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Supplementary Discussion

Within-family conservation of PIC-NIC sensitivity profiles

To assess whether PIC-NIC sensitivity patterns reflect class-level principles or are idiosyncratic
to individual TFs, we compiled a within-family comparison of PIC-NIC profiles across TFs
sharing the same structural family in our panel (Extended Data Fig. 4). For the bHLH family
(MITF, MAX, MYC, MAD, MNT) and the bZIP family (CREBI1, ATF1), profiles within each
family are strikingly similar, with consistent positional sensitivity patterns observed across all
members, suggesting that the structural logic of backbone-mediated recognition is largely
conserved within these classes. In contrast, the three zinc finger proteins in our panel—EGR1
(three zinc fingers), SP1 (three zinc fingers), and CTCF (eleven zinc fingers)—display notably
divergent profiles, consistent with the exceptional structural diversity of this family in terms of
finger number, binding site length, and protein-DNA contact geometry. Within this family,
backbone sensitivity appears to reflect the specific architecture of each individual TF-DNA
complex rather than a shared class-level principle—itself an informative observation that

highlights the resolution PIC-NIC can provide across structurally heterogeneous families.

DNA bendability analysis

We additionally assessed intrinsic DNA bendability at each position using two independent
approaches: the trinucleotide DNase I bendability model of Brukner et al.! and the BendNet deep
learning server??. Neither approach revealed a clear correlation with PIC-NIC nick sensitivity
across our TF panel (Supplementary Table 4). This is perhaps unsurprising: intrinsic bendability
reflects the mechanical properties of free, unbound DNA, whereas PIC-NIC sensitivity reflects the
specific structural demands imposed by each TF upon binding—two related but distinct properties
for which a simple correspondence would not necessarily be expected. The position-specific
correlations we observe with DNA shape parameters such as roll, tilt, and shift suggest that
different structural descriptors capture different aspects of binding-relevant mechanics, and that
identifying the appropriate parameter for each TF-DNA system may require a more systematic

and integrative approach. We consider this an interesting direction for future work.



Phosphate buried surface area (BSA)

For ETS1, a strong negative correlation was observed between phosphate burial and PIC-NIC
sensitivity across both strands (R? = 0.712—-0.955; Extended Data Fig. 7a; Supplementary Table 7):
the most extensively buried phosphates—those flanking the GGA core at the groove borders—are
precisely those whose disruption most strongly impairs binding. A similar trend was observed for
FOXAZ2, with correlations strengthening substantially when analysis was restricted to positions
with measurable protein contact (BSA>0). Together, these results support the interpretation that
phosphate burial provides a meaningful structural basis for nick sensitivity at positions of genuine

protein—phosphate contact.

For EGR1 and several other proteins, however, no clear global correlation between burial depth
and nick sensitivity was observed. This likely reflects the additional structural complexity of zinc
finger proteins, where burial depth alone does not fully capture the energetic contribution. These
findings suggest that while phosphate burial is a useful complementary metric, PIC-NIC sensitivity

reflects a richer set of structural determinants that cannot be reduced to contact area alone.

Potential dual role of histidine residues in EGR1 phosphate anchoring

Among the EGR1 positions examined, the two most disruptive phosphate contacts—at positions
3 and 6—involve histidine residues that simultaneously coordinate zinc within the C2H2 motif
(PDB ID: 1AAY; Extended Data Fig. 5a). This dual role likely amplifies the functional importance
of these interactions, contributing both to local DNA binding and to the structural integrity of the
zinc finger domains. In contrast, the phosphate contacts at position 7, which lie between adjacent
zinc fingers, appear more dispensable for binding stability—consistent with the minimal PIC-NIC

effect observed at this position.

To assess whether this dual anchoring role is a general feature of C2H2 zinc finger TFs, we
examined CTCEF, the other zinc finger TF in our panel for which a DNA-bound crystal structure is
available (no structure exists for SP1 in complex with DNA). In the CTCF-DNA structure, the
zinc-coordinating residues do not simultaneously contact the DNA backbone phosphates in the

manner observed in EGR1, suggesting that this arrangement is not a universal feature of C2H2
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zinc finger proteins but rather a context-specific configuration reflecting the particular geometry
of the EGR1 zinc finger-DNA interface. While a single comparison is insufficient to draw broad
conclusions, these observations highlight how the functional consequences of phosphate contacts
can vary substantially even within the same structural family, and underscore the value of PIC-

NIC in resolving these distinctions at nucleotide resolution.

Structural analysis of EGR1 bound to DNA nicked at position 5 on the bottom strand

To complement the position 7 analysis described in the main text, we also solved a high-resolution
crystal structure of EGR1 bound to DNA nicked at position 5 on the bottom strand with the 5’
phosphate retained (PDB ID: 9R16)—a condition that produces only minor disruption in PIC-NIC
(Extended Data Fig. 3, 5). Consistent with this, the structure is nearly identical to the intact
complex (RMSD within the range observed for position 7 nicks). At the nick site, the backbone
phosphate stretches away from its original position, altering local backbone geometry.
Interestingly, in the intact complex the distances between nearby Arg and Lys residues and this
phosphate are too long to contribute stabilizing interactions. The nick-induced conformational
change shortens these distances, bringing the phosphate into closer proximity and enabling new
favorable contacts to emerge. This structural observation suggests that nick-induced backbone
rearrangements can generate compensatory interactions that offset the perturbation, providing a

structural rationale for the retained binding observed at this position.

ETS1 phosphate-contacting residue mutants

To more comprehensively assess the role of phosphate contacts in shaping ETS1 sequence
specificity, we generated and profiled four ETS1 point mutants—K379A, Y397A, K404A, and
Y410A (Extended Data Fig. 8). All four mutants retained sequence-specific binding, as evidenced
by coherent PWM logos with clear information content at core positions (Extended Data Fig. 6a—
b). However, each mutant displayed a distinct pattern of altered base preferences relative to wild-
type ETS1, reflecting the specific contribution of each phosphate contact to the overall recognition

geometry.



K379A, which removes the contact at the right-flank phosphate discussed in the main text, showed
the most pronounced reshaping of specificity, including reduced selectivity within the GGA core
and shifted preferences at distal positions—consistent with this contact contributing to long-range
architectural coherence across the interface. Y397A produced a distinct pattern of altered
preferences, with differences concentrated at positions flanking the core on the opposite side,
suggesting that the two flanking phosphate contacts make asymmetric contributions to base
readout. K404A and Y410A showed more modest changes in base preferences, with shifts
primarily at peripheral positions, consistent with these contacts playing a less central role in

organizing core recognition.

Across all four mutants, the correlation with wild-type binding scores revealed a population of
sequences preferentially bound by the mutant but not wild-type (blue box, Extended Data Fig. 8b),
sequences preferentially bound by wild-type (red box), and sequences bound comparably by both
(yellow box). The identity of sequences in each category reflects how each phosphate contact
contributes to the selectivity landscape, reinforcing the view that phosphate interactions are not

passive but actively participate in shaping the specificity of TF-DNA recognition.

Integration of PIC-NIC with sequence-encoded DNA shape predictions

To further examine whether structural dependencies are shared across a structural class and to
compare PIC-NIC results with sequence-encoded DNA shape predictions, we performed
deepDNAshape analysis across all TFs in our panel, examining whether correlations between
predicted DNA shape features and binding preferences converge on the same positions within
structural families (Extended Data Fig. 4; Supplementary Table 3; detailed methods in
Supplementary Methods).

In total, 4 examples passed the Bonferroni test, all of which correspond to nick-sensitive positions:

protein oriented seq feature feature nn_pos pred_pos correlation
ETS1 CCGGAAGT Tilt base_step 6 5 -0.89
SP1 GGGGCGGG Shear base pair 6 6 -0.93
SOX2 TATTGTT Shift base step 5 4 -0.89
EGRI1 GCGTGGGC Shear base pair 6 6 -0.98
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More examples passed the FDR test. Except for the examples above, and those whose Bonferroni

p = 1, the rest include:

protein oriented seq feature feature nn_pos pred_pos correlation
ATF1 GTGACGT Slide base_step 0 1 0.85
ATFI1 GTGACGT Roll base_step 0 1 0.84
ATFI1 GTGACGT Roll base_step 5 4 0.81
EGRI1 GCGTGGGC HelT base_step 6 5 -0.87
MAD CCACGTGG Roll base_step 3 3 0.83
MAX ACCACGTG Roll base_step 4 4 0.82
MITF CACGTGA Rise base_step 2 2 0.84
MITF CACGTGA Roll base_step 1 2 0.82
MYC CCACGTGG Roll base_step 3 3 0.83
SOX2 TATTGTT Shift base_step 2 3 0.86
SP1 GGGGCGGG HelT base_step 6 5 -0.86
TBP TATATAT Shift base_step 0 1 0.86
TBP TATATAT Shift base_step 4 3 -0.82

The bHLH family provides a particularly compelling example of the structural importance of
recognition. Across four bHLH proteins—MITF, MAX, MYC, and MAD—deepDNAshape
analysis independently identifies the same central CG base step as the position where predicted
roll or rise correlates most strongly with binding score (r = 0.82—0.84, Bonferroni corrected;
Supplementary Table 3, Supplementary Fig. 4b-c). Strikingly, this is precisely the position where
PIC-NIC shows the strongest disruption of binding upon nicking across all four proteins.
Furthermore, when flanking positions rather than the central CG are used as the variable
dinucleotide, the correlation still preserves but weakens, suggesting that the structural dependency
is specifically localized to the palindrome center rather than reflecting a general sequence effect.
These converging results from two independent approaches suggest that backbone-mediated
recognition at the central palindrome step is a conserved principle of bHLH-DNA recognition

rather than an idiosyncrasy of any individual family member.

