
Parallel Proteomic and Transcriptomic Microenvironment Mapping
(μMap) of Nuclear Condensates in Living Cells
Steve D. Knutson, Chenmengxiao Roderick Pan, Niels Bisballe, Brandon J. Bloomer, Philip Raftopolous,
Iakovos Saridakis, and David W. C. MacMillan*

Cite This: J. Am. Chem. Soc. 2025, 147, 488−497 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cellular activity is spatially organized across differ-
ent organelles. While several structures are well-characterized,
many organelles have unknown roles. Profiling biomolecular
composition is key to understanding function but is difficult to
achieve in the context of small, dynamic structures. Photoproximity
labeling has emerged as a powerful tool for mapping these
interaction networks, yet maximizing catalyst localization and
reducing toxicity remains challenging in live cell applications. Here,
we disclose a new intracellular photocatalyst with minimal
cytotoxicity and off-target binding, and we utilize this catalyst for
HaloTag-based microenvironment-mapping (μMap) to spatially
catalog subnuclear condensates in living cells. We also specifically
develop a novel RNA-focused workflow (μMap-seq) to enable parallel transcriptomic and proteomic profiling of these structures.
After validating the accuracy of our approach, we generate a spatial map across the nucleolus, nuclear lamina, Cajal bodies,
paraspeckles, and PML bodies. These results provide potential new insights into RNA metabolism and gene regulation while
significantly expanding the μMap platform for improved live-cell proximity labeling in biological systems.

■ INTRODUCTION
Membraneless organelles and condensates have challenged
traditional perspectives on cellular physiology and emerged as
key players in regulating gene expression and cell function.1,2

Dysregulation of condensate formation and function is also
strongly linked with neurodegenerative disease pathologies and
several cancer types.3,4 However, many basic physical
principles of phase-separated organelles and their phenotypic
roles are not well understood. Characterizing these structures
would both elucidate basic cellular mechanisms and enable the
design of novel therapeutics for several disease classes. Despite
this importance, the central difficulty lies in studying these
highly dynamic and compositionally complex structures.
Our laboratory recently introduced microenvironment

mapping (μMap)5 as a high-resolution proximity labeling
technology whereby blue light-induced energy transfer from
iridium (Ir) photocatalysts to biotin-diazirine probes generates
broadly reactive carbenes to label nearby biomolecules at
nanometer resolution (Figure 1a).6 The μMap platform has
effectively profiled cell-surface microenvironments,5,7 small
molecule drug targets,8,9 chromatin interactomes in isolated
nuclei,10 and stress granule disassembly mechanisms.11

However, we and other groups have observed significant
mitochondrial accumulation of photocatalysts and toxicity in
live-cell experiments, particularly with cationic Ir polypyridyl
complexes.12−14 Although advantageous for mitochondrial

profiling and photodynamic therapy,15,16 this property reduces
mapping efficiency in other locations and is a major hindrance
in utilizing this platform in living cells or whole organisms
across long time-scales. Addressing this limitation would
represent a significant technological advance and enable
profiling of virtually any subcellular structure in a variety of
biological contexts.

■ RESULTS AND DISCUSSION
As an expanded general platform, we envisioned a chemo-
genetic labeling workflow wherein a protein-of-interest (POI)
residing in a specific subcellular structure would be fused to
HaloTag,17 enabling photocatalyst attachment to tag proximal
biomolecules. The high-resolution and broad reactivity of
μMap could then be harnessed for simultaneous labeling of
protein and RNA interactomes within condensates (Figure
1a,b), offering significant functional and mechanistic insights
surrounding these structures. To design an improved platform,
we first tested alternative catalysts. Hypothesizing that cationic
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complexes associate with mitochondria,18 we tested thioxan-
thone and the homoleptic Ir(dFppy)3 scaffold for labeling
activity in vitro. Although both catalysts possess high triplet

energy states (>60 kcal/mol) needed for carbene generation
(Figure 1a),19,20 only Ir(dFppy)3 displayed robust photo-
labeling (Figure S1). We then synthesized a HaloTag-

