and torsion restraints in ISOLDE.

A model of p53 and its DNA motif (sequence) were iteratively moved in +1 steps over the DNA of the NCP model by aligning the 

phosphate atoms of the p53 DNA motif to the same number of phosphate atoms from +1 shifted segments of the nucleosomal DNA 

using PyMOL. At each position atom clashes between p53 and NCP were calculated using an atom radius of 1 A. The corresponding 

script is available under https://github.com/fmi-basel/gthoma_scan-factor.

ChIP-seq

Mouse ES cells (1.5 × 10 7 ) were seeded into 15-cm plates the day before the experiment. Where applicable, the media were 

exchanged with fresh media containing 1 μM doxorubicin (44583, Sigma-Aldrich) in the morning 4 h before harvesting of cells. 

ChIP with anti-Usp7 (A300-033A, Thermo Fisher Scientific) was carried out as previously described with the following modifications: 

(1) chromatin was sonicated for 22 cycles of 20 s on and 40 s off using a Diagenode Bioruptor Pico; (2) 75 μg of chromatin was used 

per immunoprecipitation; (3) protein A magnetic Dynabeads (Thermo Fisher Scientific) were used. Immunoprecipitated DNA was 

subjected to library preparation (NEBNext Ultra II DNA Library Prep Kit, Illumina). In the library preparation protocol, samples 

were amplified using 12 PCR cycles. Libraries were sequenced on an Illumina HiSeq (50 cycles) or NextSeq (paired-end, 75 cycles). 

For control datasets, anti-IgG (M7023, Sigma-Aldrich) was used to control for bead and antibody-unspecific enrichments.

Deubiquitination of ubiquitin chains

The activity of full-length USP7 was tested on labeled tetra-ubiquitin chains: K-48-Fluorescein and K-63-TAMRA (LifeSensors) in 

presence of nucleosome containing the p53 motif at SHL-5.7. The reaction was carried out in a buffer containing 50 mM HEPES 

pH 8.0, 50 mM sodium chloride, 5 mM DTT and 1 mM EDTA pH 8.0 for 90 minutes at 37 ◦ C. The cleaved product was detected 

by Typhoon FLA 9500 for the respective labels, and the histone bands were analyzed by SDS/PAGE and Coomassie staining.

Deubiquitination of minimal substrate Ub-rhodamine 110

The enzymatic activity of USP7 was measured using the fluorescence of released rhodamine upon cleavage of the rhodamine-

labeled ubiquitin substrate, Ub-rhodamine (Ubiquitin-Rhodamine110Gly, Ub-Rh110Gly-UbiQ-002) (UbiQ). The reactions were per-

formed in running buffer (20 mM HEPES, pH 7.5, 100 mM sodium chloride, 1 mM DTT, 1 mM EDTA and 0.05% v/v Tween-20) on a 

low binding, clear bottom, 384 well-plates (Greiner) keeping a reaction volume of 20 μL. Top concentration of Ub-rhodamine was

8 μM (final concentration) and was 2-fold diluted till 0.0625 μM. To test the activity of USP7 (1 nM) in complex with the proteins, excess 

of p53 (4 μM) and nucleosome (100 nM) were used. The nucleosome used in the assay was reconstituted with histone octamer and 

DNA containing the p53 motif at SHL-5.7. The release of rhodamine was measured at the emission wavelength of 520 nm (±10 nm) 

after excitation at 485 nm (±10 nm) in a FDSS plate reader.

EMSA

Nucleosomes (30 nM) reconstituted with p53 motif at SHL-5.7, SHL-7.4 and SHL-7.7 nucleosomal sites (NCP SHL-5.7 , NCP SHL-7.4, 

NCP SHL-7.7 ) were incubated with increasing concentrations of p53 (0-1000 nM). p53 dilutions were prepared in a buffer consisting 

of 20 mM HEPES pH 8.0, 150 mM NaCl, 0.5 mM TCEP and 5% glycerol. The reactions were conducted in binding buffer (BB) 