Beyond the bHLH family, deepDNAshape analysis identified an additional clear example of
position-specific correlation for ETS1, where predicted tilt at the peripheral anchor position
correlates strongly with binding (r = —0.89, Bonferroni corrected; Extended Data Fig. 8f). The

analysis also revealed further correlations across other TFs in our panel that, while intriguing,



require further experimental validation to interpret mechanistically. We view the integration of

PIC-NIC with computational shape prediction as a promising direction for future work.

In vivo enrichment of SSBs at TF binding sites and implications for DNA repair

To begin bridging our in vitro findings to a physiological context, we integrated four
complementary genomic datasets generated in induced neurons (iNeurons): genome-wide SSB
maps (S1-END-seq), markers of active SSB detection and repair (PAR ChIP-seq and XRCCl1
ChIP-seq), and a direct readout of repair synthesis activity (SAR-seq). We focused on EGR1 and
CTCF—two TFs with detailed PIC-NIC profiles that play critical roles in neuronal function—
analyzing signal enrichment both at ChIP-seq peaks broadly and at peaks containing a bona fide
TF binding motif (Extended Data Fig. 13; detailed methods in Supplementary Methods).

S1-END-seq revealed significant enrichment of SSBs at both TF binding sites compared to
randomly shuffled genomic regions. For CTCF, SSBs were enriched 1.68-fold at ChIP-seq peaks
(Z = 103.33, p < 0.0001) and 1.96-fold at motif-centered regions (Z = 97.19, p < 0.0001). For
EGR1, enrichment was 1.80-fold at ChIP-seq peaks (Z=65.92, p <0.0001) and 1.98-fold at motif-
centered regions (Z =44.27,p <0.0001). Critically, enrichment increased upon restriction to motif-
containing peaks for both TFs, confirming that the association with DNA breaks reflects direct,

sequence-specific TF-DNA interaction rather than indirect chromatin accessibility effects.

Consistent with active damage recognition and processing, both PAR and XRCCI1 were
significantly enriched at TF binding sites. For CTCF, XRCC1 enrichment reached 4.36-fold at
ChIP-seq peaks and 6.08-fold at motif-centered regions; comparable enrichments were observed
for EGRI1 (2.56-fold and 4.17-fold respectively). The increase in XRCC1 enrichment upon motif-
centering—observed consistently for both TFs—indicates that repair factor recruitment is most
concentrated precisely where TFs engage DNA sequence-specifically, mirroring the SSB
enrichment pattern itself. Notably, PAR signal showed a local depletion directly at the motif center
for both EGR1 and CTCF despite being broadly enriched at TF binding sites, suggesting that stably
bound TFs could restrict PARP1 access to the immediate site of DNA damage through physical

occlusion of the protein-DNA interface, a potential mechanism described in the past literature*>.



Strikingly, SAR-seq signal displayed the same characteristic depletion pattern at the motif center,
flanked by elevated repair synthesis signal on both sides, for both EGR1 and CTCF. This "volcano-
shaped" pattern is consistent with prior observations that stably bound TFs physically occlude
repair machinery at occupied sites, reducing repair synthesis at the exact binding position while
leaving flanking accessible DNA available for repair. To test whether the central dip is statistically
significant rather than a chance feature of the average profile, we randomly partitioned the motif
occurrences into 50 disjoint subgroups and computed the mean SAR-seq signal at the dip center
and at the symmetric flanking borders within each subgroup (Extended Data Fig. 13d, h;
Supplementary methods). The center signal was significantly lower than the flanking borders for
both EGR1 and CTCF (one-sided paired t-tests across 50 subgroups; p < 0.05 for both TFs;
Supplementary Methods), confirming that the depletion at the motif is a robust property of the
binding population rather than being driven by a small subset of sites or by features of the average

curve.

Together, these analyses suggest that SSBs are enriched at TF binding sites in vivo, that this
damage engages the PARP1-dependent repair pathway, and that stably bound TFs may impede
both PARP1 access and repair synthesis at their occupied positions—suggesting that TF
occupancy could be an important factor that shapes the local repair landscape in a manner directly

connected to the backbone sensitivity we characterize with PIC-NIC.

Position-specific competition between ETS1 and PARP1 at nicked DNA sites

To directly test whether TF binding at nick-sensitive positions can occlude repair factors, we
performed in vitro competition experiments on PIC-NIC chips, examining whether ETS1 and

PARP1 compete for occupancy at nicked DNA sites (Extended Data Fig. 7¢-d).

PARP1 binding signal was measured across 14 nicked ETS1 binding site probes under two
conditions: PARP1 alone, and PARPI in the presence of ETS1. Addition of ETS1 produced a
significant and consistent reduction in PARP1 binding across three probes we tested (p = 0.0114,
paired t-test), demonstrating that ETS1 occupancy at nicked sites directly competes with and

displaces PARPI.



To assess whether this competition reflects the nick-sensitivity hierarchy identified by PIC-NIC,
we selected the three probes with comparable PARP1 binding in the absence of ETS1 but strikingly
different PIC-NIC profiles: n2 (the largest reduction in ETS1 binding upon nicking), n5
(intermediate), and reverse strand n5 (ren5, minimal reduction). We reasoned that positions where
ETS1 binding is most disrupted by nicking should remain more accessible to PARP1 in the
presence of competitor ETS1, while positions where ETS1 binding is preserved should show
greater PARP1 displacement. Consistent with this, in the absence of ETS1, all three probes showed
highly similar PARP1 binding. Upon addition of 500 nM ETS1, ren5 exhibited significantly lower
PARPI signal than n2 (p = 0.0112). The distinction between n2 and n5 did not reach significance,
suggesting that additional factors beyond nick-sensitivity, such as local sequence context or probe

geometry, may also modulate competition at these positions.

These results provide proof-of-concept that the nick-sensitivity hierarchy revealed by PIC-NIC
has direct functional consequences for repair factor accessibility. This position-specific
competitive logic, together with the in vivo genomic analyses described above, connects the
backbone sensitivity landscape of PIC-NIC to a physiologically relevant outcome and lays the
groundwork for future studies examining how nick sensitivity shapes repair efficiency and

mutational risk in vivo.

Extending PIC-NIC to chromatinized and genome-integrated contexts

The present study establishes PIC-NIC as a systematic in vitro platform for dissecting the role of
backbone mechanics in TF-DNA recognition. An important and natural extension will be to move
this framework into chromatinized and genome-integrated contexts, where DNA is packaged into

nucleosomes and subject to additional topological constraints that are absent in free duplex DNA.

Several converging lines of evidence suggest that backbone mechanics may play an especially
important role in TF recognition within chromatin. First, nucleosome wrapping imposes rotational
and translational constraints on DNA that generate local torsional strain and modulate groove
geometry®®. Studies of pioneer TF binding to nucleosomes have shown that SOX2 affinity for
nucleosomal sites depends strongly on local DNA flexibility and bendability, with increased

nucleosomal DNA flexibility enhancing SOX2 association’. This is consistent with our finding
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that a nick at the SOX2 minor groove kink position—which locally increases backbone
flexibility—enhances binding in vitro, and raises the possibility that nucleosome-imposed
deformations at specific rotational positions could similarly prime or impede TF engagement.
Second, transcription-induced supercoiling and torsional stress are well established to propagate

heterogeneously along the DNA helix!%-12

, with local twist deviations concentrated at specific
base-pair steps—precisely the class of deformations that PIC-NIC identifies as mechanically

sensitive.

From an experimental standpoint, several approaches could test whether PIC-NIC-derived nick
sensitivities predict TF behavior in chromatin. /n vitro, reconstituted nucleosomes or nucleosome
arrays containing site-specific nicks—most cleanly generated by ligation of pre-nicked DNA
substrates—could be used to measure TF binding affinities and kinetics on chromatinized
templates. Such experiments would need to carefully control for motif rotational setting,
translational position, and baseline nucleosome accessibility, since nucleosome positioning itself
may dominate TF binding and mask or amplify the effects of backbone discontinuity. For nick
positions predicted by PIC-NIC to strongly disrupt binding, reduced TF occupancy or altered
kinetics would be expected if the nick remains accessible and the TF-DNA geometry is preserved
within the chromatin context. Conversely, at positions where PIC-NIC suggests strain relief
enhances recognition, nicks could facilitate the DNA deformation required for binding — though
this would need to be carefully distinguished from indirect effects on nucleosome stability or DNA

unwrapping.

In vivo, targeted introduction of SSBs at accessible regulatory regions using site-specific nickases
could directly test whether PIC-NIC-derived sensitivity predicts TF retention or displacement at
sites of DNA damage. Current nickase platforms—including CRISPR-Cas9 nickase variants and

13-15__can introduce SSBs within a window of a few

base-editor-derived nicking systems
nucleotides from a defined target site, providing positional resolution over roughly half the
positions within a typical TF binding motif. This would not replicate the complete position-by-
position coverage of PIC-NIC, but would allow direct in vivo testing of the most mechanically
critical positions identified in vitro. Subsequent time-resolved mapping of TF occupancy and
repair-factor recruitment by ChIP-seq could then test whether positions predicted by PIC-NIC to

be highly disruptive indeed lead to TF displacement and increased repair accessibility in cells.
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These experiments would complement the genomic analyses presented here, in which endogenous
SSB-associated signals are enriched near TF binding sites in neurons and TF occupancy correlates
with reduced local repair synthesis. Together, such extensions would position PIC-NIC as a bridge
between in vitro mechanistic dissection and in vivo regulatory biology — connecting the
backbone-sensitivity landscape of individual TF-DNA complexes to the broader question of how
DNA damage, chromatin architecture, and transcriptional regulation are coupled at the genome

scale.

