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SUMMARY

In a human cell, DNA is packed with histones, RNA, and chromatin-associated proteins, forming a cohesive
gel. At any given moment, only a subset of the proteome has physical access to the DNA and organizes its
structure, transcription, replication, repair, and other essential molecular functions. We have developed a
“zero-distance” photo-crosslinking approach to quantify proteins in direct contact with DNA in living cells.
Collecting DNA interactomes from human breast cancer cells, we present an atlas of over one thousand pro-
teins with physical access to DNA and hundreds of peptide-nucleotide crosslinks pinpointing protein-DNA
interfaces with single-amino-acid resolution. Quantitative comparisons of DNA interactomes from differen-
tially treated cells recapitulate the recruitment of key transcription factors as well as DNA repair proteins
and uncover fast-acting restrictors of chromatin accessibility on a timescale of minutes. This opens a direct
way to explore genomic regulation in a hypothesis-free manner, applicable to many organisms and systems.

INTRODUCTION

What proteins interact with the genome determines the fate of a
cell and often the fate of entire organisms.” DNA is embedded in
a dense meshwork of protein and RNA generally referred to as
chromatin, where protein-DNA interactions can occur directly,
as, for example, in the case of histones, or indirectly, as in the
case of histone-modifying complexes.” The overall composition
of the subproteome with physical access to DNA is momentarily
ill-defined. Proteomic assessments of the DNA interactome have
so far been obscured by the gel-like nature of chromatin,® whose
boundaries are fuzzy and usually defined by the method of fixa-
tion and isolation.® Previous studies interrogating chromatin
composition in human cells have reported anywhere between
1,500 and 3,500 proteins.>® Although condensed mitotic chro-
mosomes can be purified for proteomic analysis because they
form stable complexes,®'° covalent crosslinking is required to
fix protein-DNA interactions of interphase chromosomes
because their DNA is dispersed in the nucleoplasm and, there-
fore, cannot be purified as one physical entity. Proteins can be
covalently crosslinked to nucleic acids, either by chemical cross-

linking, typically with formaldehyde, or by ultraviolet (UV)-light-
induced activation of the natural DNA bases. Formaldehyde
crosslinking is highly effective for covalently fixing protein-DNA
interactions; however, it also leads to indirect crosslinking of pro-
teins with other proteins and RNA within the chromatin gel. This
makes it impossible to differentiate direct from indirect interac-
tions and creates a tripartite molecule that is notoriously hard
to purify for proteomic analysis.®® In contrast, photo-crosslink-
ing only creates covalent connections between UV-activated nu-
cleic acid bases and proteins physically interacting with them,
and it has, therefore, been extensively applied to the proteomic
interrogation of the RNA-interacting proteome.''~'® UV-cross-
linking of DNA, however, has been challenging due to its lower
photo-reactivity.'”'® Efforts to quantify proteins photo-cross-
linked to DNA have thus struggled to obtain sufficient enrichment
relative to non-crosslinked background proteins, limiting both
sensitivity and dynamic range.®?° Similarly, studies focusing
on nucleotide-peptide photo-crosslinks for pinpointing protein-
DNA interaction sites have returned few successful identifica-
tions. Specifically, six photo-crosslinks mapping to ten highly
abundant proteins have been reported from intact mouse
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embryonic stem cells using a 258-nm laser’' and 36 photo-
crosslinks mapping to 27 proteins in HeLa nuclei using conven-
tional 254 nm bulbs.?” Thus, although the systematic quantifica-
tion of direct protein interactions with the genome is highly
desirable,?® there is currently no adequate methodology to (1)
effectively photo-crosslink proteins in physical contact with
DNA and (2) to extract protein-crosslinked DNA with high purity.

Here, we present an optimized photo-crosslinking approach for
interrogating direct protein-DNA interactions in living cells, ad-
dressing these challenges. We applied metabolic DNA labeling
using the photo-activatable nucleotide 4-thiothymidine (4ST), fol-
lowed by 365 nm photo-activation with a specialized high-intensity
irradiation device based on light-emitting diodes (LEDs). For the
proteomic analysis of photo-crosslinked protein-DNA complexes
by liquid chromatography-mass spectrometry (LC-MS), we devel-
oped a multistep process of denaturing purifications, named
XDNAX for “protein-crosslinked DNA extraction,” which strongly
enriched more than 1,800 proteins photo-crosslinked to DNA
while eliminating most non-crosslinked proteins below the limit
of detection. Serendipitously, we identified numerous nucleo-
tide-crosslinked peptides in XDNAX samples without further
enrichment, which we employed as additional evidence to charac-
terize the protein-DNA interface. Across all presented experi-
ments, we found 688 nt-crosslinked peptides mapping to 379 pro-
teins from intact MCF7 cells—a 20-fold increase over previous
reports.”"*? By quantifying DNA interactomes differentially be-
tween treatments, we show that our photo-crosslinking approach
can identify transcription factors responding to cellular perturba-
tions in human cell lines, as well as primary mouse cells, and
discover vulnerabilities in the DNA repair machinery of breast can-
cer cells treated with different genotoxic chemotherapeutics.
Finally, we leverage the short crosslinking time of our approach
to record a time course of DNA interactomes during the initial mi-
nutes of inhibiting the BRG1/BRM-associated factor (BAF) chro-
matin remodeling complex and discover ANP32 histone chaper-
ones and other nucleosome remodelers rapidly responding.
Overall, the presented DNA interactomes provide in-cell insights
on direct protein-DNA interfaces, the mechanism of genotoxic
drugs, and genomic regulation.

RESULTS

A high-powered UV irradiation system for the activation
of photo-reactive nucleotides in living cells

To catalog and quantify human proteins accessing the genome,
we devised a photo-crosslinking procedure that efficiently cou-
ples DNA of living cells to the proteins in its direct proximity. Pre-
vious studies using UV light in the range of 254 nm (UVC) for the
photo-activation of natural DNA bases have detected very few
DNA-crosslinked proteins, indicating that higher light intensities
might be required. To increase crosslinking yields while avoiding
unwanted photo-damage to DNA and protein, we decided to
apply 365 nm light (UVA) in combination with metabolic labeling
of the DNA with 4ST. Figure S1A shows that 365 nm light avoided
much of the UV absorption in cells, presumably preventing
photo-damage to proteins and fragmentation of natural DNA,
which we intended to use as a purification handle. Because of
their application in UV curing of resins and glues, very powerful
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365 nm UV-LEDs have become commercially available, which
rival light intensities of lasers despite much larger fields of irradi-
ation. Although 365 nm light is not ideal for the photo-activation
of 4ST, which has an absorption maximum of 330 nm (Figure
S1A), LEDs with lower emission wavelengths currently exhibit
much inferior intensities of less than 1% of the most powerful
365 nm LEDs. We constructed an irradiation device that employs
an array of high-intensity 365 nm LEDs, able to evenly irradiate
cell culture dishes of 15 cm in diameter (Figures 1A and 1B).
The field of irradiation was more than 600 times larger than pre-
vious laser-based irradiation systems at very similar light inten-
sities (~0.3 cm? for a 258-nm UV-laser system®* vs. ~175 cm?
for our 365-nm UV-LED system, both at ~2,000 mW/cmZ). In
comparison to a conventional, bulb-based UV irradiation device,
our system was able to emit three orders of magnitude more en-
ergy (Figure 1C). We named the device UVEN for “UV irradiation
system for enhanced photo-activation in living cells” and bench-
marked it for photo-crosslinking by irradiating aqueous solutions
of 48T or 4-thiouridine (4SU), which is commonly applied to
enhance protein-RNA crosslinking in living cells.'>?° Absor-
bance at 330 nm of either nucleotide decreased upon prolonged
irradiation (Figure 1D), whereas no change was seen when they
were irradiated with a conventional UV bulb (see also
Figures S1B and S1C). MS indicated that, upon UVEN irradiation
and with the loss of hydrogen sulfide, 4ST and 4SU were quickly
converted to thymidine and uridine®® (Figure 1E), respectively,
which was also evident from the gain in 254 nm absorption
and drop in pH (Figures S1C and S1D). Thus, UVEN accelerated
the photo-activation approximately 100-fold in comparison to a
standard device. Analogous to naturally occurring nucleotides,
we found 4SU about 10 times more reactive than the deoxyribo-
nucleotide 4ST. Metabolic labeling of expanding cancer cells
with 4ST has been explored for photodynamic therapy in cell cul-
ture and a rat xenograft model, where UVA irradiation killed 4ST-
labeled cells but not unlabeled cells.?’?° We exploited this
known photo-sensitization to demonstrate that UVEN could acti-
vate 4ST in living cells by monitoring their expansion with live-cell
imaging (Figure 1F). After labeling with more than 100 pM 4ST,
just 6 s of UVEN irradiation was enough to halt proliferation. Un-
labeled control cells, however, continued proliferation even after
60 s of UVEN irradiation, indicating that (1) natural DNA remained
mostly unharmed by light at this wavelength and (2) cells
were alive throughout the irradiation. Comparing proliferation
of expanding MCF7 (human female breast adenocarcinoma) or
U20S (human female osteosarcoma) cells, we found a half-
inhibitory concentration (ICso) between 1 and 2.5 mM for 4ST,
which was much better tolerated than 4SU with an ICsq between
100 and 200 pM (Figure S1E). For our subsequent photo-cross-
linking experiments, we chose a concentration of 100 pM 4ST for
labeling cells before 1 min of UVEN irradiation in ice-cold PBS to
“freeze” interactions and suppress responses to the emerging
crosslinks.

Extraction of protein-crosslinked DNA from photo-
sensitized cultured cells

To isolate photo-crosslinked protein-DNA complexes for LC-MS
analysis, we developed a denaturing purification protocol that
eliminates non-crosslinked proteins from DNA, enriching only
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Figure 1. Photo-activation of the UV-reactive deoxyribonucleotide 4ST in living cells

(A) Schematic representation of the high-intensity UV-irradiation device UVEN.
(B) Photos of the actual device.

(C) Comparison of UV emissions by a conventional 365-nm UV-bulb-based device (UV bulb) and UVEN (UV LED).

(D) Time series displaying 330 nm absorption measurements of 4ST (top) or 4-thiouridine (4SU, bottom) irradiated in water for indicated time (note logarithmic
scaling). Displayed are means of triplicates with shaded areas indicating one standard deviation. See also Figures S1B and S1C.

(E) Time series showing the formation of thymidine from 4ST (top) or uridine from 4SU (bottom) upon irradiation in water, as detected by LC-MS. Displayed are

means of triplicates with shaded areas indicating one standard deviation.

(F) Line plot showing the confluence of MCF7 cells grown in the presence of the indicated 4ST concentration, irradiated for 6 s (top) or 60 s (bottom), and returned
to culture in fresh medium. Displayed are means of quintuplicates with shaded areas indicating one standard error of the mean.

See also Figure S1.

DNA-crosslinked proteins with direct genome access at the time
of irradiation (Figure 2A). During conventional thiocyanate-
phenol-chloroform (TRIZOL) extraction, chromatin will collect
in the interphase and can be recovered as a cohesive film,
removing much of the non-crosslinked proteins, RNA, lipids,
and other cellular debris from the other phases.'**° We treated
the interphase with an additional iteration of the TRIZOL proced-
ure to remove trapped, non-crosslinked protein'® and then
resolubilized it for RNase digestion. The resulting extract of pro-
tein-crosslinked DNA was sheared by ultrasonication, denatured
by boiling in guanidinium thiocyanate, and vigorously washed on

silica spin columns to remove non-crosslinked protein to
completion. Photo-crosslinked protein was released from DNA
by nuclease treatment and trypsin-digested for LC-MS analysis.
We named this method “protein-crosslinked DNA extraction” or
XDNAX (for details, see STAR Methods).