(10 mM Tris-HCl pH 7.5, 10 mM KCl, 1 mM MgCl 2 , 10 μM ZnCl 2 , 1 mM DTT, 5% glycerol and 0.5 mg/mL) and incubated at room 

temperature for around one hour. Following incubation, the samples were analyzed by electrophoresis on a 6% non-denaturing poly-

acrylamide gel (acrylamide: bis =37.5:1) in 0.5x TGE buffer (12.5 mM Tris base, 96 mM glycine and 500 μM EDTA). The bands were 

visualized with a Typhoon FLA 9500 after staining in SYBR GOLD Nucleic Acid Gel Stain (Invitrogen). For the binding experiment with 

p53 and USP7 on nucleosome, nucleosome (30 nM) containing p53 motif at SHL-5.7 (NCP SHL-5.7 ) was incubated with increasing con-

centrations of USP7 (0- 5000 nM) in presence and absence of p53 (300 nM). The reactions were conducted in BB as described above 

and the bands were quantified using ImageJ software.
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FIDA measurements

Atto488-labeled DNA or nucleosomes was used as a fluorescent tracer. Large scale generation of DNA was performed using Phusion 

PCR amplification with a Widom 601 sequence template, as noted above, using the following primer pair: 5’-Atto488-ATC CTG GAG 

AAA CAT GCC CGG GCA TGT CCT CAA TTG GTC GTA-3’ and 5’-ATC ACA GGA TGT ATA TAT CTG ACA CGT GC-Atto488-3’. For 

nucleosome measurements this DNA was used to form NCPs, as described above.

All measurements were performed on a Fida 1 instrument (Fida biosystems, Denmark), using a LPA-coated standard 1 m capillary 

with a 75 μm diameter (Fida biosystems, Denmark). Samples were injected from the compatible V-bottom 96 well plate provided from 

the supplier and from the standard 50-vial holder. The green/yellow detector with excitation at 485 nm with LED and emission re-

corded with long-pass filter of 510 nm was used. Measurements were conducted using the following method sequence with both 

trays kept at 4 ◦ C and the capillary at 10 ◦ C:

Data for each measurement point was processed in the FIDA analysis software (Fida Software V3.0). 

QUANTIFICATION AND STATISTICAL ANALYSIS

SeEN-seq analysis

Sequencing reads were mapped to the DNA library pools (either the W601 or 20 bp linker W601) using the Bioconductor package 

QuasR with default settings, 104 which internally uses bowtie for read mapping. 105 Using the QuasR function Qcount, the number 

of reads aligned to each construct was quantified, with all library constructs represented. Finally, to calculate SeEN-seq enrichments, 

the fold change between library-size normalized read counts for each W601-p53 variant in the TF-bound and unbound nucleosome 

fractions was determined. Three technical replicates were performed for each experimental condition and average enrichment values 

were plotted using GraphPad Prism 10 software (Figures 1B and S2A).

CUT & RUN analysis

CUT & RUN datasets were aligned to either the mm10 mouse assembly using the QuasR 103,104 Bioconductor package that utilizes 

Bowtie 105 (RBowtie package). Alignments were performed with the default settings and allowing for uniquely mapping reads. Peak 

calling on all datasets were performed with MACS2 106 (version 2.1.3.3) using the callpeak argument with default settings and spec-

ifying the genome size with -g mm for mouse. Peaks were called using matched GFP-cut and run datasets as controls. Peaks from 

replicate datasets and across different samples were unified by sorting and merging overlapping regions using the bedtools 116 

(version v2.25.0) ‘sort’ and ‘merge’ functions with default settings. Read counts over defined genomic regions (i.e., peak regions) 

were performed using the QuasR 104 function qCount with default parameters and shifting the reads to half of the fragment length. 

Briefly, counts were normalized between datasets being compared, a pseudo-count of 8 was added and data were log2-trans-

formed. Normalization was performed by multiplying counts by a scaling factor that was determined by the library with the lowest 

number of mapped reads between the datasets, i.e., scaled down to the smaller library: Scaling factor χ=min(Sample1, Sample2… 

Sample χ)/Sample χ, where Sample1, Sample2, Sample χ are the total number of mapped reads in each respective sample. The 

pseudo-count of 8 was used to decrease noise at low read counts between samples. Enrichments of log2 Cut and run readcounts 

were calculated by subtracting the matched log2 counts from corresponding control datasets. V-plots were generated to visualize 

nucleosome features of TF-binding sites. 56 To generate v-plots, motifs were first identified by scanning the mouse mm10 genome for 

the p53 weight matrix derived from the Jaspar MA0106.3 p53 motif using the matchPWM function from the Biostrings R package. 117 

Matching sequences were determined by requiring a log2-odds score of at least 10 over a uniform background. In cases where two 