Materials and Methods

Protein expression and purification
For PIC-NIC experiments, full-length human ETS1, human EGR1 DNA-binding domain (residues
335-423), full-length Arabidopsis thaliana TBP, full-length human RUNX1 and human SOX2

DNA-binding domain (residues 19-118) were expressed and purified as described below. Full-
length human Max and DNA-binding domain of Myc, Mad and Mnt were chemically synthesized
as described previously!®!”. Human FOXA2 DNA-binding domain (residues 142-269) was
expressed by in vitro transcription/translation system with PURExpress® [In Vitro Protein
Synthesis Kit. Full-length human MITF, CREBI1, ATF1, SP1 and CTCF were obtained
commercially. For ETS1 BLI experiments, murine ETS1 (residues 331-440) was produced. For
SOX2 BLI experiments, the same proteins as in PIC-NIC experiments were used. For EGR1 and
TBP X-ray crystallization, the same proteins were used as described above, but with the tag

cleaved.

Protein expression and purification for PIC-NIC assays:

Human ETSI full-length protein was expressed as an N-terminal GST fusion and purified in E.
coli'®. Bacterial cultures were grown at 37 °C in LB media, induced overnight at 15°C with
0.5 mM IPTG, harvested, and lysed by sonication in PBS. The clarified lysate was applied to a
5 mL GSTrap FF column (Cytiva) equilibrated in 25 mM Tris-HCI pH 8, 50 mM KCI, 10% (v/v)
glycerol, 0.1 mM EDTA, and 1 mM DTT. The protein was eluted in 50 mM Tris-HCI (pH 8.0),
20mM KCIl, 20mM reduced glutathione. Further purification was achieved by heparin
chromatography (HiTrap Heparin HP, Cytiva), eluting over a linear gradient from 50 mM Tris-
HCI (pH 8.0) to 50 mM Tris-HCI (pH 8.0), 1 M KCI, with GST-ETSI eluting at ~300 mM KCI.
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The protein was then subjected to size-exclusion chromatography (Superdex 200 10/300 GL,
Cytiva) equilibrated in PBS. Protein-containing fractions were pooled, and the pure proteins were
concentrated to 0.0051 mM (0.399 mg/mL). The concentration was determined by UV absorption
at 280 nm using an extinction coefficient of 124525 M! cm’!. The protein was snap frozen in liquid

N> and stored at -80 °C.

Human EGRI, residues 335-423, with N-terminus GST tag, were expressed and purified as

described below in EGR1 expression and purification for crystallography, without thrombin

cleavage.

Arabidopsis thaliana TBP, with N-terminal HIS tags, were expressed and purified in E. coli C41
(DE3) cells as described previously'. In brief, an overnight culture was inoculated into LB media
and grown at 37 °C. Expression was induced by 0.5 mM isopropyl B-D-1-thiogalactopyranoside
overnight at 15 °C. Cells were harvested and resuspended in a buffer containing 5% (v/v) glycerol,
4 mM MgCl,, 600 mM NaCl and 40 mM MES (pH 7.2). Cells were lysed by French press and
sonication followed by centrifugation. The lysate was purified on a Ni-NTA column via the N-
terminal 6x HIS tag, washed with the lysis buffer with increasing concentration of imidazole. TBP
was then eluted in the lysis buffer with 100-1000 mM imidazole, and 5 mM BME was added to
the fractions. The eluent was dialysed against a buffer containing 20 mM HEPES-KOH (pH 8),
100 mM KCl, 20% (v/v) glycerol, 1 mM MgCl> and 1 mM CaCl. The protein was concentrated
with a 10kDa MWCO Amicon (Millipore) and the concentration was determined by UV
absorption at 280 nm using an extinction coefficient of 10.5 mM!' ¢cm™!. The protein was snap

frozen in liquid N> and stored at -80 °C.

Full length human Max, DNA-binding doman of Myc, Mad, and Mnt were chemically synthesised
and labelled with TAMRA fluorophore, as described previously!®!”. All experiments of Myc,
Mad, and Mnt heterodimers were performed by mixing Max with its desired binding partner, at a

1:5 ratio, to ensure that mostly heterodimers were formed instead of Max:Max homodimers.

Recombinant human full-length Runx1 protein was expressed and purified from BL21 (DE3) E.
coli harboring a clone in pReceiver-B03 Runx1. In brief, an overnight culture was inoculated into

LB media and grown at 33 °C until OD reached 0.6-0.8. Expression was induced by 0.5 mM
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isopropyl B-D-1-thiogalactopyranoside overnight at 15 °C. Cells were harvested and resuspended
in a buffer containing 500 mM Tris (pH 7.5), 300 mM NaCl, 1 mM DTT and 5 mM imidazole.
Cells were lysed by French press and sonication followed by centrifugation. The lysate was
purified on Ni-NTA column via the N-terminal 6x HIS tag, washed with a buffer containing 50
mM Tris (pH 7.5), 300 mM NaCl, 5 mM 2-Mercaptoethanol (BME), 5 mM imidazole and 10%
(v/v) glycerol. The protein was eluted with an elution buffer consisting of 50 mM Tris (pH 7.5),
300 mM NaCl, 5 mM 2-Mercaptoethanol (BME), 200 mM imidazole and 10% (v/v) glycerol. The
eluate was dialysed against the elution buffer without imidazole overnight, followed by a heparin
Sepharose SP (GE) column. The protein was then diluted with a buffer consisting of 50 mM Tris
(pH 7.5), 2-Mercaptoethanol (BME) and 10% (v/v) glycerol to 100 mM salt concentration, loaded
onto a heparin Sepharose SP (GE) column and washed with the same buffer. The protein was then
eluted with a salt gradient to a buffer consisting of 1 M NaCl, 50 mM Tris (pH 7.5), 2-
Mercaptoethanol (BME) and 10% (v/v) glycerol. The eluate was concentrated and the
concentration was determined by UV absorption at 280 nm using an extinction coefficient of

40340 M cm!. The protein was snap frozen in liquid N> and stored at -80 °C.

Recombinant human Sox2 DNA binding domain, residues 19-118, with N-terminal HIS tags, was

expressed and purified as described below in Sox2 expression and purification for BLI.

Human FoxA2 DNA-binding domain, residues 142-269, with N-terminal GST tags and C-terminal
HIS tags, was expressed by in vitro transcription/translation system with PURExpress® In Vitro
Protein Synthesis Kit (New England Biolabs, catalog #: E6800). A standard protocol was followed,
with the addition of 10 pl of Solution A, 7.5 pl of Solution B, 1 ul of RNase Inhibitor and 250 ng
template plasmid (per 25 pl reaction). The resulting reaction mixture was incubated at 37°C for 2

hours and stored at -20 °C.

Full-length human MITF, with N-terminal GST tag and C-terminal HIS tag, was purchased from
Origene (catalog #: TP761396). Full-length human CREBI, with N-terminal HIS tag, was
purchased from Origene (catalog #: TP760318). Human ATFI, residues 1-271, with N-terminal
HIS tag, was purchased from Prospec (catalog #: PKA-019). Full-length human SP1 with N-
terminal HIS tag was purchased from Origene (catalog #: TP760592). Full-length human CTCF
with N-terminal GST tag was purchased from Abnova (catalog #: H00010664-P01).
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ETS1 expression and purification for BLI: Recombinant ETS1 DNA-binding domain (murine

residues 331 to 440) was expressed and purified from BL21*(DE3) E. coli harboring a clone in
pET28b-Ets1-ETS (Addgene #85735) as previously reported®’. In brief, an overnight culture was
inoculated into liter-scale LB media and grown at 37 °C. Expression was induced by 1 mM
isopropyl B-D-1-thiogalactopyranoside overnight at 25 °C. Cells were harvested and resuspended
in a buffer containing 100 mM Tris-HCl (pH 8.0), 500 mM NaCl and 5 mM DTT. All downstream
buffers contained 0.5 mM Tris(2- carboxyethyl)phosphine (TCEP) hydrochloride to reduce the
cystein disulfide bridges. Cells were lysed by French press and sonication followed by
centrifugation. 40 uL of IGEPAL CA-630 (Sigma) and DNA inhibitor were added to 40 mL of the
lysate. The lysate was purified on Ni-NTA column via the C terminal 6xHis tag on the protein,
followed by a heparin Sepharose SP (GE) column. The eluate was dialysed overnight against a
buffer containing PBS, 0.15 M NaCl and bovine thrombin (Prospec) to remove the C-terminal
6xHis tag. Purified Ets-1 was dialysed extensively into final buffer of 10 mM NaH>PO4/ Na;HPO4
(pH 7.4) with 0.15 M NacCl. Ets-1 concentration was determined by UV absorption at 280 nm.

Sox2 expression and purification for BLI: Recombinant human Sox2 DNA binding domain,

residues 19-118, with N-terminal HIS tags, was expressed and purified from BL21 (DE3) E. coli
as previously described’. In brief, an overnight culture was inoculated into LB media and grown
at 37 °C. Expression was induced by 0.5 mM isopropyl B-D-1-thiogalactopyranoside for 3-4 hours
at 37 °C. Cells were harvested and resuspended in a buffer containing 50 mM Tris-HCI (pH 7.5),
500 mM NacCl, 10 mM imidazole, 10% (v/v) glycerol and 5 mM 2-Mercaptoethanol (BME). Half
a pill of cOmplete Protease Inhibitor (Sigma) and 1 mM DTT was added to the sample, before the
cells were lysed by French press and sonication, followed by centrifugation at 14000 rpm for 30
min at 4 °C. A HisTrap™ High Performance (Cytiva) column was equilibriated with a buffer
containing 50 mM Tris-HCI (pH 7.5), 500 mM NacCl, 10 mM imidazole, 10% (v/v) glycerol and
5 mM 2-Mercaptoethanol (BME). The supernatant was syringe filtered through a 0.45 um filter,
before the lysate was loaded onto the column at 1-1.5 ml/min. The column was wash with the same
equilibriation buffer at 2-3 ml/min with several column volumes until the absorbance reading was
close to the baseline. The protein was then eluted with a salt gradient to a buffer consisting of 50
mM Tris-HCI (pH 7.5), 500 mM NacCl, 500 mM imidazole, 10% (v/v) glycerol and 5 mM 2-
Mercaptoethanol (BME), collected in fractions. Protein-containing fractions were pooled and the

pure proteins were dialysed against a buffer consisting of 50 mM Tris-HCI (pH 7.5), 500 mM
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NacCl, 10% glycerol and SmM 2-Mercaptoethanol (BME) overnight. The protein was concentrated
and the concentration was determined by UV absorption at 280 nm using an extinction coefficient

of 13980 M™! cm!. The protein was snap frozen in liquid N, and stored at -80 °C.

