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Interactions between biomolecules, particularly proteins, un-

derlie 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 ef-

fects.1,2 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 health.1 However, in the complex environment of the 

nucleus it is challenging to determine protein-protein interac-

tions due to low abundance, transient or multi-valent binding, 

and a lack of technologies that are able to interrogate these in-

teractions without disrupting the protein binding surface un-

der study.3 Chromatin remodelers, modifying enzymes, in-

teractors, and transcription factors can all be redirected by 

subtle changes to the microenvironment, causing global 

changes in protein expression levels and subsequent physiol-

ogy. Here, we describe the Chroma-µMap method for the 

traceless incorporation of Ir-photosensitizers into the nuclear 

microenvironment using engineered split inteins. These Ir-cat-

alysts can activate diazirine warheads to form reactive car-

benes within a ~10 nm radius, cross-linking with proteins 

within the immediate microenvironment for analysis via quan-

titative chemoproteomics.4 We demonstrate this concept on 

nine different nuclear proteins with varied function and in 

each case, elucidating their microenvironments. Additionally, 

we show that this short-range proximity labeling method can 

reveal the critical changes in interactomes in the presence of 

cancer-associated mutations, as well as treatment with small-

molecule inhibitors. Chroma-µMap improves our fundamental 

understanding of nuclear protein-protein interactions, as well 

as the effects that small molecule therapeutics have on the local 

chromatin environment, and in doing so is expected to have a 

significant impact 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 biology.5 The enormous challenges associated 

with this undertaking are magnified in the nucleus where transient 

and multi-valent interactions, fine-tuned by post-translational 

modifications (PTMs), combine to choreograph DNA-templated 

processes such as transcription.6 Perturbations to these regulatory 

mechanisms often leads to disease,7 for example, somatic muta-

tions that alter the composition and activity of chromatin-associ-

ated protein complexes are implicated in many human cancers and 

developmental disorders.8 9,10 Moreover, recent studies have shown 

that histone proteins are themselves frequently mutated in can-

cers.11–13 Understanding how these mutations lead to, or perpetuate 

disease, is the focus of intense investigation,11–13 work that neces-

sitates accurate comparative mapping of chromatin-associated PPI 

networks as a function of altered cell states.1 

 

The elucidation of nuclear PPIs has typically been performed by 

immunoprecipitation/mass spectrometry (IP/MS) workflows, 

where antibodies recognizing selected proteins are used to enrich 

their target along with direct interactors.14 However, IP/MS ap-

proaches rely on nuclear lysates as input, which may not be ideal 

for every system, 15,16 especially when the interactions are transient 

in nature (e.g. PTM-driven) or require multi-protein complexes 

that bridge native chromatin.17,18,19 This has fuelled the develop-

ment of chemo-proteomics approaches such as those based on pho-

tocrosslinking20,21 or proximity labeling22–24 technologies that seek 

to capture PPIs in a native-like environment. Despite these ongoing 

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 (Figure 1a). To address this need we envisioned the 

union of technologies recently disclosed by our two laboratories, 

µMap4 and in nucleo protein trans-splicing,20 to enable a traceless, 

short-range proximity labeling method that can be readily deployed 

to any nuclear protein target. Protein trans-splicing using ultra-fast 

and bioorthogonal split inteins facilitates the installation of Ir-pho-

tocatalysts onto the N- or C-termini of target proteins. Upon irra-

diation with blue LEDs in the presence of a biotin-diazirine probe, 

localized carbene generation allows interactomes to be determined, 

specifically those within ~10 nm of the iridium-centered photo-

catalyst (Figure 1b). 

 

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 labeling 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 het-

erogeneity of chromatin.25 Furthermore, 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 (e.g. 

in comparison to fusion proteins), allowing the study of modifica-

tions that only minimally change the native interactome. 

 

We began our studies by fusing the N-terminal fragment of the en-

gineered Cfa split intein (CfaN)26,27 to the C-terminus of histone 
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H3.1. For analytical convenience, we also included HA and FLAG 

epitope tags flanking the intein (Figure 2a). Expression of this con-

struct (H3.1-HA-CfaN-FLAG) in HEK293T cells led to its incor-

poration into chromatin (Figure 2b). We then treated nuclei iso-

lated from these transfected cells with the complementary split in-

tein fragment (CfaC) linked to the iridium photocatalyst (Figure 

S1). This resulted in the site-selective incorporation of the photo-

catalyst onto the C-terminus of H3.1 through in nucleo protein 

trans-splicing (Figure 2b). Irradiation of these nuclei in the pres-

ence of the diazirine-biotin probe (Dz-Bt) led to dramatically en-

hanced protein labeling compared to a control reaction in which 

H3.1-HA-CfaN-FLAG expressing nuclei were treated with a free 

Ir-photocatalyst (Figure 2b). Importantly, elution from streptavidin 

beads showed strong enrichment of histone H3 by western blot 

(Figure 2b).  