Figure 1. Optimizing a live-cell μMap workflow. (a) μMap using a HaloTag-fused POI and an alkyl chloride-functionalized photocatalyst to label
proximal protein and/or RNA molecules. (b) μMap proximity labeling workflow with HaloTag-expressing cells. (c) Structures of μMap catalysts.
(d) Immunofluorescence and (e) proteomic evaluation of photolabeling in live cells using version 1 (v1) and v2 μMap Ir catalysts in HEK293T
cells. Nuclei stained with Hoechst (blue), mitochondria COXIV (green), and biotinylation stained with streptavidin AF555 (red). Scale bar, 10 μm.
Volcano plots depict mitochondrial proteins labeled in red and additional top hits are labeled. (f) Human Protein Atlas subcellular annotation of
significant interactors (log2FC > 2, p < 0.05) for both catalysts.
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Figure 2. Nuclear proteomic and transcriptomic labeling. (a) Immunofluorescence validation of photolabeling in HaloTag-NLS cells. Nuclei
stained with Hoechst (blue), anti-HaloTag (green), and biotinylation stained with streptavidin AF555 (red). Scale bar, 10 μm. (b) Quantitative
proteomics in HaloTag-NLS vs wild-type cells with nuclear-annotated proteins (blue). (c) Human Protein Atlas annotation and (d) GO
enrichment of interactors. (e) μMap-seq experimental workflow for RNA photolabeling, enrichment, and sequencing. (f,g) μMap-seq of nuclear
transcripts with known nuclear transcripts in purple. Several of the top enriched transcripts are also labeled in the volcano plot, with well-known
cytosolic transcripts (MEG3, DANCR, TINCR and 7SL) at the bottom in gray.
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compatible derivative (S10; see Supporting Information for
synthetic details) and tested cell permeability in a chloroalkane
penetration assay (CAPA).21 No incorporation was observed
compared to the version 1 (v1) catalyst after incubation for 1 h
with cells stably expressing HaloTag fused to a nuclear
localization signal (NLS) (Figure S2).22 We hypothesized that
hydrophobicity was detrimental, so we appended bis-poly-
ethylene glycol groups to increase polarity (Figure 1c). After
confirming activity (Figure S3), we reassessed permeability and
observed ∼30% incorporation (5 μM for 1 h, Figure S4). This
short incubation was used to avoid toxicity,9 so we also
measured cell viability under various conditions. The v2
catalyst displayed significantly less toxicity, even at higher
concentrations for extended exposures (Figure S5). We
identified 10 μM for 16 h as optimal, and high levels
(∼92%) of HaloTag attachment were observed under these
conditions (Figure S6).
We next compared background accumulation of both

catalysts by immunofluorescence and quantitative proteomics
(Figure 1d,e). HEK293T cells (no HaloTag expression) were
separately exposed to each catalyst under their respective
conditions followed by media exchanges to wash away
unbound catalyst. After incubating with biotin-diazirine, cells
were then irradiated with blue light (Figure 1b). Immuno-
fluorescence analysis of the v1 catalyst displayed strong
mitochondrial labeling overlaying with a COXIV marker,
while minimal labeling was detected with the v2 catalyst
(Figure 1d). We also quantified off-target interactions by
enriching cell lysate for biotinylated proteins followed by label-
free liquid chromatography mass spectrometry (LC−MS).
Consistent with our immunofluorescence results, the v1
catalyst labeled a significant number of proteins (747 with
>2 Log2FC and p < 0.05) compared to a nonirradiated control
(Figure 1e, Table S1), with the largest distribution identified as
mitochondrial via the Human Protein Atlas database (Figure
1f, Table S3).23 In contrast, the v2 catalyst labeled ∼10-fold
fewer proteins (73) with a more stochastic distribution (Figure
1e,f, Table S2). These results, combined with efficient HaloTag
incorporation and low toxicity, provided confidence in our
ability to efficiently profile nuclear structures.
Utilizing cells expressing HaloTag-NLS, we next verified

spatial photolabeling control in our workflow by immunostain-
ing with a HaloTag antibody and fluorescent streptavidin to
confirm nuclear labeling (Figure 2a). To develop μMap-seq,
we assessed RNA labeling in vitro by first incubating total
HEK293T RNA with photocatalyst and biotin-diazirine and
then irradiating for increasing periods of time. Streptavidin dot
blot analysis confirmed photon-limited and catalyst-dependent
labeling (Figure S7). We also compared μMap to Halo-seq24
and chromophore-assisted proximity labeling (CAP-seq),25