TBP expression and purification for crystallography: For expression and purification of the

Arabidopsis thaliana TATA box binding protein (TBP) protein, E. coli C41(DE3) cells were

transformed with a pET15b plasmid encoding the A. thaliana TBP (generated as a codon-
optimized gene for E. coli expression) with a cleavable hexahistidine-tag on the N-terminus
(Genscript)™. For protein expression, cells were grown at 37 °C to an ODggo of 0.5, induced at 15
°C with 0.5 mM ITPG overnight and pelleted the next day. The cell pellets were reconstituted with
buffer A (25 mM Tris pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 0.5 mM B-mercaptoethanol
(BME)), lysed twice using a microfluidizer and pelleted. The supernatant was loaded onto a
Cobalt-NTA column and the column was washed overnight with buffer A and then eluted with
increasing concentrations of imidazole in buffer A. TBP eluted in buffer A containing between
100 and 300 mM imidazole. The resultant TBP was >95% pure at this stage. Concentrations were
determined by UVvis using a calculated molar absorption coefficient of 10.5 mM™! ¢cm™. For
crystallization the hexahistidine tag was removed using a Thrombin cleavage capture kit. The his-

tag free protein was concentrated just prior to crystal setups using a centricon 30 (30 MW cutof¥).

EGRI1 expression and purification for crystallography: Recombinant EGR1 DNA-binding domain

(residues 335 to 423) was expressed and purified from BL21*(DE3) E. coli harboring a clone in
pGEX 2T-egr1-DBD (Addgene #85735) as previously reported®!. In brief, an overnight culture
was inoculated into liter-scale LB media and grown at 37 °C until OD reached around 0.5. The
temperature was then lowered to 22 °C, and after 20 min, expression was induced by the I mM
isopropyl B-D-1-thiogalactopyranoside overnight at 22 °C with shaking (175 rpm). Cells were
harvested by centrifugation at 4000 rpm at 4 °C for 20 min and resuspended in the lysis buffer
containing 20 mM Tris (pH 7.5), 500 mM NaCl, 5% (v/v) glycerol, 0.5 mM TCEP, 25 uM ZnCl»
and PIC. Cells were lysed by French press and sonication, followed by centrifugation at 50,000
rpm at 4 °C for 30 min. 4% w/v solution (10X) poly(ethylenimine) in water, pH 8 was prepared
by dissolving 1.6 g PEI (50% w/v) in 20 mL DDW. Solution was acidified to pH 8 by conc. HCI.
1/10 volume of 4% PEI solution was added to the supernatant, inducing the formation of a

precipitate. The mixture was pelleted by centrifugation at 18,000 rpm at 4 °C for 10 min. GSTrap
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HP 5 mL column was pre-equilibrated in the lysis buffer above. The cleared extract sample was
loaded onto the column and non-GST tagged material was eluted in 100% lysis buffer. The GST
fusion proteins were then eluted with 20 mM glutathione (GSH) in the elution buffer containing
100 mM Tris-HCI (pH 8.0), 5% (v/v) glycerol, 25 uM ZnCl,, and 250 mM NaCl. The GST tag
was removed using human Thrombin (Prospec, catalog #: PRO-339), incubated at room
temperature with low-speed magnetic stirrer for 20 hours. The cleavage protein was diluted with
20 mM Tris (pH 7.5), 5% (v/v) glycerol, 25 uM ZnCl,, and 0.5 mM TCEP buffer to lower salt
concentration. HiTrap Heparin HP 5 mL column was pre-equilibrated in 20 mM Tris (pH 7.5), 5%
(v/v) glycerol, 25 uM ZnCl,, and 0.5 mM TCEP. The sample was loaded onto the column, eluted
with a linear gradient to 1 M NacCl, collecting in fractions. The fractionated protein was pooled
and concentrated with 3kDa MWCO Amicon (Millipore) at 4000 rpm at 4 °C to a volume of
approximately 3 mL. Next, a Superdex 75 26/60 size exclusion column was pre-equilibrated
overnight in 500 mM NacCl, 20 mM Tris-HCI (pH 7.5), 5% (v/v) glycerol, and 25 uM ZnCl. The
sample was loaded onto the column and eluted as a single peak in 500 mM NaCl, 20 mM Tris-
HCI (pH 7.5), 5% (v/v) glycerol, and 25 puM ZnCl,. The eluate was concentrated and the
concentration was determined by UV absorption at 280 nm using an extinction coefficient of at
1865 M! cml. The protein was snap frozen in liquid N> and stored at -80 °C. Dynamic Light
Scattering (DLS) measurement was carried out every time before the use of the protein to ensure

there is no aggregation of the protein.

FOXA2 Plasmid Construction

The FOXA2 expression plasmid was constructed using the pET-29 backbone (Twist Bioscience).
The insert included, in-frame and sequentially, an N-terminal GST tag, a TEV protease cleavage
site, the human FOXA2 Forkhead domain (residues 142-269)??, a second TEV site, and a C-
terminal Hiss tag. The construct was synthesized and cloned by Twist Bioscience. The final

plasmid was sequence-verified prior to downstream applications.

Site-directed mutagenesis

Site-directed mutagenesis was performed using KAPA HiFi HotStart DNA Polymerase (Roche)
according to the manufacturer’s standard protocol. Mutagenic primers were designed to introduce

the desired substitution. Following PCR amplification, the reaction was treated with Dpnl (NEB)

16



to digest the template plasmid, and the product was transformed into E. coli DH5a. Positive clones

were confirmed by miniprep and Sanger sequencing.

The primers used to generate ETS1 mutants are as follows:

K379A: 5" - GGAGATGGGGAAAGAGGGCAAACAAACCTAAGATG - 3

Y397A: 5" - GCCGTGGCCTACGCTACTATGCCGACAAAAACATCATCCAC - 3
K404A: 5' - CGACAAAAACATCATCCACGCGACAGCGGGGAAACGCTACG - 3
Y410A: 5' - GCGGGGAAACGCGCCGTGTACCGCTTTG - 3'

Universal Protein Binding Microarray

Transcription factor (TF) binding characterization was performed using universal protein binding
microarrays (PBMs), as described previously 2>?4. Briefly, commercial microarrays (Agilent
Technologies) containing all possible 10-mer or 9-mer sequences were converted to double-
stranded DNA via solid-phase primer extension using Thermo Sequenase DNA Polymerase
(Cytiva, Catalog #: E79000Y) and a deoxynucleotide triphosphate (ANTP) mixture (dATP, dCTP,
dGTP, dTTP). Microarrays were then blocked with 2% (w/v) non-fat dry milk (Sigma, Catalog #:
M7409) and incubated with the TF of interest. Binding reactions were carried out in protein-
specific buffers as described below.

Pre-incubated protein binding mixtures were applied to individual microarray chambers, incubated
for 1 h at room temperature, then subjected to two sequential washing steps. Next, microarrays
were incubated for 1 h at room temperature with fluorescently labelled antibody diluted in protein-
binding buffer supplemented with 2% milk, according to the epitope tag of the protein. Following
antibody incubation, microarrays were subjected to two sequential washing steps as described
below. Fluorescence signals of the bound proteins were recorded using a GenePix® 4400A
scanner. Signal intensities were extracted using GenePix Pro 7.0 software and median pixel

intensity was reported for each DNA probe, before further analysis.

Universal PBM analysis

To identify DNA motifs recognized by the TF of interest, we analyzed all possible 8-base
sequences (8-mers) or 7-base sequences (7-mers) as previously described?*. In brief, DNA features
were grouped into two sets—those containing the 8-mer/7-mer (foreground) and those without

(background). We then compare the top half of signal intensities from both sets using a modified
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Wilcoxon-Mann-Whitney statistic, which helps identify the most enriched 8-mer/7-mer, termed
the "seed" of the motif. Next, we assess the contribution of each nucleotide position within this
seed by evaluating all possible nucleotide variants at each position, and the motif was further
refined by including gaps at positions with high variability. Finally, we convert the derived motif
into a position weight matrix (PWM), allowing for a quantitative representation of the TF's binding

specificity.

PIC-NIC library design and measurements

PIC-NIC experiments were performed as follows. Libraries of DNA complexes with a nick at
every possible position in the TF binding site were designed for each TF, with and without the
phosphate at 5" end of the breakage site. Nick DNA complexes were constructed in two ways. In
the first method, a single-stranded oligo was designed to fold on itself upon annealing, forming a
dumbbell-shaped DNA, with a nick at the desired position and an amino modifier on the loop of
the dumbbell. In the second method, three strands of oligos were designed to anneal and form a
duplex, with the two shorter strands being the complements of the longer strand, leaving a nick at
the position desired (Extended Data Fig. 1). The longer strand is labelled with an amino modifier.
In the first method, the negative control sequence contained a nick remote from the TF binding
site; in the second method, the negative control sequence was the corresponding intact double-
stranded duplex.

For each probe, thermodynamic parameters of hybridization were evaluated using the web-based
tools from Integrated DNA Technologies and NUPACK, to verify the integrity of annealing under
experimental conditions. Simulations incorporated strand concentrations and ionic conditions
mimicking experimental settings (150 mM Na*, 150 mM Mg?*), with appropriate ion correction
terms. The maximum complex size was set to 2 for intact duplexes and 3 for nicked complexes
involving three strands.