 

Encouraged by this, we established a tandem mass tag (TMT)-

based quantitative chemo-proteomics workflow to determine the 

interactome for H3.1 versus a free Ir control and the centromere-

specific H3 variant CENP-A (Figure 2c, Figure S2&3 & Table S1–

3). Each Chroma-µMap experiment was performed in triplicate, 

with the Ir-appended protein of interest enriched in each case. 

Comparison of the H3.1 vs CENP-A interactomes returned estab-

lished H3.1 modifying enzymes (e.g. EHMT2, SUV39H1) and 

reader proteins (e.g. HP1 isoforms) (Figure 2c,g, Table S1–3).28 

CENP-A interacting proteins included HJURP and both members 

of the FACT complex (SSRP1 & SPT16), responsible for the dep-

osition of CENP-A into chromatin (Figure 2c).29,30 Interactomes for 

histone H4 and H2A were also obtained versus the free Ir control 

(Figure 2d, e, g, Figure S4&5 and Table S4&5), with histone-spe-

cific interactors observed (e.g. BRD2 & PHF8 for H4).  

 

We then extended our analysis to the linker histone H1. Tradition-

ally considered a chromatin architectural protein, there is emerging 

evidence that this nucleosome binding protein can also function as 

a PPI hub, although this remains an understudied area of chromatin 

biology.31 Here, we compared the interactomes of two linker his-

tone isoforms, H1.1 and H1.3, along with the free Ir control (Figure 

2f,g, Figure S6–9, Table S6&7). We found 506 shared hits between 

the two isoforms, consistent with the high sequence homology be-

tween the proteins. Fewer unique interactors were observed, with 

33 and 27 unique proteins observed for H1.1 and H1.3, respec-

tively (Figure S8, Table S6&7). Heatmap analysis of these data 

 
Figure 1 | Development of a catalytic labeling 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 photoprox-

imity labeling. Ir-photocatalysts can be incorporated into nuclear proteins via protein trans-splicing. The N-terminal fragment of the engineered Cfa 

split intein (CfaN) is fused to a target nuclear protein, while the complementary C-terminal fragment (CfaC) is linked to the photocatalyst. In nucleo 

splicing provides Ir-conjugated nuclear proteins. Comparative chemoproteomic analysis reveals how a given perturbation (e.g. a mutation or drug 

treatment) affects local interactomes, providing insights into the mechanistic basis for disease or therapy. 

 



Figure 2 | Chroma-µMap proximity labeling can discriminate between histone interactomes. a, Programmable incorporation of iridium photo-
catalysts into proteins of interest (POI) can be achieved by transfection of POI-HA-CfaN-FLAG constructs. b, 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 (left panel). Biotinylation of nuclear proteins, as detected by streptavidin blotting, is dependent on irradiation, CfaC-Ir and the 
diazirine probe (middle, right panels). H3 is enriched following labeling and streptavidin enrichment. c-f, Volcano plots displaying proteins enriched 
in a series of comparative proteomics studies using the Chroma-µMap workflow. Select proteins discussed in the main text are highlighted.  Panel c 
shows proteins enriched in H3.1-Ir vs CENPA-Ir, whereas in the other panels the comparison is made with the free iridium catalysts added to the 

cells (i.e. not conjugated to the POI). The structure of the nucleosome (pdb code: 7K5X) in the center is color-coded to match the histone proteins 
under investigation. FDR values were calculated using the Benjamini–Hochberg procedure, as described in the Methods. g, Heatmap analysis of 
chromatin-associated protein enrichment across the 6 histones studied vs. free Ir-catalyst.  

 



showed significant differences across all six histones studied (Fig-

ure 2g, Figure S10), suggesting that µMap can provide interactome 

data for distinct protein surfaces within a short radius. For example, 

we observed that histone H2A clustered more closely with the 

linker histones than to H4 or the H3 variants, perhaps reflecting the 

position of the H2A C-terminus (i.e. where the Ir photocatalyst is 

attached) at the DNA entry-exit site, the region where the globular 

domain of H1 also engages the nucleosome32 (Figure S11). 

 

Next, we expanded the scope of the Chroma-µMap workflow to 

include the nuclear proteins SMC1A, a member of the cohesin 

complex, and the transcription factor CTCF (Figure S12–15, Table 

S8&9). These photo-proximity labeling analyses revealed enrich-

ment of the bait proteins in addition to known interactors (e.g. 

  

 
Figure 3 | µMap as a method to uncover oncogenic function of the somatic mutation H2A E92K. a, The histone acidic patch provides a crucial 
dock for chromatin regulatory complexes. Such complexes exploit an arginine “anchor” residue to anchor to the nucleosome surface (pdb: 1kx5). 
H2A E92K is associated with stomach and oesophageal cancers and alters the electrostatic potential of the acidic patch. b, A volcano plot displaying 

protein interactors from the Chroma-µMap method comparing H2A vs H2A E92K. Select proteins are highlighted. FDR values were calculated 
using the Benjamini–Hochberg procedure, as described in the Methods. c, Comparative GO analysis for wt vs E92K hits. Consistent with the role 
of the acidic patch, GO terms are de-enriched in the E92K mutant. d, Selected proteins enriched by wt H2A over H2A E92, consistent with E92K 
disrupting binding of chromatin affectors to the acidic patch. e, Increased local acetylation of histone H4 is observed in the presence of H2A E92K, 
as determined by mononucleosome immunoprecipitation experiments. Western blot analysis showed an increase (2.1 +/- 0.33 error) in acetylation 
in the E92K mutant compared to wild type. Histogram shows change in acetylation levels on H4 normalized to wild-type as determined by densi-
tometry analysis of western blots (s.e.m. n=4). 



SMC1B and WAPAL for SMC1A, and MAFb for CTCF)33,34. In-

triguingly, BHLHE40,35,36 a basic helix-loop-helix transcription 

factor implicated in circadian rhythm37 and immunity38, was highly 

enriched in both datasets, suggesting it may play a role in cohe-

sin/CTCF based chromatin reorganisation.35 

 

With the basic chemo-proteomics workflow established, we next 

attempted to map how histone PPIs are perturbed through muta-

tion. Recent sequencing of patient tumour samples identified 

>4,000 histone mutations associated with a wide range of can-

cers.11–13,39 Determining whether such mutations drive oncogenesis 

and cancer progression, or are simply passenger mutations, is crit-

ical to identifying novel opportunities for therapeutic intervention. 

We sought to apply our method to the cancer-associated histone 

mutation H2A E92K, which is correlated with oesophageal and 

stomach cancers and aggressive disease progression.13 This muta-

tion introduces a charge swap within the critical acidic patch inter-

action motif on the nucleosome, into which arginine residues of 

interacting proteins are known to anchor.40–43 We hoped that our 

methodology could shed light on to what extent chromatin PPIs are 

perturbed by this oncohistone mutation (Figure 3a).  

 

We found the local chromatin microenvironment is indeed sensi-

tive to the H2A E92K mutation (Figure 3b,d, Figure S4, Table 

S10). GO analysis revealed diminished enrichment of proteins re-

lated to chromatin modification and reorganization as a function of 

the perturbed acidic patch (Figure 3c). Intriguingly, SIRT6, a 

deacetylase, was enriched in the wild-type sample, whereas the 

transcriptional activators, BRD2/3/4 were all enriched by E92K. 

Taken together, this suggests the mutation acts to block histone ly-

sine deacetylase activity, resulting in increased local acetylation 

and binding of associated reader proteins. To support this hypoth-

esis, we expressed both wild-type and H2A E92K histones in HEK 

293T cells and isolated intact mononucleosomes by anti-FLAG im-

munoprecipitation (Figure 3e). We found global lysine acetylation 

was increased 2-fold in the mutant nucleosomes over wild-type, 

with a particular increase observed on H4. This effect is striking 

given that we are likely only enriching one copy of the mutant his-

tone per nucleosome due to presumed stochastic incorporation.44,45 

These data demonstrate that the resolution provided by our prox-

imity labeling method can be used to uncover molecular level de-

tails for gain-of-function or loss-of-function interactions in the nu-

cleus in a single experiment.  

 

Excited by this, we posited that our method could be used to deter-

mine the roles of small molecule ligands in the chromatin micro-

environment (Figure 4a). Epigenetic drug discovery has become a 

critical focus for therapeutic intervention, encompassing dozens of 

targets across a range of therapeutic areas.3 We began by examin-

ing the effects that the bromodomain inhibitor JQ-1 has on chro-

matin (Figure 4b). JQ-1 is known to target the BET family of bro-

modomain containing readers (BRD2/3/4), with analogues pro-

gressing through the clinic.46,47 We theorized that Chroma-µMap 

would be sensitive enough to measure the effects that BRD inhibi-

tion would have on the chromosomal microenvironment. To probe 

this, we compared the interactomes of Ir-conjugated H2A in the 

presence or absence of 5 µM JQ-1 (Figure 4b, Figure S16, Table 

S11). BRD2/3/4 were all significantly enriched in the untreated 

sample, consistent with blocking bromodomain-nucleosome inter-

actions. The known JQ-1 off-target SOAT148  was also enriched in 

the untreated sample.  

 

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 microenvironment.49,50 DOT1L was enriched in 

the untreated sample, as were several proteins related to transcrip-

tional activation, including BRD2/3/4 and POLR2E (Figure 4c. 

Figures S16&17, Table S12). This observation is consistent with 

previous reports demonstrating that H3K79 methylation leads to 

recruitment of the acetyltransferase P300, subsequent BRD recruit-

ment, and transcriptional activation.50 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 ef-

fects. 

 

Finally, we applied our method to RNA polymerase II (POL II), 

which is responsible for transcribing protein-encoding genes in a 

highly regulated process involving the sequential association of 

multiple protein complexes.51–53 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 depend-

ent 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 mole-

cule ligand AT7519, a pan-CDK inhibitor, has been developed to 

probe this strategy in the context of multiple myeloma and is cur-

rently in phase 1 clinical trials (Figure S18).54 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 transcrip-

tional cycle POL II is arrested by AT7519 treatment.  

 

To assess this, we expressed RPB1-CfaN in HEK 293T cells, where 

the intein is fused to the C-terminus of the CTD (Figure S19&22). 

The Chroma-µMap workflow was then performed in the presence 

and absence of AT7519 (Figure 4d, Figure S20, Table S13). On-

tology analysis of the RPB1 interactome (vs. free Ir-catalyst) 

showed good agreement with the known functions of POL II (Fig-

ure 4e, Figure S21, Table S14), with metabolism of RNA being 

highly enriched (>60 -Log P-value). Comparing our treated and 

untreated datasets revealed CDK11, 9, and 1 to be enriched in the 

untreated sample, consistent with wide-ranging CDK inhibition by 

AT7519 (Figure 4d).54 Mediator complex subunits in addition to 

several transcription factors were enriched in the treated sample, 

suggesting CDK inhibition halts the progression of POL II at the 

pre-initiation complex, before CTD phosphorylation and associa-

tion of the NELF and DSIF complexes.55 Intriguingly, cyclin T1, a 

member of the TEF complex was also enriched in the AT7519 

treated sample, despite its binding partner CDK9 showing the op-

posite enrichment.  

 

Conclusion 

In summary, we have developed a photocatalytic proximity label-

ing technology that can be deployed across the nuclear proteome. 

The short range diazirine activation mechanism allows the collec-

tion of highly precise interactomics data that is sensitive to single 

amino acid mutations 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. Additionally, this method is an ef-

fective tool for ligand target-ID in chromatin, identifying on- and 

off-target proteins, and revealing how treatment with these mole-

cules impacts local chromatin interactomes. 



 
  

 
Figure 4 | Interactome mapping of nuclear proteins to assess ligand interactions. a, Performing the Chroma-µMap workflow in the presence of 
a bioactive ligand unveils protein-protein interactions that are disrupted or promoted by ligand treatment. This method can provide nuclear target 

identification data. b, Volcano plot displaying the H2A interactome vs H2A + 10 µM JQ-1 (structure shown at left). This method identifies BRD2/3/4 
as JQ-1 target proteins in addition to known off-target SOAT1. c, Volcano plot displaying the H2A interactome vs H2A + 2.5 µM pinometostat. 
Pinometostat target DOT1L is enriched, in addition to several proteins associated with loss of H3K79me. d, RNA Pol II transcription is controlled 
by phosphorylation of the CTD. AT7519 inhibits CTD phosphorylation, stalling transcription. Volcano plot displaying RPB1-Ir vs RPB1-Ir + 5 µM 
AT7519. FDR values were calculated using the Benjamini–Hochberg procedure, as described in the Methods. e, GO analysis of POL II interactome 
indicates the identified interactome is significantly related to the annotated role of RNA Pol II. Analysis performed on hits from RPB1-Ir vs Ir. 
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