(or multiple) matches overlapped (ignoring their strands), only the match with the highest log2-odds score was retained. V-plots were 

generated using all predicted motifs overlapping a p53 ChIP-seq peak. Briefly, read information including position and insert size 

were extracted using the ScanBamParam function from Rsamtools (Morgan, 2016 #645) with default parameters and with hasUn-

mappedMate=FALSE and isProperPair=TRUE, for reads withing 1kb either side of predicted motifs. The function bkde2D from 

the KernSmooth(Wand, 2021 #646) package was used to generate a density matrix of insert size and read lengths, with the argu-

ments gridsize=c(151, 80), range.x=list(c(-500, 500), c(40, 500)) and bandwidth=c(5, 5), and the resulting matrix values were divided 

by the sum of all values and then multiplied by the number of fragments recorded. Finally, a pseudocount value of 8 and the data were 

log2 transformed, control dataset signal were subtracted from that of p53 Cut and run and the data were visualized using the image 

function from the graphics 118 R package. To query motif positions around nucleosome sized fragments, read information including

Tray Vial Pressure (mbar) Time (s) Outlet Measure Comment

2 1 3500 20 1 No H3PO4

2 2 3500 20 1 No Buffer rinse + equilibration

1 Analyte 3500 20 1 No Analyte fill

1 Indicator 50 10 1 No Inject indicator

1 Analyte 400 240 1 No Mobilize and measure
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position and insert size were extracted as above and retaining nucleosome sized fragments (147±51bp). The positions of fragments 

relative to the centre-point of genomic p53 motifs were generated using the findOverlaps function from the GenomicRanges 119 pack-

age and these were averaged across replicate datasets. Data were smoothed for visualization using the stat_smooth function in 

ggplot2 120 using the arguments method = "lm", formula = y ∼ poly(x, 21) and se = FALSE (Figures 1B and S1).

Fluorescence polarization analysis

The fluorescence polarization [mP] vs. the nucleosome or DNA concentration were fitted with a nonlinear regression curve to obtain 

the IC50 values in Prism 9 (GraphPad). Two technical replicates were measured for each reaction.

XL-MS analysis

MS raw data were analyzed in Proteome Discoverer v.2.5 (Thermo Fisher Scientific) using a Sequest 121 database search for linear 

peptides, including crosslinker modifications, and an XlinkX 91 search to identify crosslinked peptides. MS2 fragment ion spectra 

not indicative of the DSSO crosslink delta mass were searched with the Sequest search engine against a custom protein database 

containing the expected protein components, as well as a database built of contaminants commonly identified during in-house an-

alyses, from MaxQuant 122 and cRAP (ftp://ftp.thegpm.org/fasta/cRAP), using the target-decoy search strategy. 123 The following var-

iable crosslinker modifications were considered: DSSO hydrolyzed/+176.014 Da (K); DSSO Tris/+279.078 Da (K), DSSO alkene 

fragment/+54.011 Da (K); DSSO sulfenic acid fragment/+103.993 Da (K), as well as oxidation/+15.995 Da (M). Carbamidome-

thyl/+57.021 Da (C) was set as a static modification. Trypsin was used as the cleavage reagent, allowing a maximum of two missed 

cleavage sites, peptide lengths between 4 or 6 and 150, 10 ppm precursor mass tolerance and 0.02 Da fragment mass tolerance. 

PSM validation was performed using the Percolator node in PD and a target FDR of 1%.

XlinkX v.2.0 was used to perform a database search against a custom protein database containing the expected complex com-

ponents to identify DSSO-crosslinked peptides and the following variable modification: DSSO hydrolyzed/+176.014 Da (K); oxida-

tion/+15.995 Da (M). Crosslink-to-spectrum matches (CSMs) were accepted above an XlinkX score of 40. Crosslinks were grouped 

by sequences and link positions and exported to xiNET 124 format to generate crosslink network maps.

Crosslinks were mapped to the structure models with an in-house script for PyMOL and the ChimeraX plug-in XMAS. 125 Xwalk was 

used to calculate solvent accessible surface distances. 126

Data are available through ProteomeXchange 127 with the identifiers PXD054140 and PXD054141.