To evaluate XDNAX, stable isotope labeling in cell culture
(SILAC) was applied®' (Figure 2B). SILAC-labeled MCF7 cells
were expanded for 5 days in the presence of 4ST. SILAC heavy
cells were irradiated with UVEN, whereas SILAC light cells were
left unirradiated. The cells were combined and subjected to
XDNAX so that the MS signal in the heavy SILAC channel
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Figure 2. Extraction and proteomic analysis of protein photo-crosslinking to DNA of living cells

(A) Workflow for protein-crosslinked DNA extraction, or XDNAX.

(B) Experimental scheme for the validation of XDNAX using SILAC. For details see text.

(C) Histogram illustrating the enrichment of photo-crosslinked protein extracted by XDNAX from 4ST-labeled MCF7 cells (orange, top) or unlabeled control cells
(gray, bottom). Most abundant proteins in indicated groups are given as examples.

(D) Bar plot showing enrichment and number of proteins under ten selected GO terms. All proteins in the heavy SILAC channel from (C) were compared with a

deep MCF7 full proteome.

(E) Histogram of peptide-spectrum matches (PSMs) identified in an open search on the data (C) (orange, top) by the mass-tolerant search engine MSfragger. For
visibility only a A mass window around the 4ST modification is shown (also see Figure S2D).

(F) Same as in (E) but for control XDNAX experiment omitting 4ST labeling.

(G) Crystal structure of the human nucleosome core particle (PDB: 2CV5) illustrating the position of a nucleotide-crosslinked peptide (magenta) relative to the DNA

(black).
See also Figure S2.

indicated protein after photo-crosslinking, whereas the signal in
the light SILAC channel indicated a non-crosslinked back-
ground. Indeed, our workflow resulted in strong enrichment of
proteins from irradiated cells. Of the 1,803 quantified proteins,
1,026 were enriched by more than 10-fold, and 876 proteins
were detected exclusively in the SILAC channel corresponding

4 Cell 188, 1-17, August 7, 2025

toirradiated cells (Figure 2C, upper). Moreover, when we omitted
the addition of 4ST and performed the same experiment using
unlabeled cells, no enrichment was observed (Figure 2C, lower).
Gene Ontology (GO) analysis comparing proteins exclusively
found in the irradiated SILAC channel after XDNAX against a
deep, full proteome of the same cell line confirmed strong
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enrichment for proteins annotated as nucleic acid binding (p =
1E—149) and, more specifically, DNA binding (p = 1E—120)
(Figure 2D). As expected, intensity-based quantification of this
SILAC channel showed especially histones being among the
most abundant proteins, followed by splicing factors and chro-
matin organizers (Figure S2A). We performed XDNAX with and
without RNase digestion and observed no systematic differ-
ences in the purification of proteins annotated as DNA or RNA
binding (Figure S2B). This validated the specificity of our
approach, which metabolically incorporates a photo-label only
into DNA, preventing simultaneous crosslinking of RNA that is
seen with 254 nm UV irradiation.®” RNase-digested samples
contained higher amounts of proteins annotated as glycosy-
lated, which has been previously observed with other TRIZOL-
based purification methods.'® In the case of XDNAX, this indi-
cated that glycoproteins were retained in the TRIZOL interphase
and, in addition, better retained on silica spin columns in the
absence of competing RNA. Importantly, our SILAC-controlled
experiment demonstrated that the glycoprotein enrichment
was independent of photo-activation (Figure S2C), indicating
that glycoproteins constitute a considerable (~10% of protein
identifications, ~10% of total intensity-based absolute quantifi-
cation [iBAQ]) but constant background of XDNAX (see also
Tables S3, S4, and S5). To investigate post-translational modifi-
cations on the crosslinked proteins we applied the mass-tolerant
search engine MSfragger and found that phosphorylation as well
as ubiquitination were well preserved after XDNAX (Figure S2D).
To our great interest, we found an additional modification of
321 Da occurring only in the irradiated SILAC channel
(Figures 2E and S2D). The modification did not occur when
4ST-labeling was omitted (Figures 2F and S2E) and corre-
sponded exactly to the mass of phosphorylated 4ST minus a wa-
ter molecule, a loss previously observed for uridine-crosslinked
peptides in the context of protein-RNA crosslinking.'*** Two
of the most frequently observed peptide-4ST hybrids were
derived from the core histone H2BC12 (Figure 2G) and the struc-
tural protein HMGB1 (Figure S2F), for which co-crystal struc-
tures complexed with DNA were available that illustrated the
interface between the nucleotide-crosslinked peptide and DNA.

An atlas of proteins with direct access to DNA

In order to take inventory of proteins directly interacting with
DNA, we applied our photo-crosslinking approach to five repli-
cates of MCF7 cells. We applied the SILAC-controlled setup
displayed in Figure 2B and used a stringent, sample-specific
enrichment cutoff to call DNA interactors (Figure S3A, for details,
see STAR Methods). This discovered 1,805 candidate proteins,
1,191 of which were present in three or more replicates
(Figure S3B; Table S1). We found a large overlap of our DNA in-
teractome with a deep nuclear proteome from MCF7 cells (83%;
Figure S3C; see STAR Methods for details) and annotations from
ProteinAtlas or OpenCell for nuclear localization (Figure S3D).
Figure 3A shows that 60% of the DNA interactome carried a
GO annotation for nucleic acid binding. To understand the
contribution of specific protein classes to the DNA interactome,
we used iBAQ, which estimates protein copy numbers in a
sample based on combined peptide MS intensity.>* First, we
compared our photo-crosslinked DNA interactome to formalde-
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hyde-crosslinked chromatin isolated by chromatin enrichment
for proteomics (CHEP®). This revealed a Pearson correlation of
R? = 0.6 (median replicate correlation XDNAX R? = 0.90, CHEP
R? = 0.91) indicating that UV and formaldehyde-crosslinked
DNA interactomes contained distinct information (Figure S3E;
Table S1). Notably, histones had higher absolute abundance in
formaldehyde-crosslinked chromatin, even though in the UV-
crosslinked DNA interactome they still constituted the single
largest iBAQ contribution among proteins with a common mo-
lecular function (Figures 3A and S3F). Among proteins lacking
an annotation for nucleic acid binding, the largest contribution
came from lamins, followed by proteins involved in chromatin or-
ganization and cell division (Figures 3A and S3G). Additionally,
we identified a group of 278 proteins that could not be assigned
to any of the main GO terms. For example, we found proteins
related to the ubiquitin-proteasome system such as PSMS3,
which promotes degradation of proteins involved in cell-cycle
progression, apoptosis, and DNA repair.>>*° In addition, the
group contained a number of uncharacterized proteins, one of
which was C5o0rf24, whose entire sequence constitutes a single
domain of unknown function. DUF5568 is conserved across
chordates and mostly found in single-domain proteins, yet, in
rare cases, in combination with a DEAD-box helicase domain.®’
Much of C5orf24 is predicted to be disordered (88% of amino
acids with IUPRED score > 0.5) and AlphaFold shows very little
tertiary structure for the human protein or its homologs in mice,
fish, or frogs (Figure S3H). This suggested that DUF5568
might constitute an unknown, highly disordered “DNA-binding
domain”—in principle, a conserved DNA-binding intrinsically
disordered region (IDR). Comparing relative protein abundances
between the MCF7 DNA interactome and the nuclear proteome,
some proteins ranked much higher than expected from their
abundance in the nucleus (Figure 3B). For example, among the
117 transcription factors in our DNA interactome, NACCH1,
CUX2, RARA, SOX4, and THAP10 appeared to have particularly
good access to DNA. Indeed, transcription factors with higher
rank in the DNA interactome than expected from the nuclear pro-
teome (Figure 3B) had much higher occurrence of their binding
motifs in MCF7 DNA accessibility sequencing data from
ENCODE (Figure 3C), supporting the notion that transcription
factor activity is highly regulated and often cannot be predicted
from protein expression.*®

Structural properties of proteins in direct contact with
DNA

Chromatin has been shown to be solid-like in living cells, providing
a nucleosome scaffold for protein and RNA that creates an elastic
gel.> We were interested to see whether there were common
sequence features among proteins in the DNA interactome
that might grant them direct DNA access within this gel. When
comparing the occurrence of domains in the MCF7 DNA interac-
tome to their occurrence in the MCF7 full proteome, we found
strong enrichment for canonical DNA and histone-binding do-
mains, such as the PHD-type and C2H2-type zinc finger, the
SAP domain, and DEAD/DEAH box helicase, as well as the chro-
modomain, bromodomain, the SANT domain (Figure S3l). Inter-
estingly, the RNA recognition motif (RRM) domain was also
strongly enriched in the DNA interactome. We searched for
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Figure 3. A census of proteins, domains, and IDRs with direct access to DNA

(A) Pie diagrams characterizing the constituents of the direct DNA interactome from MCF7 cells (see also Figures S3A and S3B).

(B) Scatterplot comparing abundance ranks of proteins within the MCF7 nuclear proteome to their relative abundance in the DNA interactome.

(C) Boxplots comparing occurrence of binding motifs in DNA accessibility sequencing from ENCODE. Compared are transcription factors with higher (DNA
interactome) or lower (nuclear) abundance rank in the DNA interactome than expected from the nuclear proteome (see diagonal in B).

(D) AlphaFold structure prediction for LMNB1 displaying DNA crosslinks identified by 4ST-modified peptides (magenta, histidine crosslinking site in green).
(E) Cryo-electron microscopy structure of the TOP2A DNA-binding/cleavage domain dimer in complex with its DNA (black) substrate (PDB: 6ZY5).

(F) Scatterplot and pie chart comparing amino acid frequencies in unmodified to nucleotide-crosslinked peptides found in the MCF7 DNA interactome.

(G) Violin plots comparing percentage of protein disorder between different parts of the MCF7 proteome (IUPRED > 0.5). Testing occurred with a two-sided
Kolmogorov-Smirnov test. See also Figure S3K and text for details.

(H) Bar plot comparing the occurrence of the most abundant disordered amino acid pentamers between the same groups as in (G). See also Figure S4M.

(I) Line plot showing IUPRED scores across MKI67. Arrows indicate DNA crosslinks (4ST Xlink).

(J) Schematic summary of protein-DNA interactions observed among proteins with direct access to DNA.

See also Figure S3.

