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Tracking chromatin state changes using 
nanoscale photo-proximity labelling

Ciaran P. Seath1,2,3,5, Antony J. Burton2,4,5, Xuemeng Sun2, Gihoon Lee2, Ralph E. Kleiner2, 
David W. C. MacMillan1,2 ✉ & Tom W. Muir2 ✉

Interactions between biomolecules underlie all cellular processes and ultimately 
control cell fate. Perturbation of native interactions through mutation, changes in 
expression levels or external stimuli leads to altered cellular physiology and can  
result in either disease or therapeutic effects1,2. Mapping these interactions and 
determining how they respond to stimulus is the genesis of many drug development 
efforts, leading to new therapeutic targets and improvements in human health1. 
However, in the complex environment of the nucleus, it is challenging to determine 
protein–protein interactions owing to low abundance, transient or multivalent 
binding and a lack of technologies that are able to interrogate these interactions 
without disrupting the protein-binding surface under study3. Here, we describe a 
method for the traceless incorporation of iridium-photosensitizers into the nuclear 
micro-environment using engineered split inteins. These Ir-catalysts can activate 
diazirine warheads through Dexter energy transfer to form reactive carbenes within 
an approximately 10 nm radius, cross-linking with proteins in the immediate 
micro-environment (a process termed µMap) for analysis using quantitative 
chemoproteomics4. We show that this nanoscale proximity-labelling method can 
reveal the critical changes in interactomes in the presence of cancer-associated 
mutations, as well as treatment with small-molecule inhibitors. µMap improves our 
fundamental understanding of nuclear protein–protein interactions and, in doing so, 
is expected to have a significant effect on the field of epigenetic drug discovery in both 
academia and industry.

Mapping protein–protein interactions (PPIs) is central to our under-
standing of cellular biology5. The enormous challenges associated with 
this undertaking are magnified in the nucleus in which transient and 
multivalent interactions, fine-tuned by posttranslational modifications 
(PTMs), combine to choreograph DNA-templated processes such as 
transcription6. Perturbations to these regulatory mechanisms often 
lead to disease7, for example, somatic mutations that alter the com-
position and activity of chromatin-associated protein complexes are 
implicated in many human cancers and developmental disorders8–10. 
Moreover, recent studies have shown that histone proteins are them-
selves frequently mutated in cancers11–13. Understanding how these 
mutations lead to, or perpetuate, disease is the focus of intense inves-
tigation11–13, work that necessitates accurate comparative mapping of 
chromatin-associated PPI networks as a function of altered cell states1.

The elucidation of nuclear PPIs has typically been performed by 
immunoprecipitation–mass spectrometry (IP–MS) workflows, in 
which antibodies recognizing selected proteins are used to enrich 
their target along with direct interactors14. However, IP–MS approaches 
rely on nuclear lysates as input, which may not be ideal for every sys-
tem15,16, especially when the interactions are transient in nature (for 

example, driven by posttranslational modification) or require multi-
protein complexes that bridge native chromatin17–19. This has fuelled 
the development of chemoproteomics approaches such as those based 
on photocrosslinking20,21 or proximity-labelling22–24 technologies that 
seek to capture PPIs in a native-like environment. Despite these ongo-
ing advances, no single method exists to map chromatin interactomes 
in a general and unbiased manner and particularly to discern how such 
interactions are affected by perturbations such as mutation or drug 
treatment (Fig. 1a). To address this need we considered the union of 
technologies recently disclosed by our two laboratories, µMap4 and 
in nucleo protein trans-splicing20, to enable a traceless, short-range 
proximity-labelling method that can be readily deployed to any nuclear 
protein target. Protein trans-splicing using ultrafast split inteins facili-
tates the installation of iridium (Ir)-photocatalysts onto the N or C 
termini of target proteins. On irradiation with blue light-emitting 
diodes (LEDs) in the presence of a biotin–diazirine probe, localized 
carbene generation (through Dexter energy transfer from photo-
excited iridium to aryl diazirines) allows interactomes to be deter-
mined, specifically those within about 10 nm of the iridium-centred  
photocatalyst (Fig. 1b).
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Our proposed workflow offers distinct advantages for the elucida-
tion of subtly perturbed chromatin interactomes through mutation or 
ligand binding. Principally, the short radius afforded by this technology 
limits labelling to the close vicinity of a designated chromatin factor or 
nucleosome, only identifying proteins that are affected by a particular 
mutation or pharmacological intervention. This is critically important, 
given the structural and functional heterogeneity of chromatin25. Fur-
thermore, the incorporation of the µMap catalyst is designed to be 
almost traceless and its small size is expected to minimize disruption 
to the native environment (for example, in comparison to fusion pro-
teins), allowing the study of modifications that only minimally change 
the native interactome.

We began our studies by preparing an Ir-conjugated intein fragment 
(complementary C-terminal fragment CfaC-Ir), using a combination 
of solid-phase peptide synthesis and click chemistry (Fig. 2a,b). We 
next fused the N-terminal fragment of the engineered Cfa split intein 
(CfaN)26,27 to the C terminus of histone H3.1. For analytical conveni-
ence, we also included HA and FLAG epitope tags flanking the intein 
(Fig. 2c). We then treated nuclei isolated from these transfected cells 
with the complementary split intein fragment (CfaC) linked to the Ir 
photocatalyst. This resulted in the site-selective incorporation of the 
photocatalyst onto the C terminus of H3.1 through in nucleo protein 
trans-splicing (Fig. 2e). Irradiation of these nuclei in the presence of 

the diazirine–biotin probe (Fig. 2d) led to dramatically enhanced pro-
tein labelling compared to control reactions that excluded CfaC-Ir or 
diazirine–biotin (Fig. 2f). Elution from streptavidin beads showed 
strong enrichment of histone H3 by western blot (Fig. 2f).

We established a tandem mass tag (TMT)-based quantitative 
chemoproteomics workflow to determine the interactome for H3.1 
versus the centromere-specific H3 variant CENP-A (Fig. 2g,h and 
Extended Data Fig. 1) to assess whether our workflow could delineate 
between nucleosomal interactomes at specific regions of chroma-
tin. We used cut-offs of more than 0.5 log fold change (log2FC) and 
false discovery rate (FDR)-corrected P < 0.05 and hits were found in 
all replicates. Note, further analyses of the proteomic datasets in this 
study are provided in Extended Data Fig. 10. Comparison of the H3.1 
versus CENP-A interactomes returned established H3.1-modifying 
enzymes (for example, EHMT2 and SUV39H1) and reader proteins (for 
example, HP1 isoforms) (Fig. 2b and Extended Data Fig. 10; see Sup-
plementary Information for full data table)28,29. CENP-A interacting 
proteins included both members of the FACT complex (SSRP1 and 
SPT16) involved in the deposition of CENP-A into chromatin (Fig. 2b)30. 
Consistent with the centromeric localization of CENP-A, we see enrich-
ment of transcriptional regulators (CBX6, DNMT3A, CHD4, RBBP4, 
KAT7 and KMT2A) only in the H3.1 samples. Furthermore, gene ontology 
(GO) analysis of the H3.1 hits showed strong enrichment of chromatin 

Can μMap reveal the mechanisms behind how chromatin perturbations lead to disease or therapy? 