The libraries were spotted onto epoxy-functionalized glass slides using a sctFLEXARRAYER S12
automated non-contact dispensing system (Scienion), followed by rehydration and blocking steps
to yield PIC-NIC chips as described below. Protein binding experiments on PIC-NIC chips were

performed using the same conditions as universal PBMs as described below.

DNA microarray production for PIC-NIC assavs

Sample Preparation
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Homemade microarrays were produced in-house for PIC-NIC assays. Oligonucleotides were
purchased from Integrated DNA Technologies (IDT) and W.M. Keck Biotechnology Resource
Lab (Yale University). For nicks created from dumbbell-shaped DNA, single-stranded oligos were
ordered with an internal amino modifier IAmMCG6T/, as well as a choice of 5' phosphate (/5Phos/).
The sequences were designed to self-anneal into a dumbbell, leaving a nick at the desired position.
The purchased oligos were each solubilised to 100 pM concentration according to the
manufacturer datasheet, before accurate concentration quantification with Thermo Scientific
Nanodrop One Microvolume UV-Vis Spectrometer. The oligos were next each diluted to a
concentration of 5 uM in the spotting buffer consisting of 100 mM Na>CO3/NaHCOs (pH 8.5).
The oligo was then heated to 95 °C for 2 min, followed by fast cooling on ice. The annealed oligos
were centrifuged for 5 min, and 20 pl of the clear solution was plated in sciSOURCEPLATE 384
PS (Scienion). For nicked duplex oligos constructed from three DNA strands, the longest DNA
part was ordered with an amino modifier at the end of the oligo (/SAmMC6/ or /3AmMC6T/). The
purchased oligos were each solubilised to 100 uM concentration according to the manufacturer
datasheet, before accurate concentration quantification with Thermo Scientific Nanodrop One
Microvolume UV-Vis Spectrometer. The oligos were next mixed to a final construct concentration
of 5 uM with the desired stoichiometry (1:5:5, with the long and labelled strand being 1, to ensure
this strand is fully consumed) in the buffer consisting of 100 mM Na,CO3/NaHCOs (pH 8.5). The
oligo construct was then heated to 95 °C for 2 min, followed by slow gradient cooling over 2 hours
to ensure proper annealing. The annealed oligos were centrifuged for 5 min, and 20 pL of the clear

solution was plated in sciSOURCEPLATE 384 PS (Scienion).

PIC-NIC DNA microarray production
The prepared DNA samples were printed onto the chips with our in-house sciFLEXARRAYER

S12 automated non-contact dispensing system (Scienion). The empty slides used for printing were
glass slides coated with epoxy surface (sciCHIP Epoxy from Scienion, and 3-D Epoxy from
PolyAn). The layout of the microarray were designed, with 10-50 replicates of each material in the
plate. The plated materials were spotted onto the glass slide at a temperature between 20-24 °C
and 70 = 5 % relative humidity. Each droplet was dispensed at a volume of 300 + 30 pL, forming
a DNA spot on the glass slide with diameter of 90 + 10 pm. After spotting, the DNA microarray
was placed in a homemade humidity chamber filled with 3 M KCI (~70% humidity) overnight for

rehydration and immobilisation. The DNA microarray was then placed in a coplin jar filled with
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PolyAn Blocking Buffer A for an hour, to deactivate the unreacted epoxy groups on the glass slide.
Next, the microarray was subjected to a salt gradient wash in 5 coplin jars filled separately with
PolyAn Washing Buffer I, PolyAn Washing Buffer II, PolyAn Washing Buffer III, DDW and
DDW. Each wash was 5 min, shaking at 125 rpm. The resulting microarray was spun dry in a slide

spinner for 3 min (Labnet International, Inc.) and stored in a vacuum dessicator until further use.

Protein binding and antibody steps for PBM and PIC-NIC assays

Protein binding reactions were performed in the same conditions as previously described in PBM
protocols?*?*. The binding buffer, unless otherwise specified, contains PBS / 2% (w/v) milk / 51.3
ng/pl salmon testes DNA (Sigma) / 0.2 pg/ul bovine serum albumin (NEB) / 1 mM dithiothreitol.
For EGR1, SP1, and CTCEF, the binding buffer was: 10 mM Tris-HCI (pH 7.5), 150 mM KCl, and
0.2 uM ZnClz, 2% (w/v) milk, 51.3 ng/ul salmon testes DNA, 0.2 pg/ul bovine serum albumin, 1
mM dithiothreitol. For TBP, the binding buffer was 10 mM HEPES, 70 mM KCI, 10 mM MgCl,,
1 mM EDTA, 2% (w/v) milk, 51.3 ng/pl salmon testes DNA, 0.2 pg/pl bovine serum albumin, 1
mM dithiothreitol. For CREB1, the binding buffer was 25 mM Tris-HCI (pH 7.4), 0.5 mM EDTA,
2% (v/v) glycerol, 5 mM MgCl,, 50 mM KCl, 25 mM boric acid, 2% (w/v) milk, 51.3 ng/ul salmon
testes DNA, 0.2 pg/ul bovine serum albumin, ImM dithiothreitol. For Sox2, the binding buffer
was 10 mM HEPES (pH=7.5), | mM MgCl,, 0.01 mM ZnCl,, 10 mM NaCl, 2% (wt/vol) milk,
51.3 ng/ul salmon testes DNA, 0.2 pg/ul bovine serum albumin, 5% glycerol, 1 mM dithiothreitol.
For FoxA2, the binding buffer was Tris-HCI (pH 8.0) 20 mM, KC1 40 mM, MgCl, 2 mM, ZnCl»
2 uM, 2% (wt/vol) milk, 51.3 ng/ul salmon testes DNA, 0.2 pg/ul bovine serum albumin, 1 mM
dithiothreitol.

Pre-incubated protein binding mixtures were applied to individual chambers and incubated for 1 h
with the double-stranded DNA chip. The chips were washed once with PBS / 0.5% (v/v) Tween-
20 for 3 min and then once with PBS / 0.01% Triton X-100 for 2 min. After the protein incubation
and washing steps, Alexa647-conjugated GST antibody (Cell Signaling Technology, Catalog
#3445; dilution 1:30), Alexa488-conjugated GST antibody (Invitrogen, Catalog #: A-11131;
dilution 1:30); Penta-His Alexa647-conjugated antibody (Qiagen, Catalog #: 35370; dilution
1:20), Penta-His Alexa488-conjugated antibody (Qiagen, Catalog #: 35310; dilution 1:20) in the
protein binding buffer / 2% milk were applied on the chip for 1 h at room temperature. Max protein

was fluorescently tagged with TAMRA, so no antibody was used. The chips were washed twice
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with PBS / 0.05% (v/v) Tween-20 for 3 min and then once with PBS for 2 min. Washing steps
after each incubation step were performed in Coplin jars at room temperature, on a shaker at 125
r.p.m. The fluorescent signal (at 635 nm, 532nm or 488nm) of bound TFs for each DNA spot was
measured at 2.5 pm resolution using a GenePix 4400A® microarray scanner. Signal intensities
were extracted using GenePix Pro 7.0 software, and median pixel intensity was reported for each
DNA probe. Multiple replicates (10 to 20 replicates) of each sequence were used to quantitatively

compare the binding signals between sequences.

Classification of the nicking effect size for PIC-NIC assay

To quantify the functional contribution of nick at each position to protein-DNA binding, we
measured binding signal changes upon nicking (with phosphate and without phosphate) in PIC-
NIC assay. For each position, the effect size was calculated by normalizing the binding signal to a
scale where the unnicked sequence (positive control) was set to 100% and a nonspecific binding
site (negative control) was set to 0%. The percentage signal change (wP: nicking with the
phosphate; noP: nicking with the removal of phosphate; Supplementary Table 2) was then
determined by subtracting the normalized binding signal of the nicked sequence from 100%. Based
on these effect sizes, nicking effects were classified into four categories: minimal (less than 10%

loss), minor (10-50% loss), major (50-90% loss), and severe (greater than 90% loss).

Bio-layer interferometry (BLI) measurements

Bio-layer interferometry (BLI) assays were performed using an Octet Red96e System (ForteBio;
Menlo Park, CA) in 96-well plates. Streptavidin Octet biosensors (ForteBio; Menlo Park, CA)
were dipped into nuclease-free water (Sartorius) for 10 min to hydrate. To obtain the baseline, the
sensors were dipped for 60 sec in the kinetic buffer, before dipping into 200 pl of biotinylated
DNA probe (50 nM) in the kinetic buffer for the loading step. The DNA probes were constructed
by annealing two strands to form an intact binding site or three strands to form a nicked site. Each
oligo was purchased from Integrated DNA Technologies (IDT), reconstituted to 100 uM in
Nuclease-Free Duplex Buffer (IDT) and mixed to form 1 uM final concentration with the desired
stoichiometry (1:1.2 or 1:1.2:1.2, with the biotinylated strand being 1). The resulting mixture was
heated to 95 °C for 5 min and cooled down on ice at 4 °C. The loading was manually stopped when
the response signal reached 0.4 nM for each DNA probe, to ensure an equal amount of DNA probes

were immobilised on each sensor. Sensors were then dipped into the kinetic buffer for 60 sec.
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Next, the protein association step was performed in kinetic buffer at the indicated concentrations
for 600 sec (ETS1) or 800 sec (Sox2) to obtain the association curve. Then, the tips were dipped
in kinetic buffer again for 400 sec to obtain the dissociation curve. Sensors were then regenerated
by dipping the tips in regeneration buffer (2 M NaCl) for 5 sec and then kinetic buffer for 5 sec,
repeated three times. All measurements were carried out at 25 °C. Data were analysed within the
ForteBio Data Analysis software. For ETS1, association and dissociation curved were fitted locally
with a 1:1 binding model. For Sox2, association and dissociation curved were fitted globally with

a 1:1 binding model. ko, kog, kinetic Kp and thermodynamic Kp were obtained and reported.