4ST-crosslinked peptides and could confirm crosslinking sites in  overlapping with an MCF7 RNA interactome derived in a previous
the RRM domains of MATR3, TRA2B, SRSF2, SRSF11, and study (Figure S3D).'* Because many of these proteins are anno-
RNPS1, implying that the RRM can, in fact, interact with DNA in  tated as nucleolar, we suspect that some might interact with
living cells. Overall, we found one-third of the DNA interactome DNA circumstantially within phase-separated compartments.*°
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Overall, 162 4ST-crosslinked peptides from 83 proteins could be
identified in the MCF7 DNA interactome (Table S2). The 4ST-
modified peptides with the highest intensities mapped to
LMNB1 (Figures 3D and S3J). We identified a 4ST-modified histi-
dine in the DNA-binding domain of TOP2A, for which a co-crystal
structure with DNA was available, visualizing the direct interface
(Figure 3E). All 4ST modifications in LMNB1 were also localized
to histidines (Figure 3D), as were 25% of the other identified cross-
links, followed by glycine, serine, and alanine (Figure 3F). Only 61
of the 162 4ST-modified peptides mapped to annotated domains,
while many were located in IDRs (Table S2). To understand what
role protein disorder played in the DNA interactome, we used the
IUPRED score”® and AlphaFold’s confidence score pLDDT.*
Both were in good agreement that proteins in a deep nuclear
MCF7 proteome were significantly more disordered than the
entire MCF7 full proteome (two-sided Kolmogorov-Smirnov test,
p < 7.1E—23; Figures 3G and S3K), and proteins in the deep cyt-
osolic proteome were significantly more folded (p < 1.2E—34).
Compared with the nuclear proteome, proteins in formaldehyde-
crosslinked chromatin were even more disordered (CHEP,
p = 1.0E—16), and proteins within the photo-crosslinked DNA in-
teractome were the most disordered (p = 2.4E—35). In the median,
the combined length of disordered positions within one protein
was 49 amino acids in the cytosol, 121 in the nucleus, 154 in form-
aldehyde-crosslinked chromatin, and 233 in our physical DNA in-
teractome. Interestingly, the amino acid composition of proteins in
the DNA interactome was virtually identical to the composition of
proteins in the MCF7 full proteome (Figure S3L). We counted the
occurrence of pentamer sequences containing any permutation of
the amino acids G, S, D, Q, P, E, K, and R, typically associated
with protein disorder.*® Indeed, this resulted in the discovery of
homopolymeric sequences of E, P, S, G, K, and Q, as well as
RS and RG-repeats strongly enriched in the DNA interactome
compared with the MCF7 full proteome (Figure S3M). The occur-
rence of these repeats again tracked with the proximity of proteins
to DNA (Figure 3H). In combination, the ten repeat sequences dis-
played in Figure 3H occurred in 36% of proteins in our DNA inter-
actome and only 13% of the MCF7 cytosolic proteome. By far the
most frequent homorepeats in our DNA interactome were
stretches of poly(E), whose occurrence in proteins involved with
chromatin organization and transcription is conserved from yeast
to humans.***> Among disordered motifs unique to a single pro-
tein, the Ki-67 repeats of the highly disordered MKI67 stood
out (85% of amino acids with IUPRED score > 0.5), to which
several crosslinks with very high MS intensity could be mapped
(Figures 3l and S3J). Figure 3J summarizes the protein-DNA inter-
faces implied by our DNA interactome and the nucleotide-cross-
linked peptides it contained. This included DNA interaction due to
(1) globular DNA-binding domains, (2) DNA-binding IDRs, and (3)
circumstantial proximity because of interaction with other proteins
(e.g., histone-binding proteins), RNA (e.g., splicing factors), or
within phase-separated compartments (e.g., nucleolar proteins).

Quantification of transcription factor binding to DNA
during cellular perturbations

The estrogen receptor alpha (ESR1) resides in the cytosol until it
encounters its ligand, triggering translocation into the nucleus
where it engages specific regions in the genome to activate a

¢? CellPress
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specific transcriptional program.“® We were interested to see
whether, by quantitatively comparing DNA interactomes be-
tween untreated and stimulated cells, we could recapitulate
the activation of individual transcription factors. Hence, serum-
starved MCF7 cells were exposed to a high dose of estrogen
(10 nM 17p-estradiol) for 45 min and their DNA interactome
compared with mock-treated control cells (Figure 4A). Strikingly,
we observed a 30-fold increase of ESR1 in the DNA interactome
after estrogen stimulation (Figure 4B; Table S3), making it the
most significantly changed protein in the differential analysis
(adj. p = 2.6E—42, negative binomial model [NBM] testing; see
STAR Methods for details). In total, around 9% of the 1,814
quantified protein-DNA interactions showed significant changes
exceeding 2-fold (adj. p < 0.01). We observed increased DNA
binding of known ESR1 interactors, such as RNA polymerase I
(POLR2A, adj. p = 2.1E—6; Figure 4B) and SMARCA4 (adj. p =
2.7E-5), as well as members of other transcriptional coactivator
complexes, including BPTF (adj. p = 0.004), CHD1 (adj. p =
0.004), and CHDE6 (adj. p = 1.0E—5). The transcription repressors
SET, CBX3, and CBX5 showed the largest absolute loss in pro-
tein abundance on DNA (Figure 4C; Table S3). CBX3 and CBX5
promote heterochromatin formation,”” whereas SET represses
histone acetylation,*® suggesting that their estrogen-induced
release prepared decondensation of chromatin in the serum-
starved cells. The most substantial absolute increase in protein
abundance was observed for the nucleolar transcription factor
UBTF, indicating strong stimulation of rRNA transcription.*® In-
creases were also observed for SUMO2 and SUMOS, along
with highly significant recruitment of the SUMO-specific prote-
ase SENP3 (Figure 4B). As sumoylation inhibits ESR1 binding
to its target genes,”® SENP3 at the DNA surface might coun-
teract this inhibition to amplify the estrogen response.

We treated MCF7 cells with eleven additional concentrations
of estrogen, ranging from 10 nM to 30 fM for 45 min before quan-
tifying their photo-crosslinked DNA interactome.®">*> Applying a
log-logistic dose-response model, we were able to derive half-
effective concentrations (ECsg) for the engagement of 1,483 pro-
teins with DNA (Table S3). The best fit in the relevant concentra-
tion range was for ESR1 (R? = 0.94; Figure 4D), showing an ECsg
of 35 pM for its engagement with DNA, which is close to the K4 of
50 pM reported from a cell-free radioligand assay.”® We
observed numerous proteins changing their interaction with
DNA at similar or slightly higher effective concentrations than
ESR1, at around 100 pM estrogen, such as the chromatin orga-
nizers TRIM33 and TRIM24 (Figure 4E). A second group of pro-
teins with approximately 10-fold-higher effective concentrations
(Figure 4F, class ll) included genes known to be transactivated
by ESR1, suggesting that estrogen had increased their expres-
sion, leading to increased binding of their protein product to
DNA. Across all samples in the estrogen series, we identified
346 4ST-crosslinked peptides from 255 proteins (Table S2),
some of which validated the estrogen-induced changes we
had observed on the protein level (Figure 4G).

We asked whether this analysis was also possible in primary
cells and expanded mouse bone-marrow-derived macrophages
ex vivo for 3 days in the presence of 4ST before photo-crosslink-
ing and XDNAX (Figure S4A). Indeed, comparison of the DNA in-
teractome from untreated cells to cells challenged for 3 h with
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Figure 4. Quantitative comparisons of DNA interactomes from breast cancer cells treated with estrogen
(A) Experimental workflow for the comparison of proteins interacting with DNA after 45 min of estrogen treatment in 48-h serum-starved MCF7 cells.
(B) Volcano plot illustrating changes in the DNA interactome after 45 min of high-dose estrogen exposure (10 nM 173-estradiol). Testing was performed with a

negative binomial model; see STAR Methods for details.

(C) Bar plot comparing the most extreme absolute changes in the abundance of proteins interacting with DNA in the same experiment as (B).
(D and E) Exemplary dose-response curve derived from the relative protein abundance in the DNA interactome of MCF7 cells at increasing estrogen

concentrations.

(F) Density plot of half-effective concentrations for the association of proteins with DNA during estrogen exposure.
(G) Schematic structure of TRIM24 indicating estrogen-induced DNA crosslinks.

See also Figure S4.

lipopolysaccharide (LPS) indicated strong engagement of
Cebpb (Figure S4B; adj. p = 2.5E—10) and Cebpd (adj. p =
2.9E-6), key transcription factors for macrophage activation,
as well as other inflammation modulators such as Tnfaip2 (ad;.
p = 3.63E—8) and the nuclear factor kB (NF-xB) subunit Rela
(adj. p = 0.01). Chromatin immunoprecipitation sequencing
(ChlP-seq) data of Cebpb, Cebpd, and Rela confirmed the
expansion of their cistromes in proximity to pro-inflammatory
genes upon LPS stimulation (Figures S4C-S4E).

Genomic regulation in response to three clinically
relevant genotoxic drugs

In addition to understanding how the genome is read and regu-
lated, there is great interest in understanding how proteins orga-
nize DNA maintenance and repair. Genotoxic drugs form an
important pillar of clinical pharmacology aiming to halt the
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growth of fast-dividing cells by damaging their DNA.°* We
considered three commonly applied genotoxic compounds—
etoposide, cisplatin, and oxaliplatin—which are well-character-
ized and known to act by distinct modes of action.>**® Live-
cell imaging indicated that all drugs reached their maximal po-
tential to halt proliferation and induce apoptosis in MCF7 cells
24 h after addition (Figure S5A). We derived DNA interactomes
and quantified them against mock-treated control cells (Figure
S5B). Common to all treatments were strongly increased DNA in-
teractions of central cell-cycle regulators such as CDKN1A (also
known as p21; Figure S5C) and DNA repair proteins such as
TP53BP1, SIRT7, and, in particular, HINT1 (Figures 5A-5C;
Table S4). The most significant loss in DNA interaction across
all treatments was observed for NHP2, a component of the telo-
merase complex, which was only detected on DNA in untreated
cells, indicating that any genotoxic drug treatment led to
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Figure 5. Changes in the direct DNA interactomes of breast cancer cells under genotoxic drug treatment

(A-C) Volcano plots showing differences in the DNA interactomes of 24-h mock-treated MCF7 cells (DMSO) to cells treated with etoposide, cisplatin, or oxaliplatin
at 100 M concentration. Testing was performed with a negative binomial model; see STAR Methods for details.

(D) Heatmap comparing significant (adj. p < 0.01 indicated by *) fold changes of transcription factor-DNA interactions between treatments.

(E) Bar plots showing the top ten absolute abundance differences of significantly changing proteins (adj. p < 0.01). Pie diagrams illustrate relative contributions to
the total iBAQ change.

(F) Beeswarm plot comparing changes in the DNA interactomes for selected GO terms.

(legend continued on next page)
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decreased telomerase activity and contributed to damage-
induced senescence."® The strongest decreases in DNA interac-
tion for transcription factors were observed for TRPS1 and MYC
(Figure 5D), whose expression is known to be reduced upon
genotoxic stress in MCF7 and other cell lines.” Under cisplatin,
we also observed strongly reduced DNA interaction of the
metastasis marker GATA3°® and increased interaction of TP53.
In mock-treated cells, TP53 was undetectable on DNA, ranked
in the bottom 30% of protein abundances under etoposide or ox-
aliplatin treatment but in the top 20% of protein abundances un-
der cisplatin stress (Table S4). We observed large amounts of
peroxiredoxins accumulating on DNA, specifically in cisplatin-
treated cells, where PRDX1 and PRDX2 combined accounted
for more than 10% of the entire gain in iBAQ relative to the
mock-treated control (Figure 5E). Intriguingly, under conditions
of oxidative stress, PRDX2 forms a decameric toroid,*¢° which,
by proportion, would be large enough to accommodate the DNA
double helix (Figure S5D). Principal-component analysis (PCA)
indicated that protein abundances in the DNA interactomes
from cells treated with etoposide or oxaliplatin were more similar
than from cells treated with cisplatin (Figure S5E). However, the
recruitment of DNA damage response proteins was quite distinct
between all treatments. For instance, the central damage-
relaying kinases ataxia telangiectasia mutated (ATM) and
CHEK?2 were strongly recruited to DNA in response to cisplatin,
only CHEK2 in response to etoposide, and neither in response
to oxaliplatin (Figure 5F). Short-term oxaliplatin treatment in the
range of several hours has been shown to cause ribosome
biogenesis stress,” whereas longer treatment causes DNA
damage and disintegration of nucleoli.®'? Indeed, after 24 h of
oxaliplatin, we observed extensive loss of nucleolar proteins
from the DNA interactome (adj. p = 6.4E—9, two-sided Kolmo-
gorov-Smirnov test with Bonferroni-Holm correction), including
many proteins involved in ribosome biogenesis (adj. p =
4.3E—4). Under both platinum drugs, the largest CORUM-anno-
tated protein complex with reduced DNA association was the
nucleolar pre-ribosomal NOP56p complex (Figure 5G). More-
over, various components of the proteasome complex showed
increased association with DNA, supporting previous reports
about the removal of drug-induced protein-DNA adducts.®® We
focused on the best-populated DNA repair pathways in the
DNA interactomes and compared them directly (Figures 5G
and 5H). In line with previous reports on the repair of etopo-
side-induced damage,®*®> we observed signatures for DNA
repair via non-homologous end joining (NHEJ), base-excision
repair (BER), and nucleotide-excision repair (NER) pathways
(Figure 5H). TOP2A and TOP2B were among the ten proteins
with the largest absolute gains in protein abundance (Figure
5E). Active removal of topoisomerases trapped on DNA has
been shown to be triggered in MCF7 cells by the SUMO-ligase
PIAS4, followed by ubiquitination and proteasomal degra-
dation.®® We derived additional DNA interactomes from cells