which use bromofluorescein and riboflavin to oxidatively label
guanosine (G). Testing catalysts against short (15−20 nt)
RNA homopolymers (A, C, U, G) revealed predominant
labeling of G-containing strands with Halo-seq and CAP-seq,
consistent with their oxidative mechanism (Figure S8a,b). In
contrast, μMap was capable of labeling all strands, reflecting
the broader reactivity of carbenes. Densitometric quantification
of in vitro labeling reactions did display preferential labeling of
G- and U-containing strands with μMap (Figure S8c),
consistent with recent work suggesting that higher relative
nucleophilicity of these bases contributes to greater carbene
reactivity.26 We also evaluated singlet oxygen (1O2) production
from each catalyst via chemiluminescent detection of luminol

oxidation.27 Irradiation of bromofluorescein and riboflavin
expectedly displayed measurable levels of 1O2, while μMap Ir
excitation exhibited minimal signal, suggesting a nonoxidative
labeling mechanism (Figure S9). In addition, we studied the
reaction of a truncated diazirine with individual ribonucleo-
sides (A, U, C, G) in DMSO with 1 mol % photocatalyst. LC−
MS analysis of reactions enabled identification of several
carbene adducts and/or their hydrates (Figure S10). We next
tested RNA photolabeling in HaloTag-NLS cells with
increasing irradiation; dot blot staining of isolated RNA
confirmed transcript biotinylation in cellulo (Figure S11a).
Subjecting this material to streptavidin enrichment and
quantification also correlated with photolabeling duration
(Figure S11b).
Having confirmed RNA reactivity, we then performed

parallel proteomic and transcriptomic μMap of the nucleus.
Quantitative analysis of HaloTag-NLS labeling identified 337
proteins compared to wild-type cells, including transcription
factors, chromatin remodelers, and mediators of DNA
metabolism, with 86% of hits nuclear-annotated (Figure 2b−
d, Tables S4 and S5).23 In parallel, we employed a μMap-seq
workflow using next-generation sequencing (Figure 2e), and
identified thousands of RNAs compared to wild-type cells
(Figure 2f). We successfully identified known nuclear-retained
long noncoding RNAs (lncRNAs)28 XIST, NEAT1, MALAT1,
7SK, PANDA, and FIRRE, while known cytosolic transcripts
displayed minimal enrichment (Figure 2g, Table S6).
Together, these results established feasibility and accuracy of
μMap for profiling protein and RNA compositions in
subcellular structures.
We next generated stable cell lines expressing different

HaloTag-POIs for localization to various organelles (Table 1).

We first profiled the nucleolus, and immunofluorescence
validation of μMap again exhibited high spatial labeling control
(Figure 3a). Quantitative proteomics identified 74 enriched
interactors (log2FC > 1.5, p < 0.05), of which 49 (66%) are
previously validated nucleolar proteins (Figure 3b,c, Table S8).
Additionally, μMap enriched both ribosomal subunits as well
as assembly machinery, and gene ontology (GO) analysis
correctly ascribed these known functions (Figure 3b−d, Table
S9).29 We also identified 25 proteins that were either
associated with multiple subcellular locations or were not
previously observed to localize in the nucleolus. We selected
three enriched proteins from our nucleolar μMap data set for
further validation, including heme binding protein 1 (HEBP1),
KN motif and ankyrin repeat domains 1 (KANK1), and

Table 1. μMap Subcellular Locations and Associated
HaloTag Fusion Protein Constructs for Catalyst
Localization

location fusion protein construct

nucleus C-terminal 3X repeat of PKKKRKV nuclear localization
sequence (NLS) from simian virus 4022

nucleolus C-terminal 3X repeat of nucleolar targeting sequence
MRKKRKKKLRILR from nuclear factor κB-inducing kinase
(NIK)30

nuclear
lamina

C-terminal full-length lamin A (LMNA)31

Cajal body N-terminal full-length COILIN (COIL)32

PML body C-terminal full-length promyelocytic leukemia protein isoform
IV (PML)33

paraspeckle C-terminal full-length Non-POU domain containing octamer
binding (NONO)34
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ubiquitin conjugating enzyme E2 O (UBE2O) (Figure 3b, red
data points). Immunofluorescence microscopy confirmed at
least partial subcellular localization to the nucleolus in all 3
candidates (Figure S12). Although the biochemical or cellular
consequences of this localization are not fully known, these
results support the accuracy of μMap platform and highlight
the utility of proximity labeling for discovering new protein
localization signatures.
Nucleolar μMap-seq was performed in parallel, and

expectedly identified many small nuclear (snRNA) and
nucleolar RNAs (snoRNAs) (Figure 3e, Table S10). Despite
rRNA depletion in our library preparation workflow, we also

identified rRNA pseudogenes, likely reflecting minor sequence
differences that evade depletion probes but also confirm the
known presence of ribosomes in the nucleolus. We were also
surprised that the majority of identified transcripts were long
noncoding RNAs (lncRNAs) (Figure 3f), with many
containing no functional annotations (ENSG00000287773,
ENSG00000229294, LINC01885, among others, Figure 3e).
Recent reports have identified nucleolar lncRNAs that regulate
rRNA transcription, stress response, and nucleolar struc-
ture,35−38 underscoring the potential impact of these novel
associations. Together, our results validate μMap for proteomic
and transcriptomic profiling of subnuclear structures, in turn

Figure 3. Nucleolar μMap. (a) Immunofluorescence validation of nucleolar photolabeling. Nuclei stained with Hoechst (blue), anti-HaloTag
(green), and biotinylation stained with streptavidin AF555 (red). Scale bar, 10 μm. (b) Quantitative proteomics in HaloTag-NIK vs wild-type cells.
Ribosomal protein subunits (orange) and ribosomal biogenesis machinery (green), novel nucleolar interactors (red). (c) Human Protein Atlas
annotation and (d) GO enrichment analysis of nucleolar interactors. (e,f) μMap-seq of nucleolar transcripts. Several top hits are annotated and data
points colored by transcript type.
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identifying known roles for the nucleolus and highlighting new
potential functions.
Expanding on these results, we next performed μMap

profiling across the lamina, Cajal bodies, paraspeckles, and
PML bodies. Immunofluorescence analysis confirmed restric-
tion of labeling to nuclear membranes or condensates, again
reflecting high spatiotemporal labeling control (Figure 4a).
Quantitative μMap proteomics displayed robust enrichment

of each HaloTag-POI (LMNA, NONO, COIL, PML), and for
each location we annotated interactors relating to its purported
RNA or DNA-related functions (log2FC > 1.5, p < 0.05, Figure
4b−e, Tables S11−S18). Proximal proteins identified in the
lamina included nucleoporins and other pore complex
members (POM121, NUP153, NUP50, NUP54, NUP160,
NUP205) (Figure 4b, Table S11),39 and 44 proteins with
known roles in DNA and RNA-related functions (Figure 4b,
orange data points). HaloTag-NONO μMap enriched the core
paraspeckle proteins NONO, FUS, PSPC1, EWSR1, CPSF7 and
SFPQ,34 as well as 13 RNA-binding motif (RBM) proteins,
with 76 proteins identified with previous associations in RNA
processing (Figure 4c, light blue).40 Cajal body profiling
identified 28 proteins involved in RNA metabolism (Figure 4d,
yellow data points, including DHX34, SLU7, and PRPF3), and
μMap of PML bodies enriched greater than 100 interactors
relating to transcript processing (DDX42,41 RBM2742) and

gene regulation (MED1,43 TBL344) (Figure 4e, pink data
points). We then compared all proteomic data sets via
comparative GO enrichment to ascribe potential functional
roles for each structure (Figure 5, Tables S8−18). The
nucleolus was expectedly enriched in ribosomal biosynthetic
functions,29 while other organelles were associated with rRNA
transcriptional repression. The lamina was linked with nuclear
envelope regulation, nucleocytoplasmic transport, DNA
replication, repair, and transcription.39 Our results also
suggested paraspeckles may participate in RNA splicing while
also associating with chromatin silencing through SWI/SNF, in
agreement with emerging functional explorations.40,45 Current
hypotheses implicate PML bodies in gene expression
regulation, DNA repair, and infection stress responses,33,46

and we observed overlap with laminar functions that may
suggest new physical roles and associations with the nuclear
envelope. In particular, the PML interactome was linked with
DNA repair and transcript export, the latter of which is not a
currently known role. We also confirmed associations with
both chromatin modification and telomere maintenance, in
line with recent experimental evidence.47,48 PML bodies were
also associated with RNA metabolism, and our results suggest a
possible role in 3′ end processing and polyadenylation. Cajal
bodies are hypothesized to facilitate small nuclear ribonucleo-
protein biogenesis as well as long transcript processing.32,49,50

Figure 4. μMap profiling across nuclear locations. (a) Immunofluorescence validation of photolabeling with each stable cell line. Nuclei stained
with Hoechst (blue), anti-HaloTag (green), and biotinylation stained with streptavidin AF555 (red). Scale bars, 10 μm. (b−e) Quantitative μMap
proteomics in each HaloTag cell line vs wild-type cells. Highlighted proteins denote hits with RNA or DNA-related functions.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c11612
J. Am. Chem. Soc. 2025, 147, 488−497

493

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11612/suppl_file/ja4c11612_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11612/suppl_file/ja4c11612_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11612/suppl_file/ja4c11612_si_003.xlsx
https://pubs.acs.org/doi/10.1021/jacs.4c11612?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11612?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11612?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11612?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c11612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


We observed ontological enrichment of spliceosomal activity as
well as potential roles in mRNA 5′ capping and regulating
chromatin organization and transcription.
In parallel, we performed μMap-seq across all 5 subnuclear

locations to catalog proximal RNA species. To gain insight into
both the types of transcripts and different isoforms that were
enriched, transcript-level quantification of RNA hits was
performed (>3 Log2FC and p < 0.05, Tables S19−S23),
which revealed distinct populations across all organelles
(Figure 6a) with differential transcript type enrichment (Figure
6b). Protein-coding mRNAs were predominantly identified in
each location, but different structures also enriched certain
RNA types compared to other organelles. We again observed
that the nucleolus contained the highest proportion of
lncRNAs, and while recent studies point to possible structural
roles for these transcripts,35−38 the full biological significance
remains unclear and warrants further study. Paraspeckle μMap-
seq also identified a large proportion of lncRNAs, consistent
with known associations with these transcripts.51 Combined
with proteomic data, these results suggest paraspeckles may
participate in lncRNA splicing and processing. Conversely, the
lamina identified the lowest lncRNA percentage, yet was highly

enriched in nonsense-mediated mRNA decay transcripts,
potentially indicating nucleocytoplasmic accumulation for
subsequent surveillance and degradation.52 PML body
functions are not currently well understood, though our
combined results suggest possible roles in transcriptional
activation53 and retained intron processing, in line with recent
studies suggesting this regulates cell cycle progression.54

Although our data suggest these potential roles for para-
speckles in RNA splicing and chromatin silencing, as well as
possible novel functions for PML bodies in transcript
processing and export, the localization of a protein or RNA
transcript does not inherently indicate its function, and further
work is needed to validate the biological significance and
underlying mechanisms of these processes. Additionally, the
use of Halotag fusion constructs, while a validated and useful
tool in chemical biology, can require careful confirmation
studies due to the potential for perturbing natural cellular
behavior. Together, these results highlight the utility of spatial
proteomics and transcriptomics, supporting previous func-
tional notions of different structures and pointing to new
possible roles for nuclear condensates.

Figure 5. Comparative gene ontology (GO) enrichment from μMap proteomic profiling across the nucleolus, nuclear lamina, cajal bodies,
paraspeckles, and PML bodies. Red heatmap scores highlight enriched biological processes and molecular functions, with intensity correlating to
enrichment significance (−log10 P).
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In conclusion, we disclose here a new chemogenetic
platform for performing μMap analysis in living cells that is
well-tolerated and exhibits minimal background. We use our
new workflow to generate a proteomic and transcriptomic map
across 5 subnuclear locations, providing new potential insights
toward deciphering cellular roles of specific structures.
Intracellular μMap is a generalizable tool, and we envision
that this technology can be deployed across a variety of
biological settings, in turn elucidating cellular mechanisms,
identifying disease pathologies, and accelerating the discovery
of new therapeutic targets.
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