μMap photocatalytic proximity labelling captures close-range interactions on nuclear proteins

μMap catalyst (Ir) incorporation via rapid intein trans-splicing

Comparative proteomics
reveals interactions 

Native versus perturbed

Perturbations at chromatin lead to changes in interactome and phenotype

Chromatin interactomes Oncomutation interactomes Epigenetic drug on/off targets

• Critical for transcriptional regulation
• Modulated by posttranslational modification 

• Perturbed chromatin interactomes
• Affect chromatin remodelling and transcription
• Promote proliferation and cancer progression  

• Block chromatin PPIs
• Critical therapeutic strategies
• Target histone writers, readers,
   erasers and chromatin remodellers 

Ir

Native

Perturbed

~10 nm radius

IrPhotocatalyst =

Dexter
energy

F3C

NN

F3C

log2FC

–l
og

10
(P

)

IntN IntC –10 –5 0 5 10
0

5

10

15

20

25

a

b

IntCIntN
Ir

Blue
photon

Fig. 1 | Development of a catalytic labelling platform using inteins. 
 a, Chromatin interactomes can be perturbed through mutation leading to 
oncogenic phenotypes. Epigenetic drugs alter the chromatin interactome for 
therapeutic benefit. b, Cartoon showing strategy for nuclear photo-proximity 
labelling. Ir-photocatalysts can be incorporated into nuclear proteins via 
protein trans-splicing. The N-terminal fragment of CfaN is fused to a target 
nuclear protein, whereas CfaC is linked to the photocatalyst. In nucleo splicing 
provides Ir-conjugated nuclear proteins. Following excitation under blue light 

irradiation, the photocatalyst activates diazirines (to form carbenes via loss of 
molecular nitrogen) through a process called Dexter energy transfer. These 
carbenes are then poised to insert into neighbouring proteins that can be 
enriched using streptavidin beads. Comparative chemoproteomic analysis 
reveals how a given perturbation (for example, a mutation or drug treatment) 
affects local interactomes, providing insights into the mechanistic basis for 
disease or therapy. The mock volcano plot in Fig. 1 was created using BioRender.
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organization (−log10P = 56), histone lysine methylation (−log10P = 11) 
and epigenetic regulation of gene expression (−log10P = 25) (Extended 
Data Fig. 1), consistent with the known role of H3.1 as a platform for  
transcriptional regulation.

With the basic chemoproteomics workflow established we ques-
tioned whether our method would sense subtle changes in nucleo-
somal structure, such as somatic mutations. Recent sequencing of 
patient tumour samples identified more than 4,000 histone mutations 
associated with a wide range of cancers11–13,31. Determining whether 

such mutations drive oncogenesis and cancer progression or are sim-
ply passenger mutations is critical to identifying new opportunities 
for therapeutic intervention. We sought to apply our method to the 
cancer-associated histone mutation H2A E92K, which is correlated 
with a range of cancers13. This mutation introduces a charge swap in the 
critical acidic patch interaction motif on the nucleosome, into which 
arginine residues of interacting proteins are known to anchor32–35. We 
hoped that our methodology could shed light on to what extent chro-
matin PPIs are perturbed by this oncohistone mutation.
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Fig. 2 | Development of a chromatin-localized µMap proximity-labelling 
platform. a, Structure of the CfaC-Ir construct used in this study. b, High- 
performance liquid chromatography trace (top) and electrospray ionization 
MS spectrum (bottom) for purified CfaC-Ir (calculated [M]+ = 6,514.6 Da; 
observed [M]+ = 6,514.1 Da). c, General design of constructs used for µMap.  
d, Structure of diazirine-PEG3-biotin probe used in this study. e, Validation of 
the approach using histone H3. In nucleo protein trans-splicing with 0.5 µM 
CfaC-Ir for 1 h results in the generation of the H3 spliced product (green) as 
shown by western blotting. f, Biotinylation of nuclear proteins, as detected by 

streptavidin blotting, is dependent on irradiation, CfaC-Ir and the diazirine 
probe. H3 is enriched following labelling and streptavidin enrichment.  
g, Graphic representing differential localization between histone H3.1 and 
centromeric variant CENP-A. h, Volcano plot derived from a two-sided t-test 
showing proteins enriched in a comparative proteomics study between H3.1 
and CENP-A using the µMap workflow. Selected proteins are highlighted that 
are discussed in the text. Dotted lines indicate cut-offs used. FDR values were 
calculated using the Benjamini–Hochberg procedure, as described in the 
Methods. For blot source data, see Supplementary Fig. 1.
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We found that the local chromatin micro-environment is indeed 
sensitive to the H2A E92K mutation (Fig. 3a and Extended Data Fig. 1; see 
Supplementary Information for full data table). GO analysis revealed 

diminished enrichment of proteins related to chromatin modifica-
tion and re-organization as a function of the perturbed acidic patch 
(Fig. 3b). Comparison of the dataset to the interactome of a construct 
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mutation H2A E92K. a, A volcano plot derived from a two-sided t-test showing 
protein interactors from the µMap method comparing H2A to H2A E92K. Select 
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replicates, whiskers represent minimum to maximum, P = 0.0003, two-sided 
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blot source data, see Supplementary Fig. 1.
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with a triply mutated acidic patch (E61A, E90A and E92A) suggests 
that E92K affects a specific subset of acidic patch-binding proteins 
(Extended Data Fig. 2).

Notably, SIRT6, a deacetylase, was highly enriched in the wild-type 
sample, whereas the transcriptional activators, BRD2/3/4, were all 
enriched by E92K. Taken together, this suggests that the mutation acts 
to block histone lysine deacetylase activity, resulting in increased local 
acetylation and binding of associated reader proteins. To support this 
idea, we transiently expressed both wild-type and H2A E92K histones 
in HEK 293T cells and isolated intact mononucleosomes by anti-FLAG 
immunoprecipitation (Fig. 3c). We found global lysine acetylation was 
increased twofold in the mutant nucleosomes above wild type, with a 
particular increase observed on histone H4. This effect is striking given 
that we are probably only enriching one copy of the mutant histone per 
nucleosome because of presumed stochastic incorporation (Extended 
Data Fig. 3)36,37.

Following this, we questioned whether this local increase in acety-
lation would lead to a global effect by weakening DNA–nucleosome 
interactions, leading to a more accessible chromatin environment and 
consequently increasing the concentration of accessible open reading 
frames (ORFs). To probe this, we performed ATAC-seq analysis38 on 
HEK 293T cell lines stably expressing either wild-type H2A or the E92K 
mutant (Extended Data Fig. 4). Consistent with our idea, we found 5,699 
ORFs which showed a significant (FDR ≤ 0.05) change in concentra-
tion across four replicates. Of these, 90% indicate regions of higher 
accessibility in E92K in comparison to the wild-type H2A (Fig. 3d,e and 
Extended Data Fig. 5), consistent with our proposed model.

We also noted that installation of E92K had a negative effect on 
nucleosomal DNMT3A binding (Fig. 3a). Recent structural and bio-
chemical work has demonstrated that DNMT3 binds to the acidic patch 
through two arginine residues (R740 and R743 in DNMT3B)39. Charge 
reversal mutants (for example, R740E) of these residues were shown 
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to diminish nucleosomal binding and de novo methylation. Our data 
indicate that E92K may disrupt binding in the same manner. To verify 
this, we performed a mononucleosome FLAG-IP from HEK 293T cells 
stably expressing H2A or H2A E92K and analysed the precipitated 
DNA for MeC (Fig. 3f). Consistent with our proposal, the data show 
an approximately 5% decrease in local DNA methylation in the E92K 
samples, supporting a model in which DNMT3 binding is impaired by 
E92K, leading to fewer de novo methylation events.

We were able to validate loss of function binding interactions with 
SIRT6, DNMT3A, INCENP (part of the CEN complex40) and the chro-
matin remodeller SMARCA4 (refs. 8,41) (BRG1) using the recombinant 
mononucleosome assay developed by McGinty35. Here, biotinylated 
mononucleosomes were immobilized on streptavidin beads before 
incubation with HEK 293T nuclear lysate. The eluent was subsequently 
blotted against hits from our photo-proximity labelling experiment to 
assess the effect of the E92K mutation on binding. In all cases, this assay 
supported the data presented by our µMap experiment (Fig. 3g), with 
comparable enrichment values between western blot and proteom-
ics datasets, further demonstrating that our method can accurately 
capture interacting proteins in an unbiased manner. Interestingly, 
performing the same comparative proteomics experiment with H2A/
H2A(E92K)-APEX2 constructs did not reveal any differences in the inter-
actome of mutant and wild-type samples when applying the same fold 
change and significance cut-offs used previously (Extended Data Figs. 6 
and 10), presumably because of the increased labelling radius of the 
peroxidase-based platform (Extended Data Fig. 6).

Together, these data demonstrate that the resolution provided by 
our proximity-labelling method can be used to uncover molecular 
level details for gain-of-function or loss-of-function interactions in 
the nucleus in a single experiment.

We posited that our method could be used to determine the roles of 
small-molecule ligands in the chromatin micro-environment (Fig. 4a). 
Epigenetic drug discovery has become a critical focus for therapeutic 
intervention, encompassing dozens of targets across a range of thera-
peutic areas3. We began by examining the effects that the bromodo-
main inhibitor JQ-1 has on chromatin (Fig. 4b). JQ-1 is known to target 
the BET family of bromodomain containing readers (BRD2/3/4), with 
analogues progressing through the clinic42,43. We theorized that µMap 
would be sensitive enough to measure the effects that BRD inhibition 
would have on the chromosomal micro-environment. To probe this, 
we compared the interactomes of Ir-conjugated H2A in the presence or 
absence of 1 and 5 µM JQ-1 (Fig. 4b and Extended Data Figs. 4, 7 and 10; 
see Supplementary Information for full data table). BRD2/3/4 were all 
enriched in the untreated sample (log2FC > 0.5, FDR < 0.05), consistent 
with blocking bromodomain–nucleosome interactions. The known JQ-1 
off-target SOAT1 (ref. 44) was also enriched in the untreated sample. 
RNA-seq analysis of the ligand-treated cells showed that the identified 
interactors are not enriched on the basis of transcriptional changes 
associated with drug treatment (Extended Data Fig. 8).

Performing the same experiment using existing methods (APEX2, 
as above) showed enrichment of BRD2 and no enrichment of BRD3/
BRD4 (Extended Data Fig. 7).

We then performed a similar experiment with the DOT1L methyl-
transferase inhibitor, pinometostat, to assess both the selectivity of this 
ligand and the effect that depletion of H3K79 methylation has on the 
chromatin micro-environment45,46. DOT1L was enriched (log2FC > 0.5, 
FDR < 0.05) in the untreated sample, as were several proteins related to 
transcriptional activation, including BRD2/3/4 and POLR2E (Fig. 4c,d 
and Extended Data Fig. 7; see Supplementary Information for full data 
table). This observation is consistent with previous reports demon-
strating that H3K79 methylation leads to recruitment of the acetyl-
transferase P300, subsequent BRD recruitment and transcriptional 
activation46. It was gratifying to see that in a single experiment we can 
extract both target-ID data for a small-molecule ligand along with 
downstream transcriptional effects.

Finally, we applied our method to RNA polymerase II (POL II), which 
is responsible for transcribing protein-encoding genes in a highly regu-
lated process involving the sequential association of multiple protein 
complexes47–49. Release of promoter-proximal paused POL II is primarily  
achieved through phosphorylation of the disordered C-terminal 
domain (CTD) of the RPB1 subunit, comprised of a repeating unit of 
Y-S-P-T-S-P-S, by cyclin dependent kinases (CDKs). Inhibition of CDKs 
has therefore become an attractive therapeutic strategy to stall POL II  
and downregulate transcription and therefore cancer proliferation. 
The small-molecule ligand AT7519, a pan-CDK inhibitor, has been devel-
oped to probe this strategy in the context of multiple myeloma and is 
now in clinical trials50. We questioned if we could determine how this 
ligand affects the POL II interactome and whether our method could 
unveil at what stage in its transcriptional cycle POL II is arrested by 
AT7519 treatment.

To assess this, we expressed RPB1-CfaN in HEK 293T cells, in which 
the intein is fused to the C terminus of the CTD (Extended Data Fig. 9). 
The µMap workflow was then performed in the presence and absence 
of AT7519 (Fig. 4e). Comparing our treated and untreated datasets 
revealed CDK11, 9 and 1 to be enriched (log2FC > 0.5, FDR < 0.05) in 
the untreated sample, consistent with wide-ranging CDK inhibition by 
AT7519 (Fig. 4d; see Supplementary Information for full data table)50. 
Mediator complex subunits in addition to several transcription factors 
were enriched in the treated sample, suggesting that CDK inhibition 
halts the progression of POL II at the pre-initiation complex, before CTD 
phosphorylation and association of the NELF and DSIF complexes51.

Conclusion
In summary, we have developed a photocatalytic proximity-labelling 
technology that can be deployed across the nuclear proteome. The 
short-range diazirine activation mechanism allows the collection of 
precise interactomics data that are sensitive to single amino acid muta-
tions and can be used to detect changes caused by external stimuli such 
as ligand incubation. We believe this method will be broadly applicable 
across nuclear biology for the study of disease-associated mutations. 
Also, this method is an effective tool for ligand target ID in chromatin, 
identifying on- and off-target proteins and revealing how treatment 
with these molecules affects local chromatin interactomes.
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Article
Methods

Solid-phase peptide synthesis
Boc-Nα-CfaC-CFGSGK(alloc)G-NH2 was synthesized on a 0.1 mmol scale 
by standard Fmoc solid-phase peptide synthesis using DIC-Oxyma 
activation on a CEM Liberty Blue microwave-assisted peptide syn-
thesizer on ChemMatrix Rink amide resin. Each residue was double 
coupled during the synthesis. Fmoc deprotection was performed at 
room temperature by the addition of 20% piperidine in dimethylfor-
mamide (DMF) with 0.1 M hydroxybenzotriazole. Alloc deprotection 
was performed by the addition of 0.1 equivalent (equiv.) Pd(PPh3)4 and 
2.5 equiv. N,Nʹ-dimethylbarbituric acid in dichloromethane (DCM) 
with nitrogen agitation. Treatment was performed twice at room tem-
perature for 30 min. The resin was sequentially washed with 3× DCM, 
3× DCM:DMF (1:1 v/v), 3× DMF and 1× 5% w/v sodium diethyldithiocar-
bamate in DMF.

The resin was then split into 0.02 mmol aliquots and treated as fol-
lows. CfaC-biotin: biotin (5 equiv.) was coupled to the deprotected lysine 
side chain with PyAOP (4.95 equiv.) and N,N-diisopropylethylamine 
(DIEA) (10 equiv.) activation in NMP for 4 h with nitrogen agitation. 
The resin was washed with 3× NMP, 3× DMF and 3× DCM. Side-chain 
deprotection and cleavage from the resin was affected by addition 
of a 92.5:2.5:2.5:2.5 v/v/v solution of TFA:TIPS:EDT:H2O for 130 min 
at room temperature. The cleavage solution was reduced to less than 
5 ml volume under a positive pressure of N2 and the crude peptide was 
precipitated using cold diethyl ether. The crude peptide was isolated 
by refrigerated centrifugation, resuspended in 50/50 v/v H2O:MeCN 
with 0.1% TFA and lyophilized to yield a white solid. CfaC-Ir: the iridium 
photocatalyst52 was conjugated to the deprotected lysine side chain by 
treatment with NHS-Ir (1.2 equiv.) and DIEA (2 equiv.) in DMF for 2 h with 
nitrogen agitation in the absence of light. The resin was washed with 3× 
DMF and 3× DCM. Side-chain deprotection and cleavage from the resin 
was affected by addition of a 95:2.5:2.5 v/v/v solution of TFA:TIPS:H2O 
for 130 min at room temperature in the absence of light. The cleavage 
solution was reduced to less than 5 ml volume under a positive pres-
sure of N2 and the crude peptide was precipitated using cold diethyl 
ether. The crude peptide was isolated by refrigerated centrifugation, 
resuspended in 50/50 v/v H2O:MeCN with 0.1% TFA and lyophilized to 
yield a pale yellow solid.

Crude lyophilized peptides were purified by preparative scale 
reversed-phase high-performance liquid chromatography and char-
acterized by mass spectrometry.

Cell culture
HEK 293T cells were cultured as a monolayer in DMEM (Thermo Fisher), 
supplemented with 10% v/v FBS (Thermo Fisher), 100 U ml−1 of penicil-
lin (Thermo Fisher) and 100 µg ml−1 of streptomycin (Thermo Fisher). 
Cells were maintained in an incubator at 37 °C with 5% CO2.

Each 10 cm plate of HEK 293T cells at 70% confluency was transfected 
with a plasmid encoding POI-HA-CfaN-FLAG (5 µg per plate) with lipo-
fectamine 2000 (12 µl per plate) following the manufacturer’s instruc-
tions. After 6 h, the medium was aspirated and replaced with fresh 
medium. Transfection was performed for 24 or 48 h in an incubator 
at 37 °C with 5% CO2.

Protein trans-splicing for TMT-10-plex experiments
A total of 3 × 107 HEK 293T cells transfected with POI-HA-Cfa-N-FLAG 
were lysed by hypotonic lysis in 3 ml of RSB buffer (10 mM Tris buffer, 
15 mM NaCl, 1.5 mM MgCl2, Roche cOmplete EDTA-free protease inhibi-
tors, pH 7.6) for 10 min on ice. The crude nuclei were isolated by cen-
trifugation at 400g for 5 min at 4 °C. The nuclei were resuspended in 
3 ml of RSB buffer and homogenized with ten strokes of a loose pestle 
Dounce homogenizer and pelleted at 400g for 5 min at 4 °C. The nuclei 
were resuspended in cross-linking buffer (20 mM HEPES, 1.5 mM MgCl2, 
150 mM KCl, Roche cOmplete EDTA-free protease inhibitors, pH 7.6) 

and centrifuged at 400g for 5 min at 4 °C. Finally, the nuclei were resus-
pended in 300 µl of cross-linking buffer per 1 × 107 cells. To the isolated 
nuclei was added CfaC-Ir in cross-linking buffer (0.5 µM final concentra-
tion). The nuclei were incubated at 37 °C for 1 h.

The nuclei were isolated by centrifugation at 400g for 5 min at 4 °C 
and washed twice with cross-linking buffer (500 µl) to remove excess 
peptide. The pellets were then resuspended in 3 ml of cross-linking 
buffer containing diazirine–biotin conjugate (200 µM) and irradiated 
with blue light for between 45 and 90 s in the Penn PhD Photoreactor 
M2 at 100% light intensity at 4 °C. The nuclei were re-isolated by cen-
trifugation at 400g for 5 min at 4 °C and washed once with cross-linking 
buffer to remove excess biotin–diazirine. The washed pellets were then 
resuspended in 2 ml of LB3 buffer (10 mM Tris, 100 mM NaCl, 1 mM 
EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5% sodium lauroyl 
sarcosinate, pH 7.5) and sonicated using a Branson probe tip sonicator 
(12 cycles at 25% amplitude, 15 s on 15 s off on ice).

The lysed nuclei were then clarified through centrifugation at 15,000g 
for 20 min at 4 °C and the protein concentration of the supernatant was 
determined by BCA assay. Protein concentration was normalized across 
all experimental replicates and diluted to 1 mg ml−1 with binding buffer 
(25 mM Tris, 150 mM NaCl, 0.25% v/v NP-40, pH 7.5). Then 1 ml of each 
sample was incubated with 125 µl of prewashed magnetic Sepharose 
streptavidin beads (https://www.cytivalifesciences.com, no. 28985738) 
for 2 h at room temperature with end-over-end rotation. The beads 
were subsequently washed twice with 1% w/v SDS in PBS, twice with 
1 M NaCl in PBS and 10% ethyl alcohol in PBS ×3.

Experiments with ligand treatment
Following transfection, plated cells expressing POI-HA-Cfa-N-FLAG 
were treated with the small-molecule ligand for the specified amount 
of time (Supplementary Table 2). Following this, cells were scraped 
and pelleted as described previously. All buffers used in cell processing 
before irradiation (RSB, cross-linking) contained the ligand. Following 
irradiation, samples were treated as normal.

For proteomic analysis
Following streptavidin enrichment, the beads were resuspended in PBS 
(300 µl) and transferred to a new 1.5 ml LoBind tube. The supernatant 
was removed and the beads were washed with 3× PBS (0.5 ml) and 3× 
ammonium bicarbonate (100 mM).

The beads were resuspended in 500 µl of 3 M urea in PBS and 25 µl 
of 200 mM dithiothreitol in 25 mM NH4HCO3 was added. The beads 
were incubated at 55 °C for 30 min. Subsequently, 30 µl of 500 mM 
iodoacetamide in 25 mM NH4HCO3 was added and incubated for 30 min 
at room temperature in the dark. The supernatant was removed and the 
beads washed with 3× 0.5 ml of DPBS and 6× 0.5 ml of triethyl ammo-
nium bicarbonate (TEAB, 50 mM). The beads were resuspended in 
0.5 ml of TEAB (50 mM) and transferred to a new protein LoBind tube. 
The beads were resuspended in 40 µl of TEAB (50 mM), 1.2 µl of trypsin 
(1 mg ml−1 in 50 mM acetic acid) was added and the beads incubated 
overnight with end-over-end rotation at 37 °C. After 16 h, a further 0.8 µl 
of trypsin was added and the beads were incubated for an extra 1 h at 
37 °C. Meanwhile, TMT-10-plex label reagents (0.8 mg) (Thermo) were 
equilibrated to room temperature and diluted with 40 µl of anhydrous 
acetonitrile (Optima grade; 5 min with vortexing) and centrifuged.  
A total of 40 µl of each TMT reagent was added to the appropriate 
sample. The reaction was incubated for 2 h at room temperature. The 
samples were quenched with 8 µl of 5% hydroxylamine and incubated 
for 15 min. The samples were pooled in a new Protein LoBind tube and 
acidified with TFA (16 µl, Optima).

Mass spectra were obtained using an Orbitrap Fusion Lumos mass 
spectrometer at Princeton Proteomics Facility and analysed using 
MaxQuant53. TMT-labelled peptides were dried down in a SpeedVac,  
redissolved in 300 µl of 0.1% TFA in water and fractionated into 
eight fractions using the Pierce High pH Reversed-Phase Peptide 
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Fractionation Kit (no. 84868). Resulting MS/MS/MS data were searched 
in Maxquant against the Uniprot human protein database containing 
common contaminants. The proteinGroups.txt file was subsequently 
imported into Perseus (https://maxquant.net/perseus/)54. The data 
were then filtered on the basis of the following criteria, ‘only identi-
fied by site’, ‘reverse’ and ‘potential contaminant’. The resulting data 
were log2-transformed and median normalization was performed. 
FDR-corrected P values were determined by a two-sample t-test fol-
lowing the Benjamini–Hochberg procedure. The data were visualized 
by plotting as a volcano plot.

Procedure for mononucleosome IP
Two 10 cm plates of HEK 293T cells transfected with H2A-E92K-HA- 
CfaN-FLAG (approximately 30 million cells) and two 10 cm plates of 
HEK 293T cells transfected with H2A-HA-CfaN-FLAG (approximately 
30 million cells) were lysed in 1 ml of hypotonic lysis buffer (10 mM 
Tris, 15 mM NaCl, 1.5 mM MgCl2, Roche cOmplete EDTA-free protease 
inhibitors, 1 mM dithiothreitol, 5 mM sodium butyrate, pH 7.6) for 
10 min on ice and the nuclei were pelleted at 400g for 5 min at 4 °C. The 
nuclei were then resuspended in RSB + 1 mM dithiothreitol + 0.2% v/v 
Triton X-100 + 5 mM Na butyrate (500 µl per condition) and incubated 
on ice for 5 min. Nuclei were then pelleted at 400g for 5 min at 4 °C. The 
nuclei were washed once more with RSB + 1 mM dithiothreitol + 5 mM 
Na butyrate and centrifuged at 600g for 5 min at 4 °C.

The nuclei were then resuspended in 500 µl of MNase digestion buffer 
(10 mM Tris, 60 mM KCl, 15 mM NaCl, 2 mM CaCl2, pH 7.5) and were 
incubated at 37 °C for 10 min. MNase (5 µl, NEB) was then added to each 
condition for 10 min at 37 °C (digestion time varies by enzyme batch and 
must be determined for each experiment. A total of 2 µl of the digest was 
removed every 2 min and quenched by addition of 20 mM EGTA. These 
aliquots were run on a 1.2% agarose gel and the digestion efficiency 
visualized with ethidium bromide staining). Once digestion to mononu-
cleosomes was complete, the reaction was quenched with the addition 
of 20 mM EGTA on ice for 5 min. The sample was spun at 1,300g for 5 min 
at 4 °C and the supernatant was collected (fraction S1). A total of 500 µl 
of buffer TE + 5 mM Na butyrate (10 mM Tris, 1 mM EDTA, pH 8.0) was 
added to the pellet and the sample was rotated end-over-end at 4 °C 
for 30 min. The sample was spun at 13,000g for 5 min at 4 °C and the 
supernatant was collected (fraction S2). To 475 µl of S1 was added 475 µl 
of 2× buffer E (30 mM HEPES, 225 mM NaCl, 3 mM MgCl2, 0.4% Triton 
X-100, 20% v/v glycerol, pH 7.5) with constant vortexing dropwise for 
1 min. To 475 µl of S2 was added 237 µl of 3× buffer D (60 mM HEPES, 
450 mM NaCl, 4.5 mM MgCl2, 0.6 mM EGTA, 0.6% Triton X-100, 30% 
v/v glycerol, pH 7.5) with constant vortexing dropwise for 1 min. The 
samples were spun at 13,000g for 5 min at 4 °C. The two fractions were 
combined in a 5 ml LoBind Eppendorf tube and 30 µΛ of magnetic FLAG 
beads (Sigma M2 anti-FLAG magnetic beads; prewashed with 1× buffer 
D) were added per condition. The FLAG-IP was performed overnight 
with end-over-end rotation at 4 °C.