Cell

treated for 4 h with etoposide that showed 6-fold TOP2A and
TOP2B accumulation (Figure S5F), strong TOP2A phosphoryla-
tion (Figure S5G), and significant recruitment of PIAS4 (adj.
p < 0.002; Figure S5H), suggesting that active topoisomerase
removal might be stronger during early etoposide treatment
while cells are still proliferating (Figure S5A). Cisplatin treatment
led to a marked increase in DNA interaction of the NHEJ marker
XRCC4, the ATM-activating phosphatase PPP5C, ATM itself,
CHEK?2, and several other kinases (Figure 5F). Next to PPP5C,
two other druggable DNA repair enzymes showed notable
enrichment on DNA under cisplatin: FEN1 and the exonuclease
REXO4 (Table S4). Knockdown of FEN1 and PPP5C strongly
increased apoptosis (Figures S5J and S5L) and cell death
(Figures 5K and S5M) at the cisplatin concentration used to
derive our DNA interactomes, whereas REXO4 depletion led to
desensitization at higher cisplatin concentrations (Figure S5M).
This confirmed that DNA interactomes can be leveraged to
compare DNA-damaging drugs mechanistically and identify po-
tential targets for genotoxic combination treatments.

Acute changes in the DNA interactome during
restriction of DNA accessibility by BAF inhibition
Chromatin accessibility is determined by the topology of nucleo-
somes, which strongly influences the association of chromatin-
binding proteins and the RNA around them.®” The mammalian
genome is organized by four nucleosome-remodeler families,
ISWI, CHD, INO80, and SWI/SNF, also called BAF.® Perturbation
of BAF with the small-molecule ATPase inhibitor BRM014 leads to
a rapid and extensive restriction in DNA accessibility within mi-
nutes®®’%; however, the mechanisms underlying this widespread
chromatin compaction remain incompletely understood. We re-
corded a 20-min time course upon BRM014 treatment of MCF7
cells and compared photo-crosslinked DNA interactomes to
matched nuclear and total proteomes as well as two time points
of formaldehyde-crosslinked chromatin (Figure 6A; Table S5).
The abundance of BRG1/BRM (encoded by SMARCA4/
SMARCAZ2) or any other detected component of the BAF complex
remained constant in the series of photo-crosslinked DNA interac-
tomes. Yet, we observed highly significant protein abundance
changes for other DNA interactors, including numerous chromatin
organizers (Figure S6A). Figures 6A and 6B highlight a selection of
proteins with particularly striking changes in the photo-cross-
linked DNA interactome, which were basically unchanged in the
other datasets. We speculate that the much larger fold changes
observed upon XDNAX resulted from more efficient removal of nu-
clear background proteins, which under formaldehyde crosslink-
ing remained trapped in the chromatin gel and led to ratio sup-
pression (Figure 6C). For abundant proteins such as HMGB1 or
LMNB1, highly significant changes in DNA interaction could also
be corroborated with nucleotide crosslinks. In the case of
HMGB1, peptide-DNA hybrids mapping to its DNA-binding do-
mains were detected with increasing frequency over the course

(G) Beeswarm plot for best-populated complexes annotated in CORUM.

(H) Radar plot comparing relative abundance changes in the DNA interactome for proteins participating in specific repair pathways (Reactome annotation). Only
proteins with significantly changed interactions under any of the three drugs are displayed (adj. p < 0.01).

(I) Same as in (H), but comparing absolute protein abundance changes.
See also Figure S5.
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Figure 6. Identification of chromatin accessibility factors during small-molecule BAF inhibition

A-box, B-box DNA-|

binding domains

(A) Line plots comparing four proteomic analyses on MCF7 cells treated with the BAF inhibitor BRM014 in a 20-min time course. Each line represents one protein.
Highlighted are the drug target SMARCA4/2 (BRG1/BRM) and selected chromatin organizers, with particularly significant changes in the photo-crosslinked DNA

interactome.

(B) Heatmap of signed p values for changes in the photo-crosslinked DNA interactome of proteins highlighted in (A). For all proteins with GO annotation
“chromatin organization,” see Figure S6A. Testing occurred for each time point individually against the untreated condition with a negative binomial model; see

STAR Methods for details.
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of the treatment (Figure 6D), whereas decreasing detection fre-
quency was observed for crosslinks in LMNB1 within its IF rod
domain (Figure S6B). Interestingly, in LMNA, nucleotide crosslinks
indicated unchanged interaction in this region but decreasing
interaction in the tail domain at a location associated with
Emery-Dreifuss muscular dystrophy (Figure S6C).”" As early as
4 min into the treatment—and consistently across all other time
points—three proteins showed significantly increased DNA inter-
action: HMGB1, ANP32A, and ANP32E (adj. p < 0.01, NBM
testing). HMGB proteins are known to facilitate DNA accessibility,
implying that their rapid recruitment to DNA might compensate
BAF inhibition.”> ANP32A is part of the INHAT complex (inhibitor
of acetyltransferase), which masks histones to prevent their acet-
ylation.*®”®> ANP32E is a histone chaperone that removes H2A.Z,
which has been shown to restrict DNA accessibility at promoters
and enhancers genome wide.”* Both ANP32A and ANP32E
were among the proteins with the strongest increase in DNA
interaction throughout the 20-min treatment (Figure S6D),
suggesting that their combined action may contribute to the pro-
gressing restriction of DNA accessibility and antagonize BAF ac-
tivity. Significantly decreased protein abundances in the photo-
crosslinked DNA interactomes were observed at later time points
for members of other nucleosome-remodeling complexes,
including CHD6, BAZ2A, and, especially, BPTF (Figures 6A and
6B), which interacts with H3K4me3 and H2A.Z as part of the
NURF complex at transcription start sites of active genes.”>’®
Although this was again consistent with increased chromatin
compaction and transcriptional repression, we did not observe
similar changes in formaldehyde-crosslinked chromatin, the nu-
clear proteome, or the total proteome, indicating that photo-
crosslinking could capture interaction changes that were previ-
ously intractable.

DISCUSSION

A photo-crosslinking system for the study of direct
protein-DNA interactions in living cells

Investigating proteins accessing the genome to understand how it
is read and put into practice has been a long-standing quest. The
high protein content of formaldehyde-crosslinked chromatin has
posed challenges for its purification for proteomics, as standard
isolation procedures for protein or DNA struggle to purify a cross-
linked hybrid molecule sharing physicochemical features of both.
During metabolic labeling with the photo-activatable 4ST, only
about 0.1% of thymidine bases are replaced.”” We capitalized
on this sparse crosslinking and low protein content by using a se-
ries of standard DNA isolation procedures during XDNAX that al-
lowed for very effective removal of non-crosslinked protein.
Because it is based on the robust TRIZOL extraction, we expect
XDNAX to be applicable to many organisms and tissues.”® The
recent discovery of histone-like proteins in bacteria indicates
that there is much to explore about the ways in which proteins
from other organisms interact with their genomes.”®

Cell

Limitations of the study

Obvious drawbacks of our photo-crosslinking approach include
the requirement for cellular proliferation to incorporate 4ST into
the genome, as well as intense photo-activation. As outlined in
Figure 3J, photo-crosslinking can be utilized to screen for direct
protein-DNA contact, but a DNA crosslink does not necessarily
imply that the identified sequence feature anchors a protein to
the nucleic acid molecule. If a DNA crosslink is observed in a pro-
tein sequence feature not known as a dedicated DNA-binding
domain or IDR, additional follow-up experiments such as gel
shift assays may be needed to confirm a DNA-anchoring func-
tion. However, not all protein-DNA interactions serve anchorage.
For instance, the proteasome is known to remove drug-induced
protein adducts from DNA without actively binding to DNA,®® and
the proteasome components identified in our interactomes pro-
vide insightful evidence for their direct contact with DNA in this
process (Figure 5G). A limitation concerning absolute protein
quantification is that some proteins photo-crosslink much better
than others,® which is further biased by the use of 4ST. Indeed,
various members of the KLF transcription factor family with a
preference for GC-rich motifs were detected across all abun-
dance levels in the MCF7 nuclear proteome (KLF3, 4, 5, 9, 10,
13, and 16) yet none of them in the photo-crosslinked DNA inter-
actome (Table S1). Although the number of transcription factors
entirely lacking thymidine in their motif is actually small,?° this
limitation might be addressed by using 6-thioguanosine as an
alternative photo-sensitizer.'®° Finally, the irradiation-induced
4ST modification we observed can serve as powerful, direct ev-
idence for protein-DNA crosslinking, yet it is rare and only found
on highly abundant proteins.

Physical access to the genome from a proteomic
perspective

Genome accessibility has primarily been investigated from a
DNA-centric perspective, where sequencing techniques such
as DNase | hypersensitive site sequencing (DNase-seq) or assay
for transposase-accessible chromatin using sequencing (ATAC-
seq) have been applied to assess what loci in the genome are
open for protein binding. Various proteomic approaches have
explored the overall composition of chromatin; however, what
proteins within the chromatin gel physically interact with DNA
has so far remained unclear.®'%?*®" Using zero-distance
photo-crosslinking, we found that the majority of proteins in
the physical DNA interactome carried canonical DNA, RNA, or
histone-binding domains, underscoring the importance of glob-
ular domains for DNA access by permanently anchoring proteins
to the DNA molecule. In addition, we found that proteins with
direct DNA access often carried large IDRs. Specifically for tran-
scription factors, this has been recognized before, and their IDRs
have been shown to modulate the DNA sequence the proteins
bind to or their ability to activate transcription.®?=%° We hypothe-
size that, in the competition for a direct interface with the DNA
molecule, proteins with certain IDRs have an advantage: they

(C) Scatterplots comparing protein abundance changes upon BAF inhibition to mean absolute protein abundances. The four proteomic analyses from A are

displayed at the 20-min time point.

(D) Bar plots comparing the detection of DNA-crosslinked peptides mapping to the DNA-binding domains of HMGB1 between time points.