The kinetic buffer for ETS1 contains PBS, 5 mM MgCl; and 0.05% Tween-20. ETS1 protein used
was untagged ETS-DBD (residues 280 to 440, 13.6 uM). The kinetic buffer for Sox2 contains 50
mM HEPES (pH 7.5), 150 mM NaCl, 5 mM MgCl, and 0.05% Tween-20. Sox2 protein used was
His-Sox2 as in the PBM experiments.

ETS1-PARP1 Competition Assay

PIC-NIC chips containing nicked ETS1 binding site probes were prepared as described above.
Competition experiments were performed in a humidity chamber (~70% humidity). ETS1 protein
(500 nM or 1 uM where indicated) was applied to the chip in PBS supplemented with 1 mM DTT
and incubated for 30 minutes at room temperature. The protein solution was removed by pipetting,
without washing, to maintain ETS1 occupancy at bound sites. 50 nM PARP1 (Human
Recombinant, FLAG-tagged, OriGene cat#: TP710053) was then applied in the same buffer and
incubated for 30 minutes at room temperature. Following incubation, chips were washed and
incubated with a fluorescently labeled anti-FLAG antibody as described above to detect PARP1
binding, using the same antibody incubation and scanning conditions as standard PIC-NIC
experiments. Fluorescence signals were recorded using a GenePix 4400A scanner and extracted
using GenePix Pro 7.0 software. Each chip chamber contained 20 spatially scattered replicates per
unique probe; the median intensity across replicates was used for analysis. For each condition, the
natural logarithm of the median fluorescence intensity was computed, and binding signals were
compared between PARP1-alone and ETSI+PARP1 conditions using a paired t-test across the 14
nicked ETS1 binding site probes. Position-specific comparisons between selected probes (n2, n5,

and ren5) were performed using unpaired t-tests.
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Crystallisation and structure determination of EGR1-nicked DNA complexes

EGR-DNA complexes were prepared as previously described® and subjected to hanging drop
vapor diffusion crystallization screens, yielding large and well-diffracting crystals suitable for data
collection in the initial screens. Data for all the crystals were collected at The Dana and Yossie
Hollander Center for Structural Proteomics at the Weizmann Institute of Science. Initial models

t?6 and Phenix?’. Model geometry was evaluated

were iteratively rebuilt and refined using Coo
using MolProbity?®. See Extended Data Table 2 for the final data collection and refinement

statistics for each structure.

The duplex DNA sequences used for crystallisation were formed by annealing three strands
together. The oligos were purchased as a powder from Integrated DNA Technologies (IDT), each
solubilised to 1 mM concentration. The three strands were mixed together with the desired
stoichiometry (1:1:1.2, with the shortest strand being 1.2) to a concentration of 220 pM in the
buffer consisting of 125 mM bis-trispropane HCI (pH 8.0) and 500 mM NaCl. The mixture was
heated to 95 °C for 5 min, followed by overnight slow cooling to 4 °C to allow for proper annealing.
Next, to obtain EGR1 crystals with various nicked DNA sites, the protein was centrifuged for 10
min at 4 °C to get rid of any possible precipitation, measured concentration with Thermo Scientific
Nanodrop One Microvolume UV-Vis Spectrometer, and mixed with the annealed DNA sites at the
desired stoichiometry (1:1.1 ratio for protein:DNA) to a final complex concentration of 100 pM.
The resulting mixture was then concentrated around 10-fold using a Vivacon® 500 (2,000 MWCO
Hydrosart; Sartorius), to a final complex concentration of 1 mM. The resultant protein-DNA

complexes were then used in vapour diffusion crystallisation screens.

EGR1-r7noP: Crystals were grown at 19°C using the hanging drop vapor diffusion method. The
well solution contained 0.2 M Sodium chloride, 0.1 M MES (pH 6.0), and 20% (w/v) polyethylene
glycol monomethy lether (PEG-MME) 2000. Diffraction data were collected to 1.9 A resolution
at 100 K using an in-house Rigaku liquid-metal-jet (LMJ) X-ray Synergy System with a HyPix
Arc 150° detector. EGR1-r7noP crystallised in the C222: space group, with one subunit in the
asymmetric unit. The structure of the Zif268 protein-DNA complex (PDB code 1AAY)?® was used
as a model for molecular replacement. See Extended Data Table 2 for final data collection and

refinement statistics.
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EGR1-ren5P: Crystals were grown at 19°C using the sitting drop vapor diffusion method. The well
solution contained 0.1 M Magnesium acetate tetrahydrate, 0.1 M Sodium cacodylate (pH 6.5), and
15% (w/v) PEG 6000. Diffraction data were collected to 2.0 A resolution. EGR1-ren5P crystallised
in the C222: space group, with one subunit in the asymmetric unit. EGR1-r7noP structure was
used to generate the EGR1-ren5P model for molecular replacement. See Extended Data Table 2

for final data collection and refinement statistics.

EGRI1-ren7noP: Crystals were grown at 19°C using the sitting drop vapor diffusion method. The
well solution contained 0.1 M Calcium acetate, 0.1 M MES (pH 6.0) and 15% (v/v) PEG 400.
Diffraction data were collected to 1.95 A resolution. EGR1-ren7noP crystallised in the C222:

space group, with one subunit in the asymmetric unit. The structure of the Zif268 protein-DNA
complex (PDB code 1AAY)?® was used as a model for molecular replacement. See Extended Data

Table 2 for final data collection and refinement statistics.

Model Building and Refinement:

Initial models were iteratively rebuilt and refined using Coot?® and Phenix?’. Model geometry was

evaluated using MolProbity?°.

Data Availability Statement
Atomic coordinates and structure factors for TBP-AG_noP, TBP-AG_P, TBP-TG_noP and TBP-
TG_P are deposited in the PDB database under accession numbers 9OWI, 9OWZ, 9OW7 and

90WS, respectively. Atomic coordinates and structure factors for EGR1-r7noP, EGR1-ren5P, and
EGR1-ren7noP are deposited in the PDB database under accession numbers 9RIC, 9RI6, and
9RJ6, respectively.

Crystallisation and structure determination of TBP-nicked DNA complexes

TBP-DNA complexes were prepared and subjected to hanging drop vapor diffusion crystallization
screens, resulting in large, well-diffracting crystals suitable for data collection after optimization
of initial hits. Data for all crystals were collected at the Advanced Light Source (ALS) on
beamlines 5.0.1 and 5.0.2. The data were processed with XDS?!'. The structures were solved by

molecular replacement (MR) using a previous structure of TBP as a search model. MolProbity was
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used to guide the process of refitting and refinement®. See Extended Data Table 3 for the final

data collection and refinement statistics for each structure.

TBP-AG_noP: To obtain crystals of the nicked TBP-G_noP DNA with TBP, a DNA site with a 4
bp complementary overhang was used (based on the AMVV DNA site). The DNA sites to generate
the duplex were (5'-CTATAAAAGCGC-3" and 5 -TTTTATAG-3"). This duplex DNA was
mixed at a 1:1 stoichiometry with TBP (at 10 mg/mL) and hanging drop vapor diffusion screens
(Wizard I-1V) were carried out at room temperature (rt). Crystals were obtained by mixing the
protein-DNA complex 1:1 with a crystallization solution consisting of 20% (w/v) PEG 3350, 0.1
M Citric acid (pH 5.0) and 0.2 M sodium citrate. The crystals took several days to grow and contain
4 apo TBP molecules and two protein-DNA complexes in the crystallographic asymmetric unit
(ASU). The crystals were cryo-preserved by dipping them in a solution consisting of the
crystallization reagent supplemented with 20% (v/v) ethylene glycol for 2 s before plunging them
into liquid nitrogen. Data were collected at the advanced light source (ALS) beamline 5.0.2 and
processed with XDS3!, The structure was solved by molecular replacement (MR) using the pdb
6UEP as a search model in Phenix?’. Multiple rounds of refitting in Coot?® and refinement in
Phenix?’ was carried out to convergence. See Extended Data Table 1 for data collection and

refinement statistics.

TBP-AG_P: To obtain crystals of the nicked TBP-AG_P DNA with TBP, a DNA site with a 4 bp
complementary overhang with a 5 phosphate within the nick was used. The DNA sites to generate
the duplex were (5'-GCTATAAAAGCGC-3" and 5'-P-TTTTATAGC-3"). This duplex DNA was
mixed at a 1:1 stoichiometry with TBP (at 10 mg/mL) and hanging drop vapor diffusion was used.
Wizard I-IV screens were employed at room temperature. Crystals were obtained by mixing the
protein-DNA complex 1:1 with a crystallization solution consisting of 10% (w/v) PEG 8000, 0.1
M CHES pH 9.5. The crystals took several days to grow and contain 6 protein-DNA complexes
in the ASU. The crystals were cryo-preserved by dipping them in a solution consisting of the
crystallization reagent supplemented with 20% (v/v) ethylene glycol for 2 s before plunging them
into liquid nitrogen. Data were collected at the advanced light source (ALS) beamline 5.0.2 and
processed with XDS?!. The structure was solved by molecular replacement (MR) using the TBP-
TBP-AG_noP protein-DNA complex as a search model*2. See Extended Data Table 1 for final

data collection and refinement statistics.
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TBP-TG_noP: To obtain crystals of the nicked TBP-TG_noP DNA with TBP, the DNA sites used
to generate the duplex were (5'-GCTATAAATGCGC-3"and 5'-ATTTATAGC-3"). This duplex
DNA was mixed at a 1:1 stoichiometry with TBP (at 10 mg/mL) and hanging drop vapor diffusion
was used. Wizard I-IV screens were employed at room temperature. Crystals were obtained by
mixing the protein-DNA complex 1:1 with a crystallization solution consisting of 4 M sodium
Formate, 0.1 M sodium acetate (pH 3.8). The crystals took several weeks to grow to optimal size
and contain 1 protein-DNA complex in the ASU. The crystals were cryo-preserved straight from
the drop, plunging them directly into liquid nitrogen. Data were collected at the advanced light
source (ALS) beamline 5.0.2 and processed with XDS3!. The structure was solved by molecular
replacement (MR) using the TBP-TBP-AG-noP protein-DNA complex as a search model?®*2, See

Extended Data Table 1 for final data collection and refinement statistics.