The beads were washed sequentially with 1× buffer D and 1× buffer 
D + 0.5% v/v Triton X-100 for 2 min each with rotation. A total of 40 µl of 
1× SDS loading buffer was added and the beads were boiled for 10 min. 
Samples were run on a 15% Tris gel for western blotting with appropri-
ate antibodies.

Procedure for assaying local DNA methylation
Mononucleosome isolation was performed as above from HEK 293T 
cells stably expressing H2A-HA-CfaN-FLAG or H2A-E92K-HA-CfaN-FLAG. 
Following this, mononucleosomes were enriched using 30 µl of mag-
netic FLAG beads (Sigma M2 anti-FLAG magnetic beads; prewashed 
with 1× buffer D) per condition. The FLAG-IP was performed overnight 
with end-over-end rotation at 4 °C.

The beads were washed sequentially with 1× buffer D and 1× buffer 
D + 0.5% v/v Triton X-100 for 2 min each with rotation. The beads were 
then washed twice with TE and resuspended in 200 µl of elution buffer 

(50 mM Tris-Cl (pH 8.0), 10 mM EDTA, 1% SDS) supplanted with 1 µl of 
proteinase K (20 µg µl−1). The samples were rotated at 55 °C for 2 h. Fol-
lowing this, the samples were centrifuged at 10× 1,000g for 1 min before 
being pelleted on a magnetic rack. The supernatants were transferred 
to clean LoBind tubes. The beads were then resuspended in 100 µl of 
elution buffer supplanted with 1 µl of proteinase K (20 µg µl−1) and 
rotated at 55 °C for a further 2 h. Again, the samples were centrifuged 
at 10,000g for 1 min before being pelleted on a magnetic rack and the 
supernatants transferred to clean LoBind tubes. The supernatants were 
combined (in each replicate) and the eluted DNA was purified using 
a Monarch PCR & DNA Cleanup Kit according to the manufacturer’s 
instructions.

The eluted DNA was then digested using the Nucleoside Digestion 
Mix (NEB: M0649S) following the manufacturer’s instructions. Digested 
nucleotide mixtures were then analysed by MS and the ratio of dC to 
methylated dC was calculated and normalized to global methylation 
levels. Briefly, LC–QQQ–MS quantitation of digested deoxynucleo-
sides was performed following literature precedent55 using a dynamic 
multiple reaction monitoring method on an Agilent 1260 LC Infinity II 
system coupled to an Agilent 6470 triple quadrupole mass spectrom-
eter in positive ion mode. An InfinityLab Poroshell 120 SB C18 Column  
(Agilent, 683775-906(T), 2.7 µm particle size, 2.1 × 150 mm2) was used 
for all analyses with a gradient composed of 0.1% formic acid in water (A)  
and acetonitrile (B) at 0.4 ml min−1 flow rate. The following mass spec-
trometer operating parameters were used: gas temperature 325 °C, gas 
flow rate 12 l min−1, nebulizer pressure 20 p.s.i., capillary voltage 2,500 V 
and fragmentor voltage 70 V; collision energy was set to 14 for dC  
and 7 for m5dC. The MS1 (parent ion) to MS2 (deglycosylated base ion) 
transition for dC was set to m/z 228.1→ 112 and m/z 242.1→126 for m5dC. 
Commercially available deoxyribonucleosides were used to generate 
standard curves and the concentration of m5dC was normalized to 
dC concentration. Data quantification was performed with Agilent 
MassHunter Workstation Data Acquisition v.10.0.6.

Subcellular fractionation
One 10 cm plate of HEK 293T cells was transfected with the denoted 
plasmids and these were collected as previously described. Cells were 
lysed in hypotonic lysis buffer (10 mM Tris, 15 mM NaCl, 1.5 mM MgCl2, 
PI, pH 7.6) on ice for 10 min, followed by centrifugation at 400g for 5 min 
at 4 °C. The supernatant was removed (cytosolic fraction) and the pellet 
was resuspended in hypotonic lysis buffer + 1% v/v Triton X-100. Nuclei 
were lysed with ten strokes of a tight pastel homogenizer followed 
by centrifugation at 10,000g for 10 min at 4 °C. The supernatant was 
removed (nucleoplasmic fraction) and RIPA buffer was added to the 
pellet. The sample was sheared by probe sonication (2 × 10 s total, 25% 
amplitude, 1 s on, 1 s off) to yield the chromatin fraction. SDS loading 
buffer was added and the samples were analysed by western blotting 
using the indicated antibodies.

Recombinant nucleosome immunoprecipitation
Nuclear lysate was prepared as before. Following this, biotinylated 
nucleosomes (https://www.epicypher.com/products/nucleosomes/
mutant-nucleosomes/) were immobilized on streptavidin T1 magnetic 
dynabeads (MyOne, Thermo Fisher) in BB150 (20 mM HEPES pH 7.5, 
150 mM NaCl, 10% glycerol, 1 mM dithiothreitol, 0.1% NP-40) by rota-
tion for 2 h at 4 °C. A total of 60 µg of nucleosomes were incubated 
with 150 µl of resuspended resin in 1 ml of BB150. Streptavidin-bound 
nucleosomes were rinsed twice and washed for 30 min by rotating 
with 1 ml of BB150 at 4 °C and divided equally into three tubes. Nuclear 
lysate (700 µg) was mixed with 300 µl of BB150 and centrifuged at 
10,000g for 10 min at 4 °C before adding to nucleosome-bound  
streptavidin beads.

The mixture was rotated for 2 h at 4 °C after which the beads were 
rinsed twice with 0.5 ml of BB150 and then rotated for 1 h at 4 °C with 
0.5 ml of BB150. Washed dynabeads were moved to new tubes with about 

https://maxquant.net/perseus/
https://www.epicypher.com/products/nucleosomes/mutant-nucleosomes/
https://www.epicypher.com/products/nucleosomes/mutant-nucleosomes/
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500 µl of BB150, the beads were pelleted on a magnetic rack and the 
buffer was aspirated, washed beads were then centrifuged at 800g for 
2 min at 4 °C and aspirated again to remove residual buffer. Beads were 
then resuspended in 15 µl of 2× gel loading buffer (Bio-Rad) and boiled 
for 5 min before being pelleted on a magnetic rack. Eluted proteins 
were then analysed by western blotting using the indicated antibodies.

ATAC-seq analysis
ATAC-seq analysis was performed by Genewiz. Briefly, cells stably 
expressing H2A-HA-CfaN-FLAG or H2A(E92K)-HA-CfaN-FLAG were col-
lected and cryopreserved before delivery to Genewiz for analysis. Both 
conditions were analysed over four biological replicates.

RNA-seq analysis
RNA-seq analysis was performed by Genewiz. Briefly, cells stably 
expressing H2A-HA-CfaN-FLAG were treated with either JQ-1 (1 µM for 
3 h) or pinometostat (2.5 µM for 24 h) collected and cryopreserved 
before delivery to Genewiz for analysis. Four biological replicates were 
performed for each condition.

Generation of stable cell lines
Constructs were cloned into a pCDH-CMV-MCS-EF1-Puro expression 
vector using standard restriction cloning procedures. Lentiviral cell 
lines were generated using established methods.

Statistics and reproducibility
Statistical analyses were performed using Prism (GraphPad). P values 
were determined by paired t-tests as appropriate and as listed in the 
figure legends. The statistical significances of differences (*P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001) are specified throughout the 
figures and legends. We analysed GO using Metascape56. Heatmap 
was generated using Heatmapper (Heatmapper.ca)57. Expression and 
splicing blots were repeated successfully three times. Proteomics 
experiments in Figs. 2h, 3a, 4b, 4c and 4f have been performed once.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All relevant data are included in the manuscript and Supplementary 
Information. Mass spectrometry data files have been uploaded to the 
MassIVE proteomics database PXD038956 (ftp://massive.ucsd.edu/
MSV000090929/). Sequencing data are available on the GEO database 
(GSE221674).
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Extended Data Fig. 1 | Supporting data for H3.1 vs CENP-A and H2A WT vs 
H2A E92K experiments. Anti-FLAG western blot for the expression of 
H3.1-HA-CfaN-FLAG, H3.1 (4xAla)-HA-CfaN-FLAG (not used in MS experiment) 
and CENP-A-HA-CfaN-FLAG. H4 visualized by coomassie blue stain is provided 
as a loading control. MW of H3.1-HA-Cfa-N-FLAG = 29,365 Da. B) GO analysis of 
proteins enriched in H3.1 samples. Data shows significant GO terms related to 
Chromatin organization, remodelling, and epigenetic control of gene 
expression. Analysis performed using metascape. C) Anti-FLAG western blot 

for the expression of H2A-HA-CfaN-FLAG and H2A-E92K-HA-CfaN-FLAG. H4 
visualized by coomassie blue stain is provided as a loading control. D) In-nuclei 
splicing reactions for H2A (WT) and H2A (E92K) constructs in the presence of 
CfaC-Ir (referred to as Int) and control as visualized by anti-HA and anti-FLAG 
western blot. H4 visualized by coomassie blue stain is provided as a loading 
control. MW of H2A-HA-CfaN-FLAG = 28,121 Da. For blot source data, see 
Supplementary Fig. 1.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Interactome of acidic patch triple mutant and 
comparison to H2A E92K. A) Left: Anti-FLAG western blot for the expression 
of H2A-HA-CfaN-FLAG and H2A-3xAla-HA-CfaN-FLAG. Note, 3xAla refers to the 
acidic patch mutations E61A, E90A and E92A in H2A. Right: In-nuclei splicing 
reactions for H2A (WT) and H2A (3xAla) constructs in the presence of CfaC-Ir as 
visualized by anti-HA and anti-FLAG western blot. B) Graphic representing a 
comparative experiment between H2A (WT) and H2A (3xAla). C) Volcano plot 
derived from a two-sided t-test showing proteins enriched in a comparative 
proteomics study between H2A (WT) and H2A (3xAla) using the µMap 
workflow. Proteins are highlighted that represent acidic patch binders and 
chromatin remodelers, and are colour coded according to the remodelling 
complex they belong to. FDR values were calculated using the Benjamini–

Hochberg procedure, as described in Methods. D) Table showing known 
chromatin remodelling complexes that are enriched in the µMap dataset 
between H2A (WT) and H2A (3xAla). Proteins are colour coded by enrichment. 
Blue = Log2FC >0.5, FDR <0.05. Cyan = Meets FDR requirement, FDR <0.05.  
Red = Not enriched. Black = Not in dataset. Data shows that nucleosome 
binding for most (80%) of all complex members is affected by the deletion of 
the H2A acidic patch. E) Venn diagram showing overlap in the loss of function 
proteins in the H2A (WT) vs H2A (E92K) and H2A (WT) vs H2A (3xAla) datasets. 
Approximately two thirds of the hits (Log2FC >0.5, FDR <0.05) observed in the 
H2A (E92K) experiment are also hits in the H2A (3xAla) experiment. For blot 
source data, see Supplementary Fig. 1.
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Extended Data Fig. 3 | Measurement of relative quantities of transfected 
histone H3.1. A) Representative western blot showing relative concentrations 
of native H3 and transfected H3.1-HA-CfaN-FLAG. B) Bar graph showing relative 

intensities of transfected and native H3. N = 6 independent biological 
replicates, (**** = P < 0.0001). Over 6 replicates transfected histones make up 
≈1/12 of all histone H3. For blot source data, see Supplementary Fig. 1.



Extended Data Fig. 4 | Comparison of proteomics data obtained from 
stable cell lines. To compare the effects of stable expression on µMap we 
conducted our two core workflows in HEK 293T cells expressing H2A-HA-CfaN- 
FLAG and/or H2A(E92K)-HA-CfaN-FLAG. A) Anti-FLAG western blot showing 
stable expression of H2A-HA-CfaN-FLAG and H2A(E92K)-HA-CfaN-FLAG  
at the indicated viral titre. Ponceau staining is provided as a loading control.  
B) Left: Volcano plot derived from a two-sided t-test showing µMap target ID 
experiment with JQ-1 in stably expressing cells with 1 µM JQ-1. Data is consistent 

with transiently transfected cell lines. Right: Volcano plot derived from a 
two-sided t-test showing µMap experiment comparing wild-type and E92K 
interactomes. C) Comparison of H2A (WT) vs H2A (E92K) proteomics hits from 
transiently transfected cells compared to stably expressing cells. Table shows 
the four proteins investigated in this study. D) Venn diagram showing all 
proteins in common between datasets (Log2FC >0.5, FDR <0.05). Overlap is 
observed for key chromatin modifying proteins. For blot source data, see 
Supplementary Fig. 1.
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Extended Data Fig. 5 | ATAC-Seq extended data. A) Hierarchical clustering 
analysis: Read counts in merged peaks are used to calculate distances between 
samples and generate a heatmap of sample-to-sample relationships. Data 
shows strong association between replicates. B) Differential binding analysis: 
The R package DiffBind is used for differential region of interest (ROI) 
detection using FDR <= 0.05 as a cutoff. Peaks that have a fold change below 
zero and FDR <= 0.05 indicate regions with lower accessibility. Peaks with a  
fold change greater than zero and FDR <= 0.05 indicate regions with higher 

accessibility. C) Average ATAC-seq profile across all samples at annotated 
transcription start sites (TSS’s): Data shows the average profile of ATAC-seq 
peaks falling within +/− 3Kb of annotated TSS sites genome-wide. D) Differential 
peak annotation: Peaks are annotated based on genomic features they overlap. 
When annotations overlap, assignment priorities are Promoter > 5′UTR > 
3′UTR > Exon > Intron > Downstream > Intergenic. E) Histogram of overlapping 
features under merged peaks, ranked by number of peaks. F) Distribution of 
genomic distance from peak summits to the nearest TSS.



Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | APEX2 comparison – Validation. Comparison of µMap 
to APEX approaches: A) Key experiments in this study were repeated using 
previously reported APEX2 methodology according to the published procedure: 
Hung, V., Udeshi, N., Lam, S. et al. Spatially resolved proteomic mapping in living 
cells with the engineered peroxidase APEX2. Nat Protoc 11, 456–475 (2016). 
10.1038/nprot.2016.018. B) Western blot showing relative levels of biotinylation 
in the fractionated nuclear, cytosolic and membrane proteome. Data shows that 
the APEX construct is localized to the nucleus. C) Western blot showing data 
from a 9-plex experiment representing two different experiments (H2A (WT) vs. 
H2A (E92K) and H2A ± JQ-1; each N = 3). H2A-APEX2 expression and levels of 
biotinylation are even across all replicates. MW: H2A-HA-APEX2-FLAG = 41,981 Da. 
D) Fractionation of HEK 293T cells transfected with either H2A-APEX or  
H2A-CfaN shows that expressed HA-tagged histone fusion proteins are localized 

to the chromatin fraction. Left) Anti-HA western blot showing H2A-HA-APEX2-
FLAG localization in different cellular fractions. Appropriate loading controls 
are provided. Right) Anti-HA western blot showing H2A-HA-CfaN-FLAG 
localization to different cellular fractions. Appropriate loading controls are 
provided. E) Volcano plots derived from a two-sided t-test showing comparison 
of results obtained from APEX2 proximity labelling and µMap experiments for 
H2A (WT) vs H2A (E92K). F) Model for interactomes detected using APEX2 and 
Iridium conjugated nucleosomes. The short radius of µMap only allows labelling 
of proteins directly interacting with the expressed nucleosome. The longer 
radius of APEX2 leads to additional labelling of the wild-type nucleosomal 
interactomes that border the expressed histone, leading to significant 
reduction in signal to noise. For blot source data, see Supplementary Fig. 1.



Extended Data Fig. 7 | Supporting data for H2A ± JQ-1 and Pinometostat. 
 A) In nucleo splicing reactions for H2A-CfaN constructs in the presence of 
CfaC-Ir as visualized by anti-HA/anti-FLAG western blot. Left (untreated cells), 
middle (cells treated with JQ-1), right (cells treated with Pinometostat). MW of 
H2A-HA-CfaN-FLAG = 28,121 Da. B) Treatment of HEK 293T cells with pinometostat 
for 24 h (0, 0.5, 2.5 µM) results in ≈60% decrease in H3K79 dimethylation, as 
visualized by western blotting with an anti-H3K79me2 antibody. Histones H3, 

H2A, and H2B, stained by coomassie blue, are provided as a loading control.  
C) Volcano plots derived from a two-sided t-tests comparing APEX2 target ID 
proximity labelling to µMap target ID for H2A ± JQ-1. D) Volcano plot derived 
from a two-sided t-test for comparison of H2A ± JQ-1 at two different treatment 
concentrations (5 µM (left) and 1 µM (right)). E) Chart comparing the observed 
log2 (fold change) values returned for BRD2/3/4 at the indicated treatment 
concentrations. For blot source data, see Supplementary Fig. 1.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | RNA-Seq data. A) The global transcriptional change 
across the groups (WT vs JQ-1) compared was visualized by a volcano plot 
derived from a two-sided t-test. Each data point in the scatter plot represents a 
gene. The log2 fold change of each gene is represented on the x-axis and the 
log10 of its adjusted p-value is on the y-axis. Genes with an adjusted p-value less 
than 0.05 and a log2 fold change greater than 1 are indicated by red dots. These 
represent up-regulated genes. Genes with an adjusted p-value less than 0.05 
and a log2 fold change less than −1 are indicated by blue dots. These represent 
down-regulated genes. B) A bi-clustering heatmap was used to visualize the 
expression profile of the top 30 differentially expressed genes (WT vs JQ-1) 
sorted by their adjusted p-value by plotting their log2 transformed expression 

values in samples. This analysis is useful to identify co-regulated genes across 
the treatment conditions. C&D) The same analysis was performed on (WT vs 
Pinometostat) samples. E) Table showing RNA-seq fold changes and P values for 
proteomic hits in from H2A vs H2A +JQ-1 experiment. Data strongly suggests 
that enrichment is due to proximity and not global changes in gene expression. 
F) Table showing RNA-seq fold changes and P values for proteomic hits in from 
H2A vs H2A + Pinometostat experiment. Data strongly suggests that enrichment 
is due to proximity and not global changes in gene expression Importantly, 
genes enriched in proteomic analysis were NOT enriched in RNA-seq, showing 
enrichment is based on proximity, rather than changes in gene expression 
caused by ligand treatment.
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Extended Data Fig. 9 | Validation of RBP1 expression and splicing. Left: 
Anti-HA western blot for the expression of RBP1-HA-CfaN-FLAG. H4 visualized 
by coomassie blue stain is provided as a loading control. Middle: In nucleo 
splicing reactions for RBP1-HA-CfaN-FLAG in the presence of CfaC-biotin (+) as 
visualized by streptavidin-800. H4 visualized by coomassie blue stain is 

provided as a loading control. Right: Labelling of nuclear proteins after 
installation of Ir photocatalyst (45 and 90 s irradiation with blue LEDs) versus 
free Ir control as visualized by streptavidin-800. MW of RBP1-HA-CfaN-FLAG = 
231,290 Da. For blot source data, see Supplementary Fig. 1.



Extended Data Fig. 10 | Volcano plots of all proteomics experiments 
analysed with two unique peptide filter. Volcano plots derived from a 
two-sided t-tests for MS experiments. All proteins presented require two 

unique peptides found across all replicates. Cut-offs are Log2FC >0.5 and  
FDR <0.05. For blot source data, see Supplementary Fig. 1.
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