See also Figure S6.
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can participate in phase-separated compartments that already
exist around DNA to gain access and, subsequently, use their
DNA-binding or histone-binding domains to anchor and stay in
place.®*® Conversely, once a protein has bound its target
DNA locus with a dedicated DNA-binding domain, its IDRs can
establish a phase-separated compartment that facilitates ac-
cess of specific auxiliary proteins in its vicinity.®

Quantifying differential DNA binding with single-minute
and single-amino-acid resolution

Chromatin processes are often rapid and occur without changes
in protein expression. For instance, the removal of H2A.Z by
ANP32E at DNA damage sites has been shown to complete
within as little as 10 min.®° The proteomic analysis of chromatin
using formaldehyde crosslinking requires 10 min of fixation at
37°C,” illustrating that such fast processes are not easily trac-
table with chemical crosslinking. Photo-crosslinking occurs at
4°C and requires less than a minute of irradiation, allowing for
time series with minute resolution, while biochemical processes
are halted. We demonstrate that XDNAX outperformed con-
ventional proteomic approaches in resolving DNA interaction
changes, capturing recruitment of the histone chaperones
ANP32E and ANP32A only 4 min into BAF inhibition. In addition,
DNA-crosslinked peptides revealed key sites within abundant
proteins that provided additional insight into their changing inter-
action on the level of protein domains and reinforced the notion
that the monitored protein-DNA interactions were direct. Of the
379 proteins identified with nucleotide crosslinks, 142 carried
disease annotations in OMIM (Table S2), and we found
DNA-crosslinked peptides mapping to variant sites associated
with numerous conditions, including Emery-Dreifuss muscular
dystrophy (LMNA: R401), childhood-onset neurodegeneration
(UBTF: E210), and Zinsser-Engman-Cole syndrome (DKC1:
F36, L37, and P40). Overall, this demonstrates that photo-cross-
linking enables analyses that were previously impossible and in-
troduces XDNAX as a powerful tool in the study of protein-DNA
interactions.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to, and will be fulfiled by, the lead contact, Bernhard Kister
(kuster@tum.de).

Materials availability

The high-intensity UV irradiation system UVEN is developed as an open sci-
ence project, which will be described in detail in an upcoming publication.
Plans, construction manuals, and software for the device can be found at
www.uven.org.

Data and code availability

Proteomic data and search results have been deposited in the MassIVE data-
base under the identifier MassIVE: MSV000094079. This paper does not report
original code.
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RRID:SCR_016884

Additional resources

UVEN 365 nm irradiation system This paper WWW.uven.org

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell Lines

MCF7 (human [Homo sapiens], female breast adenocacrinoma) and U20S (human [Homo sapiens], female bone sarcoma) were ob-
tained from ATCC. Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % dialysed FBS
and Pen-Strep (100 U / ml penicillin, 100 mg / ml streptomycin) at 37 °C, 5 % CO,. DMEM for SILAC was supplemented with 1 mM
L-lysine and 0.5 mM L-arginine of the individual SILAC labels as well as 1.7 mM light L-proline and 2 mM L-glutamine. For full labeling,
the SILAC label was introduced during six cell passages in DMEM for SILAC. For the dose-dependent analysis of the DNA interac-
tome after estrogen treatment, cells were expanded and treated in DMEM without phenol red as described below. If not further spec-
ified labeling with 4-thiothymidine (4ST) occurred over three days at 100 uM concentration in the culture medium added from a
100 mM stock in DMSO.

Animals

Mouse experiments were performed according to the rules and guidelines established by the Institutional Animal Committee at Helm-
holtz Center Munich. Bone marrow-derived macrophages were derived from 6-12 week old male mice as reported previously.'"*
Briefly, bone marrow was harvested into RPMI, erythrocytes lysed in AKC lysis buffer (1 M NH4CI, 1 M KHCO3, 0.5 M EDTA) and
mononucleated cells purified with a Ficoll Paque gradient. Differentiation occurred in DMEM containing 20% FBS, PenStrep and
30% supernatant from L929 cells for 3 days, after which 200 pM 4ST was added and differentiation continued for 3 additional days.

METHOD DETAILS

UV measurements and monitoring of 4SU/4ST photo-conversion by spectrophotometry or LC-MS

Light intensities of the UVEN irradiation system and the reference device VILBER Bio-Link were measured using an LS-128 UV energy
meter (Linshang). The sensor was placed behind a conventional polystyrene cell culture dish (Greiner CELLSTAR) at a distance of
3.5 cm from the bulb or LED. Photo-conversion of 4ST and 4-thiouridine (4SU) was monitored in 100 pl of a 1 mM solution irradiated
in glass vials at 3.5 cm distance from the bulb or LED. The absorbance spectrum of the irradiated solutions was recorded on a Nano-
drop spectrophotometer (Thermo Scientific). For LC-MS analysis samples were diluted 1:100 with methanol. The untargeted analysis
was performed using a Nexera UHPLC system (Shimadzu, Duisburg, Germany) coupled to a Q-TOF mass spectrometer (TripleTOF
6600, AB Sciex, Darmstadt, Germany). Separation was achieved with a UPLC ACQUITY Premier BEH Amide 2.1 x 100 mm, 1.7 um
analytical column (Waters, Eschborn, Germany) with a flow rate of 400 pL/min. The mobile phase consisted of water/acetonitrile (50/
50, v/v) with 5 mM ammonium acetate at pH 9.5, adjusted with 25% ammonia solution (eluent A), and acetonitrile/water (95/5, v/v)
with 5 mM ammonium acetate at pH 9.5 (eluent B). The gradient profile was 100% B from 0 to 2 min, decreasing to 20% B at 12 min.
The samples were analyzed in Information Dependent Acquisition (IDA) mode in the negative electrospray ionization (ESI) mode. MS
settings were as follows: Gas 1, 55; Gas 2, 65; Curtain gas, 35; Temperature, 500 °C; lon Spray Voltage, -4500; declustering potential,
-80. The mass range of the TOF MS and MS/MS scans was 50-2000 m/z, and the collision energy was set to -35 V with a 15 V spread.
Raw data were processed as profile data using MS-Dial. Parameters for peak picking, deconvolution, and peak alignment were set to
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default values, and the adduct type was [M-H]-. For metabolite annotation, the exact masses and MS2 fragmentation patterns of the
most abundant signals were manually annotated, and MS2 spectra for uridine and thymidine were confirmed by comparison to in-
house library spectra. For relative quantitative comparison, the MS1 area under the curve of annotated precursors was used.

Live cell imaging for monitoring proliferation, apoptosis and cell death

Cells were monitored in culture by time-lapse microscopy with an IncuCyte S3 automated microscopy system (Essen Bioscience) in a
conventional cell culture incubator. For monitoring proliferation in the presence of 4ST or 4SU, 5000 MCF7 cells or 10000 U20S cells
were seeded onto a 96-well tissue culture plate (testplate 96F, TPP) in 200 ul DMEM and cultured at normal conditions. For inves-
tigating the UV sensitization of MCF7 cells after 4ST exposure the 96-well plate was irradiated with UVEN after 4 days of culture.
In order to control for potential toxic effects of 4ST or 4SU photo-products in the medium, cells were washed with PBS, and the me-
dium replaced with fresh DMEM without nucleotide before the incubation was continued.

For monitoring the effect of genotoxic drugs 5000 MCF7 cells were seeded and expanded for three days in 100 pl DMEM. Sub-
sequently, 100 pl genotoxic drugs were added at 200 pM concentration (100 pM final concentration) in medium containing 63 ng/
ml of the apoptosis fluorescence reporter annexin-V CF 594 as well as 100 nM of the cell death fluorescence reporter oxazole yellow
homodimer. Because of the incompatibility of platinum compounds with DMSO, ' '° cisplatin and oxaliplatin were directly dissolved to
a final concentration of 100 pM in DMEM and etoposide added from a 1:1000 stock in DMSO.

For the monitoring of dose-dependent genotoxic drug effects during siRNA-mediated knockdown a 1:2 dilution series starting from
3.2mM in 50 pl DMEM was prepared and combined with 50 pl DMEM containing 25 ng annexin-V CF 594 as well as 400 nM oxazole
yellow homodimer (final starting concentration 1.6 mM genotoxic drug). This mix was added onto the 100 pl culture medium to yield a
final concentration of 800 pM - 12.5 uM of the genotoxic drugs on the cell culture plate.

IncuCyte scans were acquired every two hours using a 4 x objective with phase and additionally green (300 ms) and red (400 ms)
channel acquisition if required. For analysis a standard IncuCyte definition was applied using a segmentation adjustment of 1.1 for
phase, Top-Hat segmentation for the green channel (100 pM radius, 70 GCU threshold), as well as the red channel (100 pM radius, 1
RCU threshold). For the quantification of proliferation (phase) the confluence (%) and for the quantification of apoptosis (red) or cell
death (green) total areas (uM? / image) were exported.

Knockdown of candidate proteins using siRNA pools

Candidate proteins were knocked down in MCF7 cells with siRNA pools containing 30 distinct siRNAs directed against the target
transcript designed and provided by the vendor (siTools biotech). Knockdown was performed according to the manufacturer’s in-
structions and efficiency validated by LC-MS. In brief, solution A was prepared by combining 1230 pl of Opti-MEM with 20 pl Lipofect-
amine RNAIMAX and vortexed vigorously. Solution B was prepared by combining 1050 pul Opti-MEM with 200 pl siRNA dilution
(150 nM in ultrapure water). Solution A and B were combined, vortexed and lipid-nucleic acid (LNP) particles allowed to form for 15 mi-
nutes. The LNP solution was combined with 1.2 million singularized MCF7 cells in 10 ml DMEM and mixed by pipetting. Subse-
quently, 10000 cells in 100 pl medium were distributed onto a 96-well plate and allowed to adhere for 15 minutes on the bench before
transfer into the IncuCyte. Drug treatment occurred 24 hours after transfection by addition of 100 pl drug concentrate as
described above.

Hypotonic nuclear fractionation and protein cleanup for proteomics using single-pot-solid-phase-enhanced-sample-
preparation (SP3)

Reference deep proteomic analysis of the MCF7 total proteome as well as their nuclear and cytosolic subproteomes was performed
in quadruplicates. Hypotonic nuclear extraction was applied to generate the cytosolic and nuclear fractions. Per replicate a 15 cm
diameter dish of 70 % confluent MCF7 cells was harvested by scraping into ice-cold PBS and pelleted with 500 g centrifugation
for 5 minutes at 4 °C. All subsequent steps were performed on ice. The supernatant was discarded and cells spun down to remove
all residual PBS. The pellet was suspended in 2 ml ice-cold nuclear isolation buffer (Tris-Cl 10 mM, KCI 60 mM, MgCI2 1.5 mM, NP40
0.1 %), and pipetted ten times with a 1 ml tip to break the plasma membrane. Cells were incubated for 10 minutes on ice and pipetted
again ten times. Nuclei were then pelleted by centrifugation with 2000 g, for 10 minutes at 4 °C. The supernatant containing the cyto-
solic fraction was transferred to a fresh tube and the nuclei pellet suspended in another 2 ml nuclear isolation buffer for washing.
Nuclei were again pelleted with 2000 g, for 10 minutes at 4 °C and taken up in 2 ml nuclear isolation buffer and their integrity checked
by microscopy. To create equal conditions between all samples, MCF7 cells for total proteomes were lysed in 2 ml nuclear isolation
buffer. Protein content of the samples was determined by BCA and 250 pg protein used for further processing. Volumes were
adjusted to 300 pl using nuclear isolation buffer. For protein cleanup a modified version of the SP3 protocol was used.''® To avoid
SDS precipitation by potassium, proteins were completely denatured with guanidinium thiocyanate (GuTC) and nucleic acids frag-
mented with trifluoracetic acid (TFA). Therefore, samples were combined with 300 ul SP3 lysis buffer (GUTC 5 M, TFA 200 mM), mixed
by vortexing, incubated at 90 °C, 700 rpm shaking for 5 minutes. After addition of 100 pl Tris-Cl pH=7.5 1M samples were homog-
enized by pipetting and allowed to reach room temperature. For protein aggregation 50 ul of SP3 beads (original slurry) were added,
samples vortexed, combined with 1 ml ethanol 100 % and again mixed by inversion. After 15 minutes beads were captured on a
magnetic rack, supernatants discarded and beads washed four times with 2 ml EtOH 70%, while attached to the magnet. Protein
was digested off the beads overnight in 200 pl trypsin digestion buffer (EPPS 50 mM pH=8, 5 mM DTT, 10 pg trypsin per sample)
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37 °C, 700 rpm shaking. Cysteines were alkylated by addition of 6 pl chloroacetamide 550 mM while the incubation was continued for
60 minutes. The beads were collected on a magnet for 5 minutes and the supernatant transferred to a fresh vial. Samples were top-
ped off with 800 pl formic acid 1 % and peptides cleaned up with Sep-Pak C18 cartridges according to the manufacturer’s instruc-
tions. Peptides were fractionated at high pH into 96 fractions and pooled to 48 samples as reported before.""”