TBP-TG_P: To obtain the TBP-TBP-TG_P complex a 4 bp complementary overhang with a 5’
phosphate within the nick was used. The DNA sites to generate the duplex were (5'-
GCTATAAAAGCGC-3" and 5 -P-TTTTATAGC-3"). This duplex DNA was mixed at a 1:1
stoichiometry with TBP (at 10 mg/mL) and hanging drop vapor diffusion was used. Wizard I-IV
screens were employed at room temperature to find crystallization conditions. Crystals were
obtained by mixing the protein-DNA complex 1:1 with a crystallization solution consisting of 20%
(w/v) PEG 3350, 0.1 M Citric acid (pH 5.0) and 0.2 M sodium citrate. The crystals took several
days to grow and contain 4 apo TBP and two protein-DNA complexes in the ASU. The crystals
were cryo-preserved by dipping them in a solution consisting of the crystallization reagent
supplemented with 20% (v/v) ethylene glycol for 2 s before plunging them into liquid nitrogen.
Data were collected at the advanced light source (ALS) beamline 5.0.2 and processed with XDS?!.
The structure was solved by molecular replacement (MR) using the TBP-TBP-TG_noP protein-
DNA complex as a search model. See Extended Data Table 1 for final data collection and

refinement statistics.

All-atoms molecular dynamics simulation

ETS]1 simulation
The structure of the DNA (5" TAGTGCCGGAAATGT 3') with and without ETS1 (PDB ID:
1K79) were nicked at position 7 on either strand using PyMOL (C7 and G26). The

unphosphorylated nicked strand systems and unnicked strand systems were parameterised and
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fitted in the solvent box using CHARMM-GUI Solution Builder 3. The nicked strand systems
were fitted in the solvent box using GROMACS 2024.234. Each box was filled with TIP3P water
model, neutralised with 0.15 M KCI, and has the dimension of 8.1 x 8.1 x 8.1 nm? The
composition of each simulation box is noted in Supplementary Table 10. The protein was
simulated with AMBER({f19sb®> forcefield and the DNA was simulated with OL15% forcefield.
The systems were then energy minimized using a steepest-descent algorithm for 5000 steps and
equilibrated for 10 ns, maintaining the temperature at 310 K using a V-rescale thermostat’’. Both
energy minimisation and equilibration were performed with the restraint of 400 kJ nm mol! on
the heavy atoms of DNA and protein’s backbone, and 40 kJ nm™ mol™! on the heavy atoms of
DNA and protein’s sidechain. Then, the system was simulated using 2 fs timesteps and maintained
the temperature at 310 K using a V-rescale thermostat and the c-rescale barostat*® for isotropic
pressure coupling at 1 bar for 1 ps for 3 repeats. The hydrogen bond in the simulation was
constrained using LINCS algorithm®’. All simulations and hydrogen bond analyses were

performed using GROMACS 2024.2.

SOX2 simulation

The structure of the DNA (5" CCCCATTGTTATGC 3’) with and without Sox2 (PDB ID: 6HTS5)
were nicked at either C4 or T7 using PyMOL. All systems were parameterised using
AmberTools25% and fitted in the solvent box using GROMACS 2024.2%*, The phosphate group
was added to the 5’ nicked end through terminal monophosphate.lib using tleap. The bond angle
and the angular force of OH-P-O2 and HO-OH-P was adjusted to match the parameters of the
phosphate group of AMBERphossal9sb*!. Each box was filled with TIP3P water model,
neutralised with 0.15 M KCI, and has the distance from the edge of the solvent box of 1 nm. The
protein was simulated with AMBERff19sb* forcefield and the DNA was simulated with OL15%¢
forcefield. The systems were then energy minimized using a steepest-descent algorithm for 5000
steps and equilibrated for 10 ns, maintaining the temperature at 310 K using a V-rescale
thermostat®’. Both energy minimisation and equilibration were performed with the restraint of 400
kJ nm? mol! on the heavy atoms of DNA and protein’s backbone, and 40 kJ nm™ mol™! on the

heavy atoms of DNA and protein’s sidechain. Then, the system was simulated using 2 fs timesteps
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and maintained the temperature at 310 K using a V-rescale thermostat and the c-rescale barostat’®
for isotropic pressure coupling at 1 bar for 1 s for 3 repeats. The hydrogen bond in the simulation
was constrained using LINCS algorithm?®. All simulations and hydrogen bond analyses were

performed using GROMACS 2024.2.

Structural analysis of Watson-Crick and nicked DNA structures

X-ray crystal structures and NMR structures for the desired canonical DNA-protein complexes
were downloaded with their PDB information including resolution, macromolecule type etc. from
the RCSB webserver. Structures were parsed using X3DNA-DSSR** and Curves+ web server®,

the structural parameters were extracted and plotted for the purpose of comparison.

The structural analysis of the protein-nicked DNA complex was done on the X-ray crystal
structures we solved. In X3DNA-DSSR, the data was input as it was in the PDB file. In Curves+
web server, the DNA structure was input as two strands, ignoring the nick. It was only done for

the structures with 5" phosphate at the breakage site, to ensure a well-defined helical backbone.

Structural parameter deviation analysis

DNA positions from all protein-DNA complexes were classified into two groups based on protein
contact status and binding signal change after a nick. The target group consisted of positions that
had no contact with protein at the base, no contact with protein at the phosphate, and a prominent
percentage signal change value upon nicking (column “prominent wP”) less than —50
(Supplementary Tables 1-2). The reference group consisted of positions that had no contact with
protein at the base, no contact with protein at the phosphate, and a “prominent wP” value greater
than or equal to —50. Total positions analyzed: 234; Positions with neither base nor phosphate
contact: 99; Target group: 21 positions; Reference group: 78 positions.

Twelve DNA structural parameters were analyzed, comprising six base pair parameters and six
base pair step parameters. The base pair parameters and their reference distributions (mean +
standard deviation) were: Shear (0 + 0.383 A), Stretch (—0.145 + 0.169 A), Stagger (0.055 + 0.287
A), Buckle (1.245 + 8.501°), Propeller (—9.713 + 6.477°), and Opening (1.11 £ 4.487°). The base
pair step parameters and their reference distributions were: Shift (—0.034 + 0.587 A), Slide (—0.412
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+0.518 A), Rise (3.302 £ 0.266 A), Tilt (-0.597 + 3.087°), Roll (2.151 + 6.178°), and Twist
(32.685 + 5.245°). These reference values were obtained as calculated before 4.

For each structural parameter, a position was classified as deviant if the absolute difference
between its observed value and the reference mean exceeded one standard deviation. The
percentage of deviant positions was calculated for each group by dividing the number of deviant
positions by the total number of positions in that group and multiplying by 100.

To test whether the target group exhibited significantly different deviation frequencies compared
to the reference group, Fisher's exact test was performed for each parameter. For each test, a 2x2
contingency table was constructed containing the number of deviant and non-deviant positions in
each group. Statistical significance was defined as p < 0.05. All analyses were performed using
Python with the pandas, NumPy, and SciPy libraries.

Twist: p=1.72e-02; Buckle: p=1.76e-02 (Fisher’s exact test)

Buried Surface Area Analysis of Phosphate—Protein Contacts

To quantify the extent of phosphate—protein contacts at each position in the TF binding site, we
performed buried surface area (BSA) analysis using UCSF ChimeraX (version 1.9) on all high-
resolution TF-DNA co-crystal structures available for our panel. For each structure, the analysis
was carried out as follows.

For each backbone phosphate position along both strands of the binding site, we selected the three
atoms defining the phosphate group: the phosphorus atom (P) and its two non-bridging oxygens
(OP1 and OP2). The buried surface area (BSA) at each position was calculated using ChimeraX,
and the solvent-accessible surface area (SASA) was calculated separately for each selected
phosphate group using a probe radius of 1.4 A. The percentage burial was then calculated as %
Buried = BSA/SASA x 100, representing the fraction of the exposed phosphate surface area that
becomes buried upon protein binding. All per-position values are provided in Supplementary Table
7.

This procedure was repeated for all phosphate positions along both the top and bottom strands of
the binding site for each TF-DNA structure. Positions were numbered according to the PIC-NIC
convention for each TF. The resulting % buried values were then correlated with the corresponding
PIC-NIC binding changes (% change in binding signal upon phosphate removal) using Pearson

correlation, computed separately for the top and bottom strands and for nick conditions with and
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without the 5" phosphate. All per-position BSA, SASA, and % buried values are provided in
Supplementary Table 7.

deepDNAshape and DNA Bendability Analysis

For deepDNAshape analysis, the highest-affinity binding sequence for each TF was identified
from universal PBM data (E-score ranking; Supplementary Table 5). For each position within the
binding site, all possible dinucleotide substitutions (16 combinations, denoted NN) were
introduced while keeping the remaining sequence fixed. Predicted DNA shape features —
including shear, stretch, stagger, buckle, propeller twist, opening, minor groove width (MGW),
shift, slide, rise, tilt, roll, and helical twist — were computed at the substituted position and
adjacent base steps or base pairs using the deepDNAshape analysis package**. The predicted
shape values were then correlated with experimentally measured E-scores for the corresponding
sequences from our universal PBM data using Pearson's r. Statistical significance was assessed
using both Bonferroni correction and FDR correction to account for multiple testing across
positions and shape features. Full results for all TFs and all shape features are provided in
Supplementary Table 3.

For DNA bendability analysis, two independent approaches were used. First, trinucleotide
bendability scores were obtained from Brukner et al.!, which provides experimentally derived
bendability values for all 64 trinucleotides based on DNase I cleavage frequencies, reflecting the
intrinsic mechanical properties of free, unbound DNA. Second, base-resolution bendability
predictions were obtained using the BendNet deep learning server’. For each TF, every
trinucleotide position within the highest-affinity binding sequence was systematically varied by
substituting all 64 possible trinucleotide combinations at that position while keeping the flanking
sequence fixed. Predicted bendability values were then correlated with experimentally measured
E-scores from our universal PBM data using Pearson's r. Full results are provided in

Supplementary Table 4.

Genome-wide analysis of single-strand breaks and repair signals at transcription factor
binding sites

Data Acquisition

EGR1 ChIP-seq peaks: EGR1 binding sites were obtained from ENCODE**° as IDR-ranked
peaks (accession: ENCFFO16RNL, GSE230933; from Michael Snyder Lab at Stanford University)
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mapped to the GRCh38 human genome assembly, comprising 27,684 peaks. CTCF ChIP-seq
peaks: CTCF binding sites were obtained from ENCODE as IDR-thresholded peaks (file
accession: ENCFF930BXV, experiment: ENCSR260FAS; from Bradley Bernstein at Broad
Institute) from CTCF ChIP-seq in neural progenitor cells, mapped to the GRCh38 human genome
assembly, comprising 55,700 peaks. DNA single-strand break data: S1-END-seq data from
induced pluripotent stem cell-derived neurons (iNeurons) were obtained from Wu et al.>
(GSM5100382). Both positive and negative strand BigWig files were used to quantify nick signals.
DNA repair signals: Poly-ADP-ribose (PAR) ChIP-seq (GSM5100373), XRCC1 ChIP-seq
(GSM5100374), and SAR-seq data (GSM5100400-402, three replicates) from iNeurons were
obtained from Wu et al*’. Motif positions: Genome-wide EGR1 motif matches (MA0162.5) were
obtained from JASPAR?®!, yielding 4,556,356 motif occurrences in the hg19 genome. Genome-
wide CTCF motif matches (MA0139.2) were obtained from JASPARS!, yielding 2,079,316 motif
occurrences in the hg19 genome. ENCODE hg19 blacklist v232 was used.

Coordinate Conversion

EGR1 ChIP-seq peaks and CTCF ChIP-seq peaks were converted from GRCh38 to hgl9
coordinates using the UCSC liftOver tool with the hg38ToHg19 chain file. For EGRI1, of 27,684
original peaks, 27,615 (99.75%) were successfully converted. For CTCF, of 55,700 original peaks,

55,595 (99.81%) were successfully converted. ENCODE blacklist regions were removed from all

analyses.

Nick Signal Quantification and Footprint Analysis

For each genomic region, nick signals were calculated by summing the absolute values from both
positive and negative strand BigWig files using pyBigWig. Total nick signal was computed across
all EGR1 and CTCF peak regions. Aggregate nick profiles were generated by centering on EGR1
and CTCF peak midpoints and computing mean signal across a +2 kb window size. Strand-specific

profiles were maintained to assess asymmetry in nick distribution.

Motif-Centered Analysis
For each EGR1 and CTCF ChIP-seq peak, the highest-scoring EGR1 motif (by JASPAR score)

within the peak was identified using PyRanges interval operations. Analysis windows were re-

centered on motif midpoints (=100 bp), retaining motif strand orientation. Of 27,473 peaks, 7,976
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(29%) contained at least one EGR1 motif. Of 55,113 peaks, 45,689 (83%) contained at least one
CTCF motif.

Enrichment Analysis

Nick enrichment at EGR1 and CTCF binding sites was assessed using permutation testing. For
each of 1,000 permutations, random genomic regions of equal number and size to the observed
peaks were sampled, with chromosomes selected proportional to chromosome length. Regions
overlapping the ENCODE hg19 blacklist were excluded via interval intersection (PyRanges). For
each permutation, the total S1-END-seq nick signal was quantified across all sampled regions to
construct a null distribution. Empirical p-values were calculated as the proportion of permuted
values exceeding the observed signal; fold enrichment was computed as observed / mean(null),
and a z-score as (observed — mean(null)) / std(null). To estimate the precision of the observed
signal, 1,000 bootstrap resamples (with replacement) of the original peaks were performed, and

95% confidence intervals were derived from the 2.5th and 97.5th percentiles.

SAR-seq Peak Calling

SAR-seq peaks were called from the replicate-averaged iNeuron SAR-seq signal track using a
percentile-threshold approach implemented in Python with pyBigWig and PyRanges. The genome
was tiled into non-overlapping 200 bp windows across standard chromosomes (chr1-22, X, Y),
and the mean signal was computed per window. Windows with signal at or above the 99th
percentile of the genome-wide distribution (top 1%) were retained as candidate regions. Adjacent
retained windows were merged into peaks using PyRanges, and merged regions were size-filtered
to 200—10,000 bp. ENCODE hg19 blacklist regions were removed by interval intersection. Each
retained peak was assigned a score equal to its mean SAR-seq signal. This yielded 98,395 high-
confidence repair sites with a median size of 200 bp, covering ~1.0% of the genome.

SAR-seq peaks were called from the iNeuron SAR-seq signal track using a custom percentile-
threshold approach in Python (pyBigWig, PyRanges). For each standard chromosome (chr1-22,
X, Y), per-base signal values were extracted and missing values (NaN) were replaced with zero.
The genome was tiled into non-overlapping 200 bp windows, and the mean signal was computed
per window. Windows with signal > the 99th percentile of the genome-wide distribution (top 1%)
were retained, and adjacent retained windows were merged into peaks using PyRanges. Merged

peaks were size-filtered to 200—10,000 bp, and regions overlapping the ENCODE hg19 blacklist>?
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were removed by interval intersection. Each retained peak was scored by its mean SAR-seq signal.

This procedure yielded 98,395 peaks (median size 200 bp, ~1.0% genome coverage).

Statistical assessment of the central SAR-seq footprint dip at TF motifs

To assess whether the central dip in the average motif-centered SAR-seq profile was statistically
significant, the n motif sites were randomly partitioned (without replacement; fixed random seed
for reproducibility) into 50 disjoint subgroups of approximately equal size (~160 sites per group
for EGR1, ~913 for CTCF). For each subgroup, the mean signal across its constituent sites was
computed at three locations relative to the motif center: (1) Center: the average of the per-site mean
signal over a £10 bp window centered on the motif (positions —10 to +10); (2) Left border: the
per-site mean signal at a single position located W_b bp upstream of the motif center; (3) Right
border: the per-site mean signal at a single position located W_b bp downstream of the motif
center. The half-width W_b of the border window was set to 100 bp for EGR1 and 50 bp for CTCF,

chosen to lie outside the central dip but inside the local flanking maxima of each curve.

This procedure yielded 50 paired observations of (left, center, right) signal values, one per
subgroup. The center distribution was compared independently to the left and right border
distributions using a one-sided paired t-test (scipy.stats.ttest rel, alternative='less'), testing the null
hypothesis that the per-subgroup center signal is not lower than the border signal. The resulting t-
statistics and p-values are as following:

CTCF: Center < Left: t=-3.08, p=1.716e-03; Center < Right: t =-21.59, p = 5.480e-27

EGR1: Center < Left: t=-2.40, p=1.005¢-02; Center < Right: t =-4.86, p = 6.298e-06

Software
Analyses were performed in Python using pyBigWig for BigWig file access, PyRanges for
genomic interval operations, and pandas for data manipulation. UCSC liftOver was used for

coordinate conversion.

Data availability

The data that support the findings in this study are available as Supplementary Tables in Excel
format. Coordinates and structure factor amplitudes for the TBP-AG-withP, TBP-AG-noP, TBP-
TG-withP, TBP-TG-noP, EGR-n7, EGR-ren5P and EGR-ren7 structures have been deposited in
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the PDB under the accession codes 9OWZ, 9OWI, 9OWS8, 90W7, 9RIC, 9RI6, and 9RJ6,
respectively. The PDB entries used in this study are available in Extended Data Fig. 2 and
Supplementary Table 2. Molecular dynamics simulations tpr, mdp and itp files are stored at

do1:10.5281/zenodo.15646043 and 10.5281/zenodo.15646042.
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Titles and Legends for Supplementary Tables 1-8

Supplementary Table 1. PIC-NIC data.
This file contains the raw PIC-NIC data for the 15 TFs.

Supplementary Table 2. Structural parameters and contact information.
This table contains structural parameters generated by x3DNA and H bond contacts defined by
ChimeraX at every position in the DNA binding sites for the 15 TFs.

Supplementary Table 3. deepDNAshape analysis data.
This table contains predicted DNA feature data for the 15 TFs using deepDNAshape.

Supplementary Table 4. Intrinsic bendability data.
This table contains predicted DNA intrinsic bendability data for the 15 TFs.

Supplementary Table 5. Universal PBM data.
This table contains universal protein binding microarray data for the 15 TFs.

Supplementary Table 6. Mutation profiles.
This table contains processed mutation profile data for the 15 TFs.

Supplementary Table 7. Buried Surface Area (BSA) analysis data.
This table contains calculated BSA data for the 15 TFs using ChimeraX.

Supplementary Table 8. Universal PBM data for ETS1 mutants.
This table contains universal protein binding microarray data for the four ETS1 mutants with
replicates.

Supplementary Table 9. BLI data.
This table contains the raw and fitted data of BLI experiments for ETS1 and SOX2.

Supplementary Table 10. The composition of the molecular simulation box.
This table contains the number of molecules in each of the simulation box based on the topology
file.

Supplementary Table 11. Structural parameters of TBP/nicked DNA complexes.
This table contains structural parameters generated by x3DNA for obtained high-resolution

crystal structures of TBP/nicked DNA complexes.

Supplementary Table 12. ETS1-PARP1 competition assay data.
This file contains the raw data for the ETS1-PARP1 competition experiment.
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