ChIP-seq analysis

ChIP-seq datasets were aligned to the mm10 mouse assembly using the QuasR 104 Bioconductor package that utilizes Bowtie 128 

(RBowtie package). Alignments were performed with the default settings and allowing for uniquely mapping reads. Peak calling 

on all datasets were performed with MACS2 106 (version 2.1.3.3) using the callpeak argument with default settings and specifying 

the genome size with -g mm for mouse. Read counts were generated over defined genomic regions (i.e. peak regions) using the 

QuasR 104 function qCount after removing blacklisted regions, 129 with default parameters and shifting the reads 80 bp, which was 

approximately half the size of ChIP-seq library fragments. Briefly, counts were normalized between datasets being compared, a 

pseudo-count of 8 was added and data were log2-transformed. Normalization was performed by multiplying counts by a scaling fac-

tor that was determined by the library with the lowest number of mapped reads between the datasets, i.e., scaled down to the smaller 

library: Scaling factor χ= min(Sample1, Sample2… Sample χ)/Sample χ, where Sample1, Sample2, Sample χ are the total number of 

mapped reads in each respective sample. The pseudo-count of 8 was used to decrease noise at low read counts between samples. 

Enrichments of log2 ChIP-seq readcounts were calculated by subtracting the matched log2 counts from corresponding control data-

sets. Similarly, changes in binding were calculated by the difference in log2 ChIP-seq readcounts between datasets. To define a 

reference set of USP7 peaks from the replicate experiments with or without p53 activation, the consensus peak calling was carried 

out as follows: MACS2 peaks from individual replicates were assembled using R package DiffBind 130,131 (v3.2.4) to generate a non-

overlapping set of genomic peaks. As described in the Encode project, 132 Irreproducibility Discovery Rate (IDR) analysis 133 was 

applied to define a reliable set of consensus peaks using a threshold of IDR <0.01, average ChIP-seq enrichment >2 and a minimum 

ChIP-seq enrichment of 0.5 in each replicate. Heatmaps were generated by counting the 5’ positions of mapped reads relative to 

defined genomic regions (i.e. peak regions) using the QuasR 104 function qProfile and visualized using the EnrichedHeatmap 107 Bio-

conductor package (version 1.26.0). In brief, qProfile was run with default parameters, for 1kb regions centered on the middle of peak 

regions and shifting the reads 80bp, which was approximately half the size of ChIP-seq library fragments, or to the fragment midpoint 

for paired-end libraries. Resulting counts/peak region were scaled by 1e6/total reads in each sample and multiplied by 1e3, then 

smoothed by calculating a running mean of 20bp across the normalized counts. These were converted into normalized matrixes, 

replicates averaged, and visualized using the as.normalizedMatrix and EnrichedHeatmap functions from the EnrichedHeatmap 107 

R package. Color scales were implemented manually based on enrichment values and using the colorRamp2 function within the 

Circlize 134 R package. Publicly available p53 ChIP-seq and IgG control datasets were utilized in this study to contrast binding 

(GEO accession identifiers GSM6038035, GSM6038036, GSM6038037, GSM6038038, GSM6038043 and GSM6038044). Similarly, 

publicly available DNase1 Sequencing datasets from mouse stem cells (GEO accession identifiers SRR1973528, SRR1973529) were 

utilized in this study to contrast with Usp7 binding, where Log2 read counts were generated over Usp7 binding sites as described 

above for ChIP-seq datasets.
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Deubiquitination of minimal substrate Ub-rhodamine 110 - analysis

The data was analyzed for obtaining the kinetic parameters using Prism 10 (GraphPad). Two technical replicates were measured for 

each experiment.

EMSA quantification

The EMSA experiments were performed in duplicates and the bands were quantified using ImageJ software. For p53-nucleosome 

binding experiments (Figures S2B–S2E), the curve (plotted mean with SD) appeared sigmoidal, and hence to facilitate quantification, 

the K d was approximated by calculating the half maximal binding. For estimating the fraction bound of USP7 (Figures S15 A and 

S15B), the raw signal of nucleosome-bound p53 was subtracted from each tested concentration of USP7 and the resultant signal 

was plotted against the total signal. The binding curve was fit using one site specific binding model on GraphPad Prism 10 software 

for estimating an approximate K d . Three way bar plot (plotted mean with SD) (Figure S15C) was plotted using GraphPad Prism 10 

software to illustrate USP7 binding on nucleosome-bound p53 (bar shown in blue), and to have a comparative analysis with total pro-

tein binding on nucleosome (bar shown in pink) and reduction of unbound nucleosome upon protein binding (bar shown in yellow).
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