Treatment of photo-sensitized cells and UV irradiation

For the SILAC-based cataloguing of DNA interactors 1.5 million MCF7 cells were expanded on a 15 cm diameter culture dish for three
days in the presence of 100 pM 4ST until approximately 70 % confluent. SILAC light cells were used as unirradiated control and
SILAC heavy cells were UV irradiated for protein-DNA crosslinking. Therefore, the medium was decanted, cells washed once with
50 ml ice-cold PBS, covered with 20 ml ice-cold PBS and kept on ice. All subsequent steps were carried out in a cold-room at
4 °C. Photo-crosslinking occurred with the UV irradiation device UVEN for 60 seconds amounting to a combined irradiation energy
of 125 J/cm? at 365 nm wavelength. Cells were scraped into the 20 mlice-cold PBS they were irradiated in, pelleted by centrifugation,
and stored at -80 °C until further use.

For the dose-dependent analysis of the DNA interactome in response to estrogen, DMEM without phenol red was used. After three
days of expansion in the presence of 4ST MCF7 cells were washed twice with PBS, switched to serum-free DMEM supplemented
with 4ST and cultivated for another 48 hours before addition of estrogen (178-estradiol) for 45 minutes from a 1:1000 stock in DMSO.
Final estrogen concentrations were 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3 pM, 1 pM, 300 fM, 100 fM, 30 fM and DMSO
control. UV irradiation occurred as described above.

For comparing the DNA interactome of cells treated with genotoxic drugs MCF7 cell were expanded in the presence of 4ST for
three days. Consequently, the medium was discarded and replaced by fresh media containing the genotoxic drugs or a DMSO
mock control alongside 4ST for 24 hours. Because of the incompatibility of platinum compounds with DMSO,''® cisplatin and oxa-
liplatin were directly dissolved to a final concentration of 100 uM in DMEM supplemented with 4ST and etoposide added from a
1:1000 stock in DMSO.

For the comparison of DNA interactomes in primary mouse cells, 4ST-labelled bone marrow-derived macrophages were chal-
lenged for 3 hours with 100 ng/ml LPS from a 1:1000 stock in PBS or only PBS as vehicle control. The medium was discarded
and immediately 50 ml of ice-cold PBS added. UVEN irradiation was performed, and macrophages were harvested by scraping.

For the time course of DNA interactomes upon BAF inhibition MCF7 cells were expanded in the presence of 4ST for three days. To
control for a consistent medium composition during the treatment, the medium was refreshed and culture continued for one day.
BRMO014 was added from a 1:1000 stock in DMSO to a final concentration of 1 uM and cells were returned to normal culture for
0, 4, 8, 12, 16 and 20 minutes. The medium was discarded, immediately 50 ml of ice-cold PBS added, and UVEN irradiation per-
formed. For formaldehyde crosslinking cells were treated identically but 4ST was omitted. Because formaldehyde-crosslinking in
the CHEP protocol requires 10 minutes (see below), only three time points were taken, 0, 10, and 20 minutes.

Protein-crosslinked DNA extraction (XDNAX) for proteomic quantification of the DNA interactome

Cell pellets from one confluent 15 cm diameter culture dish of MCF7 cells were lysed in 1 ml TRIZOL by pipetting until completely
homogenous. Lysates were combined with 200 pl chloroform, mixed by inversion and incubated for 5 minutes at room temperature.
Tubes were centrifuged with 12000 g for 10 minutes at 4 °C. The aqueous phase containing RNA was discarded and the interphase
containing chromatin transferred to a fresh tube avoiding transfer of organic phase. The interphase was disintegrated in 1 ml recovery
buffer (Tris-Cl pH=7.5 50 mM, EDTA 1 mM, SDS 1 %) until completely dissolved. DNA was precipitated by addition of 100 pl NaCl5 M
and 1 ml isopropanol, mixed by inversion, incubated for 15 minutes at -20 °C and spun down for 15 minutes with 20000 g at-11 °C.
The supernatant was discarded and the pellet washed with 2 ml ethanol 70 %, centrifuged again for 5 minutes and ethanol removed
to completion. For hydration 900 pl ultrapure water (ELGA) was added, the pellet detached from the wall of the tube by vortexing,
incubated on a rotating wheel for 30 minutes at 4 °C, and further dissolved by pipetting. For RNA digestion 50 pl Tris-Cl pH=7.5
1 M was added along with 20 ul RNase A (0.5 pg/ul) and 20 pl RNase T1 (0.5 pg/pl) and incubated for 30 minutes at 37 °C,
700 rpm shaking. After addition of 5 ul SDS 20 % clumps were dissolved by pipetting and incubation continued for another 30 mi-
nutes. For DNA fragmentation one sample was distributed onto one column (8 wells) of a Covaris plate in 120 pl portions and son-
icated using the parameters 50 cycles, Scan Speed: 1.0, PIP: 300, CPB: 50, AIP: 75, Dithering: Y=1 Speed=10. The sonicated sample
was collected in a fresh tube and centrifuged with 5000 g for 5 minutes at room temperature. The supernatant was transferred to a
fresh falcon tube, and the remaining pellet dissolved in sonication buffer (Tris-Cl 50 mM, SDS 0.1 %). Sonication and centrifuging was
repeated until no pellet remained. The SDS concentration in the sonicated supernatants was adjusted to 2 % and the sample incu-
bated at 95 °C for 5 minutes, 700 rpm shaking. The sample volume was doubled by addition of guanidinium thiocyanate (GuTC) 5 M,
the sample mixed by vortexing and again incubated at 95 °C for 5 minutes, 700 rpm shaking. The volume was doubled again by addi-
tion of ethanol 100 %, the sample thoroughly mixed by vortexing and allowed to reach room temperature. The sample was succes-
sively applied to a silica spin column (Zymo-Spin IlICG Column) in 800 pl increments using a table top mini centrifuge with approx-
imately 2000 g. We note here that overloading will impair removal of non-crosslinked protein and recommend to stop loading as soon
as the column flow decreases notably. Columns were washed twice with 800 pl wash solution (GUTC 2.5 M, ethanol 50 %), and three
times with 800 pl ethanol 70 % each time centrifuging 2 minutes with 10000 g. For elution of protein-DNA complexes column was
transferred to a fresh tube and the drain hole blocked with parafilm. After addition of 200 pl nuclease elution mix (NEB nuclease
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P1 buffer 1 x, MgCl, 5 mM, 0.5 ul NEB nuclease P1, 0.5 pg benzonase) samples were incubated over night at 37 °C, 700 rpm shaking.
After addition of 20 pl SDS 20 % the incubation was continued for 30 minutes. The sample was recovered into a fresh tube by centri-
fugation with 16000 g for 5 minutes. Remaining DNA was eluted two more time with 200 pl elution buffer (Tris-Cl 50 mM, SDS 2 %) and
the eluates combined. For protein cleanup 10 pl SP3 beads (original slurry) were added and vortexed, resulting in an approximately
600-640 pl of total sample volume. For protein aggregation 1 ml ethanol 100 % was added, the sample mixed by inversion and incu-
bated for 15 minutes without shaking. The beads were collected on a magnet for 5 minutes and the supernatant discarded. Remain-
ing on the magnet, the beads were washed four times with 2 ml ethanol 70 % and subsequently spun down to remove all residual
ethanol. Protein was digested off the beads overnight in 200 pl trypsin digestion buffer (EPPS 50 mM pH=8, 5 mM DTT, 0.5 ug trypsin
per sample) 37 °C, 700 rpm shaking. Cysteines were alkylated by addition of 6 ul chloroacetamide 550 mM while the incubation was
continued for 60 minutes. The beads were collected on a magnet for 5 minutes and the supernatant transferred to a fresh vial. Re-
sulting peptides are heavily contaminated with nucleotides and a polymer of unknown origin (probably PEG from spin columns),
which can be removed by SCX StageTip but not C18. We therefore first cleaned up samples by SCX StageTip and then used an addi-
tional C18 cleanup for high-pH fractionation. For SCX StageTip 10 pl formic acid 10 % was added along with 100 pl acetonitrile
(approximately 30 % final). SCX StageTips were preconditioned with 200 pl acetonitrile and 200 pl SCX wash solution (formic acid
0.1 %, ACN 30). Samples were loaded onto SCX StageTips and washed five times with 200 pl SCX wash solution. Peptides were
eluted twice with 50 pl high-pH elution buffer (ammonium formate pH=10 250 mM, 50 % ACN) and dried by SpeedVac. For high-
pH fractionation C18 StageTips were preconditioned with 200 pl ACN and 200 pl formic acid 0.1 %. Dried samples were applied
in 200 pl formic acid 0.1 % and washed twice with 200 pl formic acid 0.1 %. Fractionation occurred with high-pH buffer (ammonium
formate pH=10 50 mM) supplemented with 0, 5, 10, 15, 20, and 50 % acetonitrile. Following fractions were combined and dried down
before LC-MS analysis, F1 5 + 50 %, F2 10 %, F3 15 %, F4 0+20 % acetonitrile. In case of the BRM014 time course, fractions were
combined to three samples, F1 10 % + 50 %, F2 15 %, F3 0 % + 20 %.

Chromatin enrichment for protoemics (CHEP) from formaldehyde-crosslinked cells

Formaldehyde-crosslinked DNA interactomes were derived as described by Kustatscher et al.® Briefly, a 15 cm cell culture dish of
MCEF?7 cells was rinsed once with PBS and fixed with 10 ml of 1 % formaldehyde in PBS for 10 minutes in the cell culture incubator.
The solution was discarded and crosslinking quenched with 10 ml of 0.25 M glycine in PBS for 5 minutes. Cells were harvested by
scraping into PBS. Nuclei were extracted by pipetting cell pellet in 1 mlice-cold cell lysis buffer (Tris-Cl 25 mM, pH=7.4, 0.1 % Triton
X-100, 85 mM KCI) to homogeneity, followed by centrifugation with 2300 g at 4 °C for 5 minutes. Nuclei were RNase digested in 500 pl
cell lysis buffer with 100 pg RNase A for 15 minutes at 37 °C, 700 rpm shaking, followed by centrifugation with 2300 g at 4 °C for
10 minutes. The pellet was solubilized in 500 pl SDS buffer (Tris-Cl 50 mM, pH=7.4, 4 % SDS, 10 mM EDTA), before addition of
1.5 ml urea buffer (Tris-Cl 10 mM, pH=7.4, 8 M urea, 1 mM EDTA), thorough mixing, and centrifugation with 16000 g at 25 °C for
30 minutes. The step was repeated. The pellet was then solubilized in 2 ml SDS buffer and again centrifuged with 16000 g at
25 °C for 30 minutes. Finally, the pellet was covered with 1.5 ml 70 % EtOH, mixed by inversion, centrifuged with 20000 g at
25 °C for 5 minutes and washed once with 2 ml 70 % EtOH. The resulting chromatin pellet was allowed to expand in 500 pl ultrapure
water before addition of 20 pl Tris-Cl 1 M and 2 ul MgCl, 1 M and decrosslinking for 1 hour at 95 °C, 700 rpm shaking. For DNA diges-
tion 1 pg benzonase was added and incubation continued for 1 hour at 37 °C, 700 rpm shaking. Protein concentration was deter-
mined by BCA and 10 ug of protein used as input for SP3 protein cleanup, trypsin digestion, SCX StageTip, and high-pH fractionation
on C18 StageTips into 4 fractions as described above for XDNAX samples.

HPLC-MS for the detection and quantification of proteomic samples

Peptide analysis occurred on an Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific) or an Orbitrap Lumos Tribrid mass
spectrometer (Thermo Scientific), connected to a Dionex UltiMate 3000 RSLCnano system (Thermo Scientific) for nanoflow detection
of XDNAX and CHEP samples. Microflow detection occurred on an Orbitrap Eclipse Tribrid mass spectrometer connected to a
Vanquish Neo UHPLC system (Thermo Scientific) for the 48-fraction deep reference proteomes, and single shot full and nuclear pro-
teomes during BRM014 treatment.

For nanoflow analysis, the sample was injected onto a trap column (75 pm x 2 cm) packed with 5 pm C18 resin (Dr. Maisch Reprosil
PUR AQ) in solvent C (formic acid 0.1 %). Peptides were washed with solvent C at 5 pl/min for 10 minutes and subsequently trans-
ferred on to an analytical column (75 pm x 48 cm, heated to 55 °C) packed with 3 pm C18 resin (Dr. Maisch Reprosil PUR AQ) using a
gradient of solvent A (formic acid 0.1 % in ultrapure water, DMSO 5%) and solvent B (formic acid 0.1 % in acetonitrile, DMSO 5%).
Elution occurred across a 60-minute gradient at a flow rate of 300 nl/min starting from 4 % B followed by a linear increase to 32 % B.
Nanosource voltage was 2000 V, ion transfer tube temperature 275 °C. Detection occurred with data-dependent acquisition using an
OT-OT method and a cycle time of 2 seconds. MS1 resolution was 60000, scan range 360-1300, RF lens 40 %, AGC target 100 % and
maximum injection time 50 ms. MS2 isolation occurred with a quadrupole window of 1.2 m/z and fragmentation with 30 % HCD en-
ergy. MS2 resolution was 30000, first mass 100 m/z, AGC 200 % and maximum injection time 54 ms.

For microflow analysis, the sample was directly injected onto an Acclaim PepMap 100 analytical column (2 pm particle size, 1 mm x
150 mm, heated to 55 °C) for 1.4 s at 100 pl/s flow of solvent A (formic acid 0.1 % in ultrapure water, DMSO 3 %) combined with 5.2 %
of solvent B (formic acid 0.1 % in acetonitrile, DMSO 5%). Elution occurred at a flow rate of 50 pl /min starting from 5.2 % B, followed
by a linear increase to 23 % B until 12.4 minutes, followed by a linear increase to 28% B until 13.6 minutes. Source voltage was
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3500 V, ion transfer tube temperature 325 °C, vaporizer temperature 125 °C. Detection occurred with data-dependent acquisition
using an OT-OT method and a cycle time of 0.9 s. MS1 resolution was 120000, scan range 360-1300, RF lens 40 %, AGC target
100 % and maximum injection time 50 ms. MS2 isolation occurred with a quadrupole window of 1.3 m/z and fragmentation with
28 % HCD energy. MS2 resolution was 15000, first mass 100 m/z, AGC 200 % and maximum injection time 22 ms.

QUANTIFICATION AND STATISTICAL ANALYSIS

MS database search
MS raw files were searched using MaxQuant. In addition, MSfragger was used to identify 4ST-modified peptides.

All MaxQuant settings were used at their default value, except for specifying SILAC configurations and indicating the appropriate
number of fractions per sample. Label-free quantification with iBAQ was activated and used at default parameters. In case of the
differential quantification of DNA interactomes from MCF7 cells treated with estrogen or genotoxic drugs the ‘match between
runs’ option was activated and used at default parameters. In case of the time courses of BAF inhibition the ‘match between
runs’ option as well as LFQ quantification was activated and used at default parameters. In case of the differential quantification
of DNA interactomes from MCF7 cells treated with estrogen, as well as the SILAC-based quantification of four-hour etoposide treat-
ment ‘phospho STY’ was added as additional variable modification. In these two cases the MaxQuant search was performed with
default FDR settings and standard proteinGroups.txt and Phospho(STY)Sites.txt tables used for further analysis. In case of the MCF7
DNA interactome, the deep reference proteomes and the quantification of DNA interactomes in response to genotoxic drugs the
MaxQuant search was performed 100 % FDR followed by PROSIT rescoring."'® Therefore, ‘protein FDR’ and ‘peptide FDR’ were
set to 1 and the search results rescored by an in-house pipeline of PROSIT followed by picked-FDR thresholding."'®

MSfragger was used as part of FragPipe. Raw files for the SILAC-controlled MCF7 DNA interactome were first surveyed with an
open search using parameters preset in the software. Precursor mass tolerance was set to -150 - 1000 Da, add_C_cystein was set to
57.021464, add_R_arginine was set to 10.0083, add_K_lysine was set to 8.0142, and the export format set to TSV_PEPXML_PIN. In
the validation section Crystal-C was activated, and PSM validation set to the recommended open search parameters. In the FDR filter
and report section ‘Generate peptide-level summary’ was selected. All DNA interactome data was also searched for the 321 Da
phospho-4ST-H,O modification in an offset search with parameters at their default values. Mass offsets were set to ‘0 321.0316’,
and the modification add_C_cystein to 57.021464, as well as add_R_arginine to 10.0083, add_K _lysine to 8.0142 for the SILAC-
controlled experiment. In the validation section Crystal-C was de-activated, and PSM validation set to the recommended offset
search parameters.

Processing and analysis of proteomic data

All proteomic data was processed in R(4.2.2) using RStudio. For the analysis of proteomic data rescored with PROSIT the PickedFDR
proteinGroups_fdr0.01.txt file was used. MaxQuant contaminants were filtered by removing all ‘CON__’ entries. In case of the stan-
dard MaxQuant searches including the phospho-STY modification the proteinGroups.ixt table was used and filtered to remove ‘Po-
tential contaminants’, ‘Reverse’ matches to the decoy database, as well as proteins ‘Only identified by site’.

In order to determine the MCF7 DNA interactome each SILAC-controlled replicate of was processed independently. The aim of our
enrichment strategy was to eliminate as much non-crosslinked protein (SILAC light) and recover as much DNA-crosslinked protein as
possible (SILAC heavy). As a proxy for protein quantities in each SILAC channel iBAQ values were used.** Proteins with only iBAQ
intensity in the irradiated SILAC channel were immediately called as DNA interacting in this replicate and proteins with only iBAQ in-
tensity in the unirradiated SILAC channel as non-crosslinked protein. For all other proteins iBAQ rations of log,( irradiated (SILAC
heavy) / unirradiated (SILAC light)) were calculated and the apex of the resulting distribution determined to account for mixing errors
between the SILAC channels (Figure S3A). The left side of this distribution was then mirrored to create a symmetrical lognormal dis-
tribution estimating iBAQ ratios among non-crosslinked proteins. Three standard deviations from the apex of this mirrored distribu-
tion were used a replicate-specific cutoff to call DNA interacting proteins. Proteins called DNA interacting in at least three out of five
replicates were included in the MCF7 DNA interactome (Table S1).

Deep reference proteomes were analysed to determine the MCF7 nuclear and cytosolic proteome using iBAQ quantification,
which were normalized by median centering between the four replicates of one experiment. The imperfect hypotonic nuclear frac-
tionation and our exhaustive peptide fractionation strategy led to the detection of most MCF7 proteins contained in the full proteome
also in the cytosolic fraction, albeit at very different abundance (Table S1). Because we were focused on the proteomic surrounding of
DNA we defined the nuclear proteome using a quantitative cutoff oriented on transcription factors. Figure S3C shows that the iBAQ
ratio nucleus / cytosol for transcription factors was in 89 % of cases higher 0.1. The remaining 11 % contained mostly transcription
factors know to be naturally localized to the cytosol, such as STAT3, IRF3, AR, NFKB1, RELA etc., so that we used a cutoff of 0.1 to
call proteins present in the nucleus. Vice versa, proteins with an iBAQ ratio smaller 0.1 were defined as cytosolic.

For the differential analysis of the single-dose estrogen treatment as well as the genotoxic drug treatments we used iBAQ quan-
tification. Under the prerequisite that iBAQ values represent counts of protein molecules we applied NBM-based differential analysis
with DESeq2.'%* Foldchanges were corrected using the apeglm package.'?° Because of the extreme changes in the DNA interac-
tome of cells treated with genotoxic drugs, where many interesting proteins such PSMC2, SELENOH, CREB1, TP53, CHEK2 etc.
(Table S4) were undetected in one of the conditions, we applied imputation of missing values in order to include these proteins in
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our differential analysis. Therefore, we used an adaptation of the imputation function described for PERSEUS,'?" which draws
random numbers from a down-shifted normal distribution with shrunken standard deviation using the parameters width 0.3 and
downshift 1.8. For the differential analysis of the BRM014 time course we used MaxQuant’s LFQ, which performed more consistently
across time points than iBAQ.

For dose-response analysis of DNA interactomes in response to estrogen iBAQ quantification was used (Table S3). Therefore, pro-
tein abundances from all DNA interactomes in the analysis were first normalized by median centering. To avoid overfitting quadru-
plicates of the highest estrogen concentration and the DMSO control were collapsed into one replicate each using their median. For
fitting a log-logistic model the R package ‘drc’ was used.

Processing and analysis of DNA sequencing data

For the comparison of transcription factor binding sites in ENCODE DNA accessibility sequencing data transcription factors motifs
were acquired from Factorbook®® and filtered for MCF7 and a MEME p-value<0.01. MCF7 ATAC-Seq, DNase-Seq and FAIRE-Seq
bed files were downloaded from ENCODE, '*? accessible regions extracted from the hg38 or hg19 genome using samtools and Fac-
torbook consensus motifs counted across all sequences allowing for two mismatches using the Bioconductor package Biostrings
and the vcountPattern function.

ChlP-seq data for Atf3 and Cebpb in bone marrow-derive macrophages (BMDMs) upon vehicle or LPS stimulation were obtained
from the gene expression omnibus (GEO) and mapped to the murine reference genome with BWA-MEM. PCR duplicates were
removed using Picard Tools. For visualization, bam files were filtered for properly paired and mapped reads, and multimappers
were removed with samtools. Alignments were converted to bigwig files, merging 10 bp per bin using ‘bamCoverage’ from the deep-
Tools and scaled for sequencing depth. Peaks were called with MACS with a FDR cut-off of 0.05 over matched input controls. Black-
listed regions (http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/mm10-mouse/mm10.blacklist.bed.gz) were removed
from analyses. Peak annotation was performed with the Bioconductor package ChIPpeakAnno. Tracks were visualized with the Inte-
grative Genome Browser (IGV). For peak overlaps, reproducible peaks in at least two replicates were extracted with the Bioconductor
package GenomicRanges. Peak regions were defined as overlapping when sharing at least 10 bp. GO enrichment analysis was per-
formed using the Bioconductor package clusterProfiler. The top 10 enriched GO terms under biological process are displayed, sorted
by gene ratio (proportion of set genes enriched in GO term).

Analysis of live cell imaging data

Growth inhibition by the photo-activatable nucleotides 4ST and 4SU towards MCF7 or U20S cells was analyzed by summing up the
confluence data recorded over five days for each individual replicate of each concentration. The dose-dependent induction of
apoptosis or cell death by cisplatin (Figures 6C and 6D) was analysed in the same way by summing up fluorescence measurements
for annexin-V or oxodazol yellow (see above) over the 3 days of the knockdown experiment. The R package ‘drc’ was used to fit a log-
logistic dose-reponse model and derive effective concentrations.

ADDITIONAL RESOURCES

Functional annotation of proteins and data visualization

For all cross-references with protein databases UniProt identifiers were used, except for OMIM where gene names were used. Pro-
teins were annotated with their gene ontology (GO) terms via ENSEMBL BioMart accessed via the R package ‘biomaRt’. We note
here that for clarity GO was used as only source to annotate proteins as ‘DNA binding’ or ‘RNA binding’. In some cases this varies
from their annotation in UniProt, which integrates annotation from different sources. GO enrichment analysis was performed using
the GOrilla web interface. Protein structures were visualized in UCSF Chimera. Data was plotted using the R package ‘ggplot2’.
Schemes in Figures 2A and 3J were created in part with Biorender.
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Figure S1. Photo-activation of 4ST and metabolic labeling of living cells, related to Figure 1

A) Line plot comparing the light absorption of 4ST in PBS to MCF7 cells sonicated to homogeneity in PBS.
B) Absorption spectra of 4ST (top) and 4SU (bottom) irradiated for indicated time, with a conventional UV bulb irradiation device. See also Figure 1D.

D) Line plot showing pH change of 4ST or 4SU solutions upon UVEN irradiation.

¢
(
(C) Same as in (B) but irradiation with UVEN. See also Figure 1D.
(
(

E) Dose-response analysis for the growth inhibition of U20S (top) or MCF7 cells (bottom) by 4ST (blue) or 4SU (orange) added to the culture medium. Cell
confluence was monitored by live-cell imaging and integrated over 5 days of culture. Points indicate individual replicates and the line a log-logistic model.
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Figure S2. Proteins and nucleotide-peptide hybrids enriched by XDNAX, related to Figure 2

(A) Bar plot illustrating the most abundant proteins identified in protein-crosslinked DNA enriched by XDNAX. Displayed are the top 30 proteins from the irradiated
SILAC channel of Figure 2C ranked by iBAQ.

(B) Scatterplot comparing protein abundances in XDNAX samples, with and without RNase treatment. Samples were prepared from MCF7 cells (no SILAC label)
according to Figure 2A, with or without RNase digestion in the second step, and compared by label-free quantification. Four panels show the identical data
highlighting proteins with the indicated GO annotations or proteins annotated as glycosylated.

(C) Histogram illustrating glycoproteins as a constant background of XDNAX indifferent to irradiation. Same as in Figure 2C but only data from 4ST-labeled cells
are shown (Figure 2C top, orange). Glycoproteins occur with very similar abundance in the SILAC light (unirradiated) and SILAC heavy (irradiated) channel,
indicating that their enrichment occurs independent of photo-crosslinking.

(D) Histogram of peptide-spectrum matches (PSMs) identified in an open search by the mass-tolerant search engine MSfragger. The magnified area highlights the
occurrence of mass adducts corresponding to protein phosphorylation (phospho), ubiquitination (ubi), heavy lysine and arginine (K8, R10, and SILAC artifacts),
and a new modification corresponding to 4ST with a water loss (4ST-H.0).

(E) Same as (B) but for cells without 4ST labeling. See Figure 2D.

(F) Crystal structure of the RAG1 pre-reaction complex containing HMGB1 (PDB: 6CIK). The nucleotide-crosslinked peptide from HMGB1 identified in our DNA
interactome (magenta) localizes to the direct vicinity of the DNA (black).
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Figure S3. Defining the direct DNA interactome as well as the nuclear, cytosolic, and full proteome of MCF7 cells using quantitative pro-
teomics, related to Figure 3

(A) Histograms showing the filtering process for the generation of the direct DNA interactome from five replicates of photo-crosslinked MCF7 cells subjected to
XDNAX. For each replicate, a background distribution was estimated by mirroring negative log fold changes under the assumption that non-crosslinked proteins
exhibit the same intensity variance in both SILAC channels. We used three standard deviations (3c) of this distribution as fold-change threshold for calling
candidate DNA-interacting proteins in each replicate.

(B) Bar plot comparing occurrence of proteins across replicates. For the final DNA interactome shown in Figure 3A and used throughout the rest of our analysis,
only candidate DNA-interacting proteins occurring in three or more replicates were considered.

(C) Histogram of protein abundance ratios between the MCF7 nuclear and cytosolic proteome. An arbitrary abundance cut-off was chosen to include as many
transcription factors as possible in the nuclear proteome while excluding transcription factors known to be constitutively localized to the cytosol. For details see
STAR Methods.

(D) Venn diagrams comparing the MCF7 DNA interactome to various subproteomes. Left: comparison to the MCF7 nuclear proteomes from (E). Middle:
comparison to the groups of proteins annotated as “nuclear” or “mitochondrial” in the two databases ProteinAtlas®” and OpenCell.”® Right: comparison to MCF7
RNA interactome'* in the overlap the two largest groups sharing a common GO term are highlighted (nucleolus, RNA splicing).

(E) Histogram of protein abundance ratios between the MCF7 nuclear and cytosolic proteome. An arbitrary abundance cutoff was chosen to include as many
transcription factors in the nuclear proteome as possible (inclusive), while excluding transcription factors know to be constitutively located in the cytosol (STAT3,
IRF3, AR, NR3C1, RELB, RELA, NFKB2, NFKB1, etc.). For comparison in (D) a second more stringent cutoff was chosen, which includes only proteins with higher
abundance in the nucleus than the cytosol (exclusive). For details see STAR Methods.

(F and G) Bar plot showing the top ten proteins within each GO term in Figure 3A with the highest protein abundances. Shown are means of the iBAQ from the
SILAC channel of photo-crosslinked cells (SILAC heavy).

(H) Protein structure predictions by AlphaFold for the human C50rf24 and its homologs in mice, zebra fish, and frogs.

() Bar plots comparing the occurrence (left) and relative likelihood (right) of InterPro domains in the DNA interactome relative to the MCF7 full proteome.

(J) Bar plot comparing MS intensities of crosslinked DNA-peptide hybrids identified in the MCF7 DNA interactome. Displayed are peptides from the top ten
proteins with the highest intensity crosslinks, with and without prior GO annotation for nucleic acid binding.

(K) Violin plots comparing the percentages of amino acid positions predicted as disordered according to their AlphaFold prediction confidence (pLLDT < 50).%"
Testing occurred with a two-sided Kolmogorov-Smirnov test. Proteins in the MCF7 full proteome (full) are compared with the cytosolic and nuclear proteome (see
F) and the DNA interactome (DNA interactome), and its parts annotated as nucleic acid binding (DNA/RNA) or lacking this annotation (other).

(L) Scatterplot comparing the amino acid frequency in proteins of the MCF full proteome to the DNA interactome.

(M) Scatterplot comparing the occurrence of disordered amino acid pentamers in proteins of the MCF7 full proteome to the DNA interactome. All possible
pentameric permutations of the amino acids G, S, D, Q, P, E, K, and R were counted if they occurred at least once in a protein in the two groups.
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Figure S4. Quantitative comparisons of DNA interactomes in primary mouse cells, related to Figure 4

(A) Experimental scheme for the quantitative comparison of DNA interactomes from mouse bone-marrow-derived macrophages upon LPS challenge. Mono-
nucleated cells are harvested from mouse bone marrow and differentiated ex vivo alongside 4ST-labeling. Resulting macrophages are challenged with lipo-
polysaccharide (LPS) or mock-treated (PBS) before photo-crosslinking, XDNAX, and LC-MS quantification.

(B) Volcano plot illustrating changes in the DNA interactome after 3 h of LPS exposure. Highlighted are the key inflammation mediators Cebpb, Cebpd, and Rela.
(C) Venn diagram of peaks in ChlP-seq data from mouse bone-marrow-derived macrophages before and after LPS challenge for proteins highlighted in (B).
(D) GO enrichment (biological process) for LPS-specific peaks from (C).

(E) Exemplary genome browser tracks for two pro-inflammatory genes from (C) (116, ll1a, and lI11b) gaining interaction upon LPS stimulation. Arrows indicate peaks

with FDR < 0.05.
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Figure S5. Changes in the direct DNA interactomes from breast cancer cells exposed to different genotoxic drugs, related to Figure 5

(A) Line plot showing proliferation (top, confluence) and induction of apoptosis (bottom, annexin-V fluorescence) monitored by live-cell imaging. After 24 h of
normal expansion, genotoxic drugs were added at 100 uM concentration. Shown are the mean of ten replicates as bold line and their standard error as shading.
(B) Experimental outline for the comparison of proteins interacting with DNA after 24 h of treatment with a genotoxic drug or mock control (DMSO).

(C) Left: heatmap displaying relative abundance ratios of all proteins with significantly changed DNA interaction across all three genotoxic drugs compared with
the mock control (adj. p < 0.01 in all three treatments). Right: heatmap displaying relative abundance ratios of proteins with significantly changed DNA interaction
in maximal two treatments (adj. p < 0.01 not in all three treatments). The top 20 proteins with the most extreme increase (left) and decrease (right) are displayed.
(D) Protein structure overlay of the peroxiredoxin Il decamer (PDB: 1gmv) and a DNA twelve-mer (PDB: 1bna) visualizing that, by proportion, the DNA helix could
be encompassed by a PRDX2 toroid.

(E) PCA analysis of the triplicate DNA interactomes from MCF7 cells using all protein abundances (iBAQ) as input. Missing values were imputed to include extreme
changes (e.g., TP53, CREB1, PCLAF, etc., see Table S4).

(F) Scatterplot comparing normalized SILAC ratios between replicates of DNA interactomes from MCF7 cells treated with 100 pM etoposide for 4 h or a DMSO
control. SILAC labels were swapped between the replicates.

(G) Bar plot showing intensity ratios for the ten phospho-peptides quantified in the experiment in (F), with the most extreme fold changes of etoposide over
untreated. Error bars indicate composite standard deviations from four replicates.

(H) Volcano plot illustrating changes in the DNA interactome after 4 h of etoposide treatment. Protein abundances in each SILAC channel (iBAQ) from four
biological replicates were used.

(I) Bar plot comparing the expression of target proteins in MCF7 cells during small interfering RNA (siRNA)-mediated knockdown.

(J) Line plots following the induction of apoptosis in MCF7 cells with knockdowns for REXO4, FEN1, or PPP5C using fluorescence-labeled annexin-V in live-cell
imaging. One uniform pool of cells was transfected with siRNAs 24 h before addition of 100 pM cisplatin (cis) or drug-free media (mock). Bold lines indicate cells
transfected with control siRNAs, dotted line for one specific siRNA target, shading one standard deviation.

(K) Same as in (A) but for the quantification of dying cells using the fluorescence dye cytotox green.

(L and M) Dose-response curves using the integrated florescence signal over 72 h to determine half-effective concentrations for cisplatin to induce apoptosis
(J) or cell death (K) during the duration of the indicated knockdown in MCF7 cells.
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Figure S6. Changes in the photo-crosslinked DNA interactome of MCF7 cells during small-molecule BAF inhibition, related to Figure 6

(A) Heatmap of signed p values for changes in the photo-crosslinked DNA interactome. Displayed are proteins with the GO annotation “chromatin organization”
with significantly (adj. p < 0.01) changed abundance in the DNA interactome at any time point.
(B) Bar plots comparing the occurrence of 4ST-crosslinked peptides (321 Da modification) mapping to the IF rod domain of LMNB1 (highlighted blue in AlphaFold

structure) between time points.

(C) Same as in (B) but for LMNA. A second peptide in the tail domain is highlighted, mapping to a region that has been associated with Emery-Dreifuss muscular

dystrophy (R401).

(D) Heatmap of abundance ratios in the DNA interactome at each time point of BRM014 treatment for proteins with significantly (adj. p < 0.01) changed abundance

on DNA at the 20-min time point.
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