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SUMMARY

Understanding the intricate network of biomolecular interactions that govern cellular processes is a funda-
mental pursuit in biology. Over the past decade, photocatalytic proximity labeling has emerged as one of
the most powerful and versatile techniques for studying these interactions as well as uncovering subcellular
trafficking patterns, drug mechanisms of action, and basic cellular physiology. In this article, we review the
basic principles, methodologies, and applications of photocatalytic proximity labeling as well as examine its
modern development into currently available platforms. We also discuss recent key studies that have suc-
cessfully leveraged these technologies and importantly highlight current challenges faced by the field.
Together, this review seeks to underscore the potential of photocatalysis in proximity labeling for enhancing
our understanding of cell biology while also providing perspective on technological advances needed for
future discovery.
INTRODUCTION

Cellular function is orchestrated by a vast network of interactions

between proteins, nucleic acids, and other biomolecules.1–3

Cells maintain their internal environment through complex asso-

ciations with ion channels and transporters to regulate intracel-

lular solute concentrations,4 pH,5 and temperature.6 In addition,

DNA replication, transcription, and translation are coordinated

by a series of dynamic biomolecular interactions, ensuring faith-

ful transmission of genetic information.7,8 Enzymeswithin the cell

also catalyze specific biochemical reactions by binding to small

molecule substrates,9 while cell-surface receptors sense and

transduce environmental signals by recognizing specific li-

gands.10 Lastly, small-molecule drugs typically act by either in-

hibiting or enhancing specific biomolecular interactions, and tar-

geting these associations allows for the development of

therapies that can treat a wide range of diseases.11

Given the importance of these biomolecular interactions, key

technical approaches have been developed over the years to

map and understand these networks and gain insight into

cellular mechanics. One of the first general methods developed

for characterizing interactomes involved purifying a target pro-

tein or biomolecule of interest from a complex cell mixture.12

Co-immunoprecipitation (co-IP), although established in the

mid-20th century,13 can still be powerfully applied today to iden-

tify interactors with modern sequencing and mass spectrometry

workflows.14 Confirmation of these interactions can then be as-

sayed using the yeast two-hybrid (Y2H) system, whereby recon-

stitution of a transcription factor leads to reporter gene expres-

sion.15 Although both systems revolutionized the identification

and screening of protein interactions, these approaches require
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significant prior knowledge about targets of interest and are less

suited to complex biological settings, especially in the case of

membrane protein interactome discovery.

Proximity labeling has rapidly emerged to address these limi-

tations and is one of the most robust techniques currently avail-

able to profile biomolecular interactions with high spatial and

temporal precision.16,17 From its initial technical development

in the early 2000s, amultitude of platforms have now been estab-

lished over the past two decades. Photocatalytic proximity label-

ing in particular has experienced significant effort and interest in

recent years given the high level of spatial and temporal control

that light activation enables. In this review, wewill summarize the

basic principles of proximity labeling for generating biological

insight as well as provide historical perspectives and recent

developments in photocatalytic proximity platforms. We will

discuss the advent of different catalytic manifolds and explore

their innate chemical mechanisms. In addition, we will compare

their distinctmethodological and technical advantages and high-

light key recent studies implementing these platforms in different

biological contexts. Lastly, we provide perspective on both the

opportunities and challenges for the field in order to use these

platforms to enhance our future understanding of cell and tissue

physiology.

BASIC PRINCIPLES OF PROXIMITY LABELING AND
PHOTOCATALYSIS

The concept of proximity labeling has its roots in the early 2000s

when researchers sought to develop unbiasedmethods formap-

ping protein interactions in live cells. Traditional methods for

analyzing biomolecular interactions (including co-IP and Y2H)
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Figure 1. General principles and activation modes in proximity labeling
(A) A catalyst (cat) is localized to a biomolecule of interest to generate a reactive intermediate from an inert, pre-reactive species. This reactive probe has a limited
range of diffusion such that only proximal biomolecules are covalently tagged for further isolation, identification, and characterization.
(B) Chemically triggered proximity labeling, as demonstrated by APEX/HRP peroxidase enzyme catalysts which utilize H2O2 to generate phenoxyl radicals from a
phenol precursor.
(C) Selected examples of photocatalytic proximity labeling manifolds, which are activated by various visible light sources to generate reactive intermediates
(radicals, singlet oxygen, carbenes, etc).
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provide only a static snapshot of interactions and require spe-

cific antibodies for each target. To overcome these challenges,

proximity labeling methods were thus designed to capture

short-lived, transient interactions in an unbiased manner and

provide spatial context to these associations. The underlying

principle of this technique entails selective labeling of biomole-

cules that are in close proximity to a target of interest in the native

cellular context (Figure 1A). A catalyst is first localized to a

desired target, which then generates reactive intermediates to

covalently modify nearby molecules with a label, such as biotin,

enabling subsequent isolation and characterization. The first

proximity labeling technique, termed ‘‘biotin identification

(BioID),’’ leveraged a mutant Escherichia coli biotin ligase (BirA)

to covalently label nearby proteins.18,19 While this method was

a breakthrough and established the framework for all subse-

quent proximity labeling platforms, it also displayed both low ef-

ficiency and spatiotemporal control over labeling. Building off

this initial platform, the development of APEX (enhanced ascor-

bate peroxidase) and phenoxyl radical-based proximity labeling

represented a significant technical advance and remains one of

the most widely utilized labeling methods today.20,21 APEX is

activated with hydrogen peroxide to generate phenoxyl radicals

from a biotin-phenol precursor to covalently label nearby pro-

teins (Figure 1B). The addition of a chemical trigger (H2O2) pro-

vided greater control over labeling compared to ligase-tagging

with BioID, allowing researchers to study interactions and sub-

cellular structures with higher accuracy. Despite these advan-

tages, chemical activation and quenching of enzyme catalysts
2 Cell Chemical Biology 31, June 20, 2024
is still governed by diffusion in biological systems, limiting the

overall spatial and temporal resolution. These inherent chal-

lenges underlie the motivation for developing the photocatalytic

proximity labeling platforms that are used today.

In parallel with APEX development, phenoxyl radicals were

subsequently shown to be photochemically generated

with ruthenium (Ru) photocatalysts (Figure 1C),22,23 demon-

strating some of the first photocatalytic activation modes for

generating the requisite reactive intermediates. Similarly,

research exploring photosensitizers, which can absorb and

transfer light energy to other molecules, expanded the chemical

capabilities of proximity labeling components for use in molecu-

lar biology. Catalytic photosensitizers can locally generate reac-

tive species upon exposure to light, ultimately leading to cova-

lent modification of proximal biomolecules. Xanthene- and

flavin-based chromophores are both well-suited for this applica-

tion, as they both undergo visible light activation to enter an

excited singlet state (S1) followed by triplet state (T1) transition.

If the triplet excited chromophore encounters molecular oxygen

and is quenched through energy transfer, singlet oxygen is

subsequently generated and induces oxidation in nearby bio-

molecules (Figure 1C).24,25 This reactivity has been successfully

leveraged for proximity profiling of subcellular RNA distributions

with HaloTag-compatible bromofluorescein sensitizers (Halo-

seq).26,27 Additionally, the genetically encodable, flavin-binding

protein miniSOG (miniature singlet-oxygen-generator) has

been utilized for RNA, DNA, and protein interactome

profiling.28–31 Although peroxidase and singlet oxygen-based
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platforms have shown great utility, these reactive intermediates

are also relatively long-lived and not quenched by water, result-

ing in a more diffuse labeling radius that is dozens to hundreds of

nanometers away from the catalyst.32,33 However, depending on

the intracellular context, these labeling radii may be reduced

when confined to small subcellular compartments and organ-

elles or if reactive intermediates are quenched with intracellular

compounds containing thiols or other nucleophiles.

To improve spatial resolution, our group has recently devel-

oped a ‘‘microenvironment mapping’’ (mMap) photocatalytic

proximity labeling platform.34 In this system, iridium (Ir) photoca-

talysts, upon blue light irradiation, convert diazirines into highly

reactive carbenes through a Dexter energy transfer (EnT) mech-

anism (Figure 1C). Carbenes are both short-lived (T1/2�1 ns) and

quenched by water, resulting in a high-resolution labeling radius

(�2 nm).32 Separate efforts have also established photocaged

quinone methides as a distinct reactive probe, originally as a

genetically encodable photocrosslinking reactive group. More

recent studies have applied these in the photocatalytic decag-

ing-enabled proximity labeling (CAT-Prox) platform for both

intracellular organelle composition mapping and cell-surface

microenvironment profiling.35–38 This work has coincided with

the development of several other light-activated photocatalytic

proximity labeling platforms over the past 5 years (Table 1), re-

flecting the utility of these systems for elucidating novel biology

and underscoring the versatile photochemistry underlying each

system. In this review, we will specifically focus on photocata-

lytic systems and describe recent studies that harness these

platforms to discover new biology. These platforms are distinct

from that of traditional photoaffinity labeling (PAL), wherein

photo-reactive amino acid analogs containing diazirine or ben-

zophenol functional groups are incorporated into proteins

facilitating interactor labeling upon UV irradiation.39 PAL has

been reviewed extensively elsewhere,17,40 and this review will

emphasize catalytic systems that generate free reactive species

that diffuse and tag nearby interactors. In addition to describing

existing photocatalytic proximity labeling platforms, we also

discuss contemporary needs and novel technical developments

in next-generation systems.

PROFILING CELL-SURFACE INTERACTOMES WITH
PHOTOCATALYTIC PROXIMITY LABELING

Cell-surface proteins play pivotal roles in mediating intercellular

communication, serving as both environmental sensors as well

as adaptors for receiving, transducing, and trafficking biomate-

rials. Despite the importance of these networks, studying cell

surface interactomes remains a significant challenge. Many

cell surface proteins exhibit high turnover rates and are unstable

once removed from the plasma membrane. The cell surface is

also highly non-uniform and is composed of diverse microdo-

mains and fluid regions. Proximity labeling has emerged as a

powerful tool to address these challenges and unravel the intri-

cacies of cell surface protein networks. By targeting specific

cell surface receptors, proximity labeling allows the mapping of

receptor-ligand interactions, which is often the first step toward

elucidating signaling pathways and understanding how cells

respond to external stimuli. Cell-surface-focused experiments

in proximity labeling are straightforward to design using a photo-
catalyst and a targeting agent of choice (Figure 2A). In particular,

utilizing an antibody against a protein of interest is one of the

most common targeting methods, and almost any photocatalyst

can be subsequently conjugated using any number of reactive

groups on the antibody (amines, sulfhydryls, unnatural amino

acid incorporation, sugar oxidation, etc.).41 The first mMap ex-

periments on living cells utilized Ir-conjugated antibodies target-

ing CD45, CD47, and CD29, revealing unique proteomic signa-

tures specific to each protein’s microenvironment.34 We also

explored the programmed-death ligand 1 (PD-L1) in human B

cells, which plays a pivotal role as an immune checkpoint ligand

in cancer and is the primary mechanism for the monoclonal anti-

body therapeutic KeyTruda (pembrolizumab).42 PD-L1-targeted

mMap revealed and validated CD30 and CD300A as new interac-

tors, which may play key unknown roles in immune checkpoint

pathway crosstalk. In addition, mMap was performed in a two-

cell system composed of a T cell/antigen-presenting cell (APC)

immunosynapse to enable mMap at the interface of two cells,

demonstrating the initial concept of both cis-labeling at the

microenvironment of interest but also trans-labeling of proteins

from the interacting cell. Similar efforts byOslund and colleagues

using PhoTag (flavin catalyst) for synaptic labeling across the

PD-1/PD-L1 axis were accomplished within a mixed population

of PBMCs and Raji cells.43 PhoTag also cleverly combined this

platform with oligonucleotide-barcoded antibodies, facilitating

a multiomics single-cell sequencing approach for concurrent

measurement of biotinylation, protein, and mRNA levels within

the same individual cell. Additionally, the Wollscheid group

developed the LUX-MS platform, which employs a rhodamine-

based singlet oxygen generator, was used to investigate thema-

jor histocompatibility complex (MHC): T cell receptor (TCR) im-

munosynapse.44 Utilizing stable isotope labeling by amino acids

in cell culture (SILAC) with mouse dendritic and T cells in combi-

nation with a catalyst-conjugated immunogenic peptide ligand

gp33,45 LUX-MS observed a light-dependent enrichment of

key components of the TCR primary signaling axis, such as

MHC class I, CD8, CD86, and the entire CD2-CD48 axis, which

has been reported to govern cellular directionality.46 Together,

these studies highlight the power of antibody-directed photoca-

talytic proximity labeling to capture a comprehensive snapshot

of the cell-surface proteome and rapidly identify interactions in

immune synapse formation and cell signaling.

Photocatalytic proximity labeling can also be used to eval-

uate interactions between host cells and various pathogens

through direct incorporation of photocatalysts into viral/bacte-

rial components or even intact infectious particles (Figure 2A).

For example, mMap has now been used in two parallel studies

to understand viral pathogenesis in severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2). While angiotensin-

converting enzyme 2 (ACE2) serves as the primary entry recep-

tor, its expression varies across tissues and implies the involve-

ment of auxiliary factors. To identifying these interactions, our

group conjugated Ir photocatalysts to the Wuhan spike protein

and utilized mMap to profile interactions in Calu-3 human lung

cells.55 Our results revealed at least 8 novel candidate recep-

tors, and we validated that co-expression of ACE2 with

neuropilin-2 (NRP2), ephrin receptor A7 (EPHA7), solute carrier

family 6 member 15 (SLC6A15), or myelin and lymphocyte pro-

tein 2 (MAL2) significantly enhanced viral uptake. In a parallel
Cell Chemical Biology 31, June 20, 2024 3



Table 1. Recently developed photocatalytic proximity labeling platforms

Name/Acronym Publication Year Catalyst Reactive intermediate (precursor) Light wavelength Half-life Experimental notes

Chromophore-assisted

proximity labeling

and sequencing (CAP-seq)29

2019 miniSOG protein (flavin) singlet oxygen (O2) blue (450 nm) 4 ms33 d Genetically encodable

d Labeled RNA captured with

propargylamine reagent

Microenvironment

mapping (mMap)34
2020 Iridium complex carbene (diazirine) blue (450 nm) 1 ns d Not genetically encodable

LUX-MS44 2021 Thiorhodamine singlet oxygen (O2) green (�590 nm) 4 ms d Not genetically encodable

d Labeled proteins captured with

biocytin hydrazide reagent

Photocatalytic decaging-

enabled proximity

labeling (CAT-Prox)37

2021 Iridium complex quinone methide

(photocaged)

blue (450 nm) <1 s47 d Not genetically encodable

d Mitochondrial targeting

Proximity Histidine

Labeling by

Umpolung Strategy48

2021 Ruthenium complex singlet oxygen (O2) blue (450 nm) 4 ms d Not genetically encodable

d Labeled proteins captured with

1-methyl-4-arylurazole reagent

Halo-seq26 2022 dibromofluorescein singlet oxygen (O2) green (�500 nm) 4 ms d Not genetically encodable

d Labeled RNA captured with

propargylamine reagent

Photoactivation-dependent

proximity labeling (PDPL)30
2022 miniSOG protein

(flavin)

singlet oxygen (O2) blue (450 nm) 4 ms d Genetically encodable

d Labeled proteins captured with

3-ethynylaniline reagent

Photocatalytic cell

tagging (PhoTag)43,49
2022 riboflavin tetraacetate

(RFT)

phenoxyl radical (phenol) blue (450 nm) 100 ms d Not genetically encodable

mMap-Red50 2022 Tin complex aminyl radical (d azide) red (660 nm) 50 ms51 d Not genetically encodable

Targeted aryl azide activation

via deep red-light52
2023 Osmium complex nitrene (aryl azide) red (660 nm) 200 ms53 d Not genetically encodable

Reactive oxygen species

(ROS)-induced protein

labeling and identification

(RinID)31

2023 miniSOG protein

(flavin)

singlet oxygen (O2) blue (450 nm) 4 ms d Genetically encodable

d Labeled proteins captured with

biotin aniline or propargylamine

Light-induced Interactome

Tagging (LITag)54
2023 LOV protein (flavin) singlet oxygen (O2) blue (450 nm) 4 ms d Genetically encodable

d Labeled proteins captured with

phenol or aniline reagent
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Figure 2. Biological insights generated from cell-surface interactome profiling with photocatalytic proximity labeling
(A) Cell-surface biomolecules can be probed with a variety of photocatalyst-conjugated targeting agents, including antibodies, recombinant viral proteins, intact
pathogens/phages, and small biologics (cytokines, peptides, etc.). Additionally, appropriate catalyst localization can be used to profile synaptic interactions
between two cells.
(B) Bioorthogonal click chemistry and metabolic incorporation of modified sugars into native glycoproteins enables photoproximity profiling of sialylation-
dependent changes in protein microenvironments (GlycoMap).
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study, Datta and coworkers utilized mMap to interrogate inter-

actions between the SARS-CoV-2 spike protein and ACE2-ex-

pressing HEK293T cells.56 This screen identified the co-recep-

tor NRP1 and revealed several novel interactions with the spike

subunit. Through knockdown and overexpression models, the

team identified prostaglandin F2 receptor inhibitor (PTGFRN)

and ephrin receptor beta 1 (EFNB1) as verified viral entry fac-

tors. In a related but distinct application of pathogen proximity

labeling, the Wollscheid group utilized LUX-MS via an SOG

catalyst-conjugated bacteriophage to identify cell wall entry

components on Gram-positive Listeria monocytogenes, dis-

playing enrichment of cell wall-associated internalins A and B

that mediate cell invasion.44 Together, these reports demon-

strate the power of utilizing photocatalytic proximity labeling

for studying host-pathogen interactions, and we predict that

this particular application will continue across disciplines as

new pathogens emerge.
Profiling surface glycoproteins is a major challenge in cell

biology, yet these biomolecules play key roles in cell adhesion,

signaling, and immune response.57–59 Glycosylation can pro-

foundly influence protein structure and stability, in turn altering

both its function and interactome.60 This area is of particular clin-

ical interest as well, given that dysregulated glycosylation is

implicated in both cancer and neurodegenerative disorders.61

Proximity labeling provides several technical advantages for

studying these interactomes, and our group developed an

approach for mapping cell-surface glycoproteins, which we

term GlycoMap (Figure 2B).62 In particular, this approach fo-

cuses on sialic acid as a terminal sugar in glycated proteins. In

many cancer types, overexpression of sialyltransferases and hy-

persialylation are hallmarks of oncogenesis,63 promoting tumor

progression through proposed pathways of immune evasion

and metastatic spread.64–66 However, the underlying mecha-

nisms of these phenotypes remain elusive, primarily due to the
Cell Chemical Biology 31, June 20, 2024 5
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absence of high-resolution tools for evaluating these biomole-

cular interactions. GlycoMap utilizes methodology developed

in the Bertozzi group to metabolically incorporate an azidosialic

acid into cell surface glycoproteins using endogenous sialyl-

transferases.67 A functionalized Ir photocatalyst can then un-

dergo strain-promoted alkyne-azide cycloaddition (SPAAC), af-

fording Ir-sialylated glycoproteins. Using this method, we first

probed hypersialylation in cervical cancer, confirming that

HeLa cells exhibited higher sialylation levels compared to pri-

mary cervical cells. Analysis of isolated glyco-interactors sur-

prisingly revealed a large number of solute carrier proteins

(SLCs) associated with ethanolamine, carnitine, and zinc trans-

port. We validated the functional importance of this interaction

by enzymatically depleting sialylic acids and observed differen-

tial metabolic intake. Together, our results suggest that cell-sur-

face sialylation and/or interactions with sialylated glycoproteins

are associated with SLCs and these may play a crucial role in

metabolite transport. Broadly, this strategy demonstrates the

utility of metabolic sugar incorporation with proximity labeling

as a tool for the discovery of new biological functions of glycosyl-

ation. Given that sialic acid is also one of several types of sugar

monomers capable of metabolic incorporation strategies, we

expect that this experimental workflow will uncover additional

biological insights in the coming years.

INTRACELLULAR PHOTOCATALYTIC PROXIMITY
LABELING

Although profiling extracellular interactomes is essential for un-

derstanding cellular communication and response, intracellular

studies are critical for fully elucidating the molecular mecha-

nisms that govern cellular processes. Signaling pathways,

gene expression regulation, and organelle function are all highly

complex, and proximity labeling has found significant utility for

uncovering intracellular dynamics and biomolecular networks.

Genetically encoded enzymes, such as peroxidases20,21 (e.g.,

engineered ascorbate peroxidase 2 [APEX2], horseradish perox-

idase [HRP]) or biotin ligases (e.g., BioID, BASU, TurboID),18,19,68

are particularly useful as these enzymes are genetically fused to

specific targets for mapping protein interactomes in almost any

intracellular context. Although photocatalytic proximity labeling

exhibits significant advantages in spatiotemporal resolution of

tagging, it is inherently more challenging to genetically incorpo-

rate photocatalysts into protein targets of interest for intracellular

proximity labeling. As such, significant efforts have been

devoted to developing biochemical methods to incorporate

these materials in the interior of the cellular environment.

Flavin-binding proteins as proximity labeling systems gained

initial prominence in the field to rapidly access a genetically en-

codable system for intracellular labeling. Many of these proteins

are derived from naturally occurring photoreceptors, including

cryptochromes and phototropins from both plants and photo-

synthetic cyanobacteria.69 Phototropins in particular contain a

light-sensitive LOV (light, oxygen, voltage) domain that binds a

flavin mononucleotide (FMN) prosthetic cofactor (Figure 3A),

which endows the protein with the ability to absorb photons

upon exposure to light to induce a conformational change.70

This system is advantageous because all components are

endogenously bioavailable and genetically encodable in human
6 Cell Chemical Biology 31, June 20, 2024
cells, and flavin derivatives are widely recognized for their ca-

pacities in both electron and energy transfer to generate reactive

intermediates (Figure 3B). This property was leveraged to pro-

duce reactive oxygen species to enhance observable signals in

electron microscopy, wherein researchers engineered and

shortened the LOV domain to produce miniSOG (miniature

singlet oxygen generator, Figure 3A).71 Proteins also undergo a

variety of chemical reactions in the presence of singlet oxygen,72

which can be covalently trapped with exogenously added

probes. This approach was utilized for mapping subcellular

RNA localization patterns using the chromophore-assisted prox-

imity labeling and sequencing platform (CAP-seq)29 based upon

miniSOG oxidation of guanosine residues for subsequent cross-

linking with amine-containing probes (Figure 3C).73,74 Using this

method, researchers mapped transcriptomes in different sub-

cellular compartments, including the endoplasmic reticulum

and mitochondria, revealing a significant enrichment of

messenger RNAs involved in the oxidative phosphorylation

pathway at the outer mitochondrial membrane.29 In parallel, a

photoproximity labeling platform was recently developed by

the Muir group where they evaluated a range of engineered

LOV domains to photolabel nearby proteins following exposure

to either a biotin-phenol or biotin-aniline probe. This method,

called Light-induced Interactome Tagging (LITag),54 leverages

protein oxidation at certain residues, including oxohistidine

which can be covalently trapped with phenol or aniline com-

pounds (Figure 3C). LiTag impressively requires very short label-

ing times (as little as 1 s irradiation) and has been used to profile a

number of systems, including the mitochondrial proteome, poly

(ADP-ribose) polymerase 1 (PARP1) interactions following DNA

damage, and the interactome of the major vault protein (MVP).54

Despite the utility of these systems, singlet oxygen labeling is

diffuse (�70–100 nm) and these enzymes are limited to flavin-

based catalysts (namely riboflavin or FMN). To increase flexibility

in this regard, researchers have expanded this capability by uti-

lizing HaloTag, a modified haloalkane dehalogenase that cova-

lently links a synthetic chloroalkane ligand to a protein of interest

(Figure 3D).75 This tag is flexible and can be appended to fluoro-

phores, purification handles, and catalysts, allowing for self-

alkylation installation of almost any payload to a fusion protein

in live cells. In addition to employing this technology for Ir photo-

catalyst installation in our own lab,76 the Spitale group developed

an RNA photoproximity labeling approach (Halo-seq) to uniquely

identify transcripts in a subcellular location of interest.26,27 Chlor-

oalkane-modified bromofluorescein catalysts were installed into

various HaloTag fusion proteins, enabling profiling of nuclear,

nucleolar and cytoplasmic transcriptomes.

Proximity labeling is especially well-suited to evaluating pro-

tein interactions within the nucleus, given that intranuclear inter-

actions are largely transient, multi-valent associations governed

by post-translational modifications (PTMs) that intricately coor-

dinate DNA-driven processes.77,78 In 2022, in collaboration

with the Muir group, we developed a genetically encodable

mMap technology to incorporate Ir photocatalysts into histone

tails to track chromatin state changes in response to cancer mu-

tations.79 A split intein method utilizing solid-phase peptide syn-

thesis, click chemistry and nucleoprotein trans-splicing resulted

in site-selective photocatalyst incorporation (Figure 3E). Isolated

nuclei from Ir-transfected cells were irradiated with blue light in



Figure 3. Photocatalytic proximity labeling platforms for intracellular interactome profiling
(A) Two genetically encodable proximity labeling systems, miniSOG (miniature singlet oxygen generator, PDB 6GPU) and LOV (light oxygen voltage domain, PDB
2Z6C) utilize an engineered flavin-binding protein derived from Arabidopsis thaliana phototropin 2.
(B) Flavin cofactors generate singlet oxygen (1O2) through blue light excitation and subsequent energy and/or electron transfer to molecular oxygen.
(C) Photogenerated reactive oxygen species induce oxidation for labeling nucleic acids and proteins with appropriate capture probes.
(D) Photocatalysts can also be chemoenzymatically installed into HaloTag, which self-alkylates molecular payloads containing a chloroalkane linker.
(E) Photocatalyst incorporation facilitated through solid phase peptide synthesis of catalyst-containing inteins, which can undergo trans-splicing with a
genetically encodable target protein. In this example, Ir photocatalysts were incorporated into histone tails for subsequent mMap profiling of both wild-type and
oncohistone mutations for comparative proteomic profiling.

ll
Review

Please cite this article in press as: Knutson et al., Current advances in photocatalytic proximity labeling, Cell Chemical Biology (2024), https://doi.org/
10.1016/j.chembiol.2024.03.012
the presence of biotin-diazirine probes to sense local chromatin

microenvironment changes in both condensed and open chro-

matin states. We also examined the H2A E92K mutation, a

histone variant associated with various cancer types.80 In partic-

ular, the histone deacetylase SIRT6 was enriched in the wild-

type H3, whereas bromodomain (BRD) transcriptional activators

BRD2/3/4 were enriched in E92K. These findings suggest that

E92K inhibits deacetylase activity, leading to enhanced binding

of associated reader proteins. These experiments also revealed

a detrimental impact on nucleosomal DNA methyltransferase 3

alpha (DNMT3A) binding upon the introduction of E92K, support-

ing a model where fewer de novomethylation events occur. The

ability to probe population-level histone interactomes also moti-

vated us to use mMap for elucidating the functional mechanisms

of small molecule ligands within chromatin microenvironments.

In particular, we investigated the effect of JQ-1, a BRD inhibitor,

on the H2A interactomes. In untreated cells, BRD2/3/4 were all

significantly enriched, consistent with the role of JQ-1 role in

blocking BRD-nucleosome interactions. Similar experiments

were performed with the DOT1L methyltransferase inhibitor, pi-

nometostat, where we support a proposed mechanism that H3

methylation induces recruitment of the acetyltransferase P300,

followed by BRD reader recruitment and subsequent transcrip-

tional activation. Together, this study utilized intein-based Ir

incorporation into histone tails, and the utility of this nanoscale

proximity-labeling method highlights its capacity to uncover
crucial alterations in interactomes when confronted with can-

cer-associatedmutations and exposure to small-molecule inhib-

itors. The implementation of mMap and proximity labeling in epi-

genetics is likely to enhance our foundational comprehension of

nuclear protein-protein interactions, and we anticipate extensive

future study in the realm of epigenetic drug discovery.

PHOTOCATALYTIC SMALL MOLECULE TARGET AND
BINDING SITE IDENTIFICATION

Photocatalytic proximity labeling has found significant utility in

probing the direct (and indirect) protein targets of small molecule

drugs (Figure 4A). Traditional methods for target identification

(ID) have historically involved appending a photoactivatable

group (such as diazirine or phenyl azide) to the molecule of

interest to cross-link the molecule to its target protein

(Figure 4B).39,40,81 While there are successful examples of

PAL,82,83 it remains a highly challenging endeavor, chiefly due

to the stoichiometric nature of the probe resulting in unproduc-

tive reactions with nearby water molecules (Figure 4B). To over-

come this inherent challenge, our group, in collaboration with

Merck, developed a platform based on the mMap system that uti-

lizes Ir photocatalysts to catalytically activate diazirine mole-

cules, allowing for high resolution and enhanced labeling of small

molecule drug targets (Figure 4C).76 Upon drug-catalyst conju-

gation, validation experiments are performed to ensure that the
Cell Chemical Biology 31, June 20, 2024 7



Figure 4. Photocatalytic proximity labeling enhances intracellular target identification and binding site mapping of small molecule drugs
(A) Target and mechanism-of-action identification is key for clinical drug development.
(B) Traditional photoaffinity labeling (PAL) probes utilize stoichiometric identification of targets via UV activation of photocrosslinkers, which predominantly
undergo unproductive reactivity with water.
(C) Appending photocatalysts to small molecules enables multiple labeling events to occur on a target of interest, significantly enhancing signal.

(legend continued on next page)

ll

8 Cell Chemical Biology 31, June 20, 2024

Review

Please cite this article in press as: Knutson et al., Current advances in photocatalytic proximity labeling, Cell Chemical Biology (2024), https://doi.org/
10.1016/j.chembiol.2024.03.012



ll
Review

Please cite this article in press as: Knutson et al., Current advances in photocatalytic proximity labeling, Cell Chemical Biology (2024), https://doi.org/
10.1016/j.chembiol.2024.03.012
small molecule does not lose its bioactivity or efficacy. The func-

tionally validated drug-Ir conjugate can then bind to its target

molecule, and the presence of diazirine-biotin probes leads to la-

beling of the target under mMap conditions. To initially test the ef-

ficacy of this approach, a JQ-1 Ir conjugate was used to identify

several BRD protein targets, whereas utilizing the corresponding

PAL approach did not yield BRD proteins among any of the top

identified candidates. This result demonstrated not only the val-

idity of the approach for target ID, but also the ability to perform

successful nuclear labeling, highlighting the permeability of

drug-catalyst conjugates and the signal amplification generated

via photocatalytic target ID.

This approach was further validated in the context of multiple

established therapeutics. In particular, paclitaxel (Taxol), which

mechanistically binds to microtubule proteins (tubulins) to

disrupt mitosis in a variety of cancers,84 was synthesized as an

Ir conjugate. The mMap ID platform yielded a variety of tubulin

proteins via quantitative proteomics, demonstrating effective

target ID for chemotherapy agents. mMap ID was also deployed

to characterize drugs that exhibit polypharmacology. Specif-

ically, we investigated the kinase inhibitor Dasatinib, which has

seen significant clinical and commercial success in the treatment

of both chronic myelogenous and acute lymphoblastic leuke-

mia.85 Dasatinib is an ATP-competitive kinase inhibitor and has

been shown to target various kinases, including Src, c-Kit,

BCR/Abl, and others.86 Upon Ir conjugation and labeling, we

were able to not only identify various kinase targets, but also

key lysosomal off-targets, suggesting a novel subcellular meta-

bolic pathway for kinase inhibitors.76 Importantly, different ki-

nases were enriched in different cell lines exhibiting either mye-

logenous or monocytic leukemia phenotypes, highlighting the

ability of this approach to provide insight into small molecule pol-

ypharmacology in different cellular contexts and disease

models. Finally, as a demonstration of the signal amplification af-

forded by mMap ID, we investigated the ADORA2A-targeting

compound SCH58261 as a drug candidate for treating the

neurological disorders Parkinson’s disease and depression.87

It is noteworthy that SCH58261 has not been previously

amenable to traditional PAL target ID, and our own attempt at

isolating ADORA2A via SCH58261-diazirine conjugate yielded

inefficient results (Figure 4D). Conversely, mMap ID using an Ir

conjugate of SCH58261 substantially improved enrichment of

the corresponding G protein-coupled receptor (GPCR) target

(Figure 4E), reflecting the catalytic nature of the platform to

enhance signal compared to the stoichiometric PAL approach

(Figures 4B and 4C).

Having demonstrated mMap as a target-ID platform, we also

pursued small molecule binding-site mapping via photocataly-

sis. In the absence of crystal structure data, binding site determi-

nation is an exceedingly challenging endeavor, yet is critical for

rational improvements to drug design and mechanistic under-

standing of drug action. As with target ID, traditional PAL has

been used successfully in the past to gain insight into drug bind-

ing,88,89 yet suffers from the signal limitations described previ-
(D and E) Quantitative chemoproteomic enrichment of ADORA2A with a diazirine
(F) Photocatalytic labeling and mass spectrometry-based workflow for identifyin
(G) STAT3 inhibitor MM-206 exhibits an unknown binding mode, which was identi
(PDB 6TLC).
ously. We hypothesized that photocatalytic amplification as

well as the narrow radius of the carbene generated via mMap

could be used to determine sites of insertion on the protein target

of interest. Additionally, diazirine-biotin probes have a consistent

mass-spec signature which would greatly simplify analysis

compared to fragmentation patterns in different complex drug

molecules (Figure 4F). Upon demonstrating proof-of-concept

on a sulfonamide conjugate that binds carbonic anhydrase, we

then illustrated successful binding site mapping on a variety of

protein/drug pairs, including kinase inhibitors and molecular

glues.90 We also evaluated MM-206, a weak STAT3-binding

molecule with no known binding site (Figure 4G), and were

able to unambiguously indicate engagement with the coiled-

coil domain of STAT3. Additionally, we were able to perform

successful in cellulo binding site identification utilizing a JQ1-Ir

conjugate, overcoming a long-standing challenge for state-of-

the-art methods. Overall, several novel methods that leverage

photocatalysis in the pursuit of small-molecule target identifica-

tion have been developed in recent years. Due to the advantages

granted by catalytic turnover of the affinity probe, which greatly

increases signal in comparison to traditional stoichiometric

methods, these technologies are well-positioned to enable

higher fidelity target engagement data for both academic uses

and medicinal chemistry development in the clinic.

MEASURING AND MODULATING THE
PHOTOCATALYTIC PROXIMITY LABELING RADIUS

Ongoing advances in proximity labeling are producing powerful

systems that are more accurate, robust, and versatile. As dis-

cussed previously (Figure 1A), the effective labeling radius of a

given system is a pivotal parameter influencing the scale and res-

olution of interactome mapping and is directly determined by the

diffusion distance of reactive probes. Enhancing and/or modu-

lating the labeling resolution of proximity labeling platforms is

thus crucial for capturing diverse interactome scales. Despite a

multitude of photocatalytic proximity labeling systems being

developed, there was surprising limited quantitative measure-

ments regarding the actual labeling radii of these various mani-

folds. To address this question, our group undertook a study

to directly measure the resolution of different proximity labeling

methods and to investigate the chemical principles governing

diffusion of reactive probes in these systems.32 In order to under-

stand how to influence labeling radius in a proximity labeling

platform, we first developed a super-resolution microscopy-

based workflow to directly measure the size and distance of la-

beling events generated with each catalytic manifold. We estab-

lished a simplified model system for experimentation, consisting

of antibody-targeted proximity labeling with each appropriate

catalyst on bovine serum albumin (BSA)-coated coverslips,

which enables subsequent staining and super-resolution micro-

scopy measurement of labeling events (Figure 5A).

Within this model, we first measured radial clusters of approx-

imately �50 nm for mMap photocatalytic proximity labeling. This
-functionalized (D) or iridium catalyst-conjugated (E) SCH58261.
g the protein binding site(s) of small molecules.
fied via mMap as an allosteric inhibitor in the coiled-coil domain (CCD) of STAT3
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Figure 5. Radius modulation and new controlled activation modes in photocatalytic proximity labeling
(A) The resolution of different proximity labeling systems can be measured in vitro using protein-coated glass coverslips and super-resolution microscopy
visualization of labeled clusters. Both carbene and phenoxyl radical-based labeling systems were compared in microscopy and quantitative chemoproteomics,
illustrating the resolution and spatial selectivity differences with both chemistries.
(B) The diffusion coefficient of reactive species can be adjusted by increasing the molecular weight of probes, resulting in higher resolution labeling as observed
by EGFR labeling on the surface of A549 cells.
(C) Photocatalytic proximity labeling can be ‘‘activated’’ through an appropriate quencher coupled with structure-switching DNA aptamers, allowing labeling to
occur in user-defined microenvironments.
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finding was initially puzzling to us, as mMap generates a reactive

carbene probe with a �1 ns half-life in aqueous solution, result-

ing in a theoretical labeling radius of approximately 2–4 nm.34,91

We hypothesized that the use of a dual antibody assembly with a

mouse primary BSA antibody followed by a goat anti-mouse Ir-

conjugated secondary antibody (Figure 5A) may effectively

extend the labeling radius of mMap through the literal size of

this assembly (each antibody measures �15 nm in length).92

To test this hypothesis, we measured the radius of biotinylation

clusters using a goat anti-mouse direct biotin conjugate as sec-

ondary antibody in our model BSA system, and indeed observed

radial clusters measuring �50 nm, a value consistent with those

obtained with mMap labeling on BSA-coated coverslip and

roughly the length of two antibodies.32,92 In this context, the la-

beling precision of the mMap protocol is limited by the tether

length of the protein-based directing agent (antibodies in this

case) and supports a low-nanometer true radius for mMap label-

ing. Additionally, we measured the labeling resolution of individ-

ual peroxidase-based proximity labeling events, which utilize a

phenoxyl radical reactive intermediate. In these experiments

we accounted for the length of the dual-antibody labeling system

and observed a radius of �100 nm—approximately five times

larger than the radius measured for mMap under the same condi-

tions, and consistent with the relative stability of each reactive in-

termediate (Figure 5A). We also performed quantitative prote-

omics with both platforms to compare their performance in a
10 Cell Chemical Biology 31, June 20, 2024
proximity labeling experiment targeting epidermal growth factor

receptor (EGFR) on the surface of A549 cells. As shown in the

volcano plots in Figure 5A, mMap identified EGFR as the most

abundant and statistically significant hit along with 10 other pro-

teins corresponding to EGFR interactors. However, in striking

contrast to the mMap dataset, the phenoxyl radical-based prox-

imity labeling experiment placed EGFR at the sixty-fourth posi-

tion in terms of enrichment along with over 100 additional inter-

actors. This outcome aligned with the broader labeling radius

using the radical-based probes and reflects themore diffuse bio-

tinylation pattern observed on the cell surface through super-

resolution microscopy (Figure 5A). Overall, this report marked

the first quantitative comparison of any proximity labeling plat-

form via both microscopy and functional proteomics. We antici-

pate that this super-resolution method will find utility in bench-

marking new proximity labeling platforms as they are developed.

While carbene and phenoxyl radical-based labeling platforms

provide complementary spatial resolutions, at the time of our

study there was no available proximity labeling platform with

an intermediate spatial resolution (between 2 and 100 nm).

Development of such a platformwould facilitate the investigation

of biological structures on the low to mid-micrometer scale,

including cell-surface protein clusters in cell adhesion,93 neuro-

transmitter signaling,94 and immunoregulation.95 To address

this technical need, we were intrigued by aryl azides as

reactive intermediates. Although these species have beenwidely
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employed in photoaffinity cross-linking,96 their potential for prox-

imity labeling has only recently been highlighted. Zhang, Chen,

and colleagues demonstrated the activation of aryl azide probes

using visible light-driven organic photocatalysis.97 This process

involves proposed energy transfer from excited-state photoca-

talysts to generate aryl nitrene and ketenimine species as reac-

tive probes. We thus explored the possibility of augmenting

spatial selectivity through structural modifications of the aryl

azide probe. The variations in labeling radii observed across plat-

forms are primarily due to the characteristic half-life of each

reactive intermediate. However, we recognized that the species’

diffusion coefficient is likely another influential factor in deter-

mining the distance traveled by a reactive species in solution.

Consequently, we considered the prospect of limiting the label-

ing radius by diminishing the rate at which the probe can diffuse

in solution. In this scenario, the species’ half-life would remain

constant, but the average distance covered over time would

decrease due to reduced diffusion, leading to a higher concen-

tration of localized labeling events and an enhanced spatial res-

olution. To test this, we lengthened the polyethylene glycol (PEG)

linker in the biotin azide probe (Figure 5B), as previous studies

have indicated that PEG oligomers exhibit reduced diffusion co-

efficients with increasingmolecular weights.98 Consequently, we

synthesized a PEG24 derivative as a diffusion-reduced analog of

PEG3 aryl azide (Figure 5B). Utilizing 2D diffusion ordered nuclear

magnetic resonance spectroscopy (DOSYNMR), we observed

an approximately 2-fold decrease in the diffusion of the PEG24

analog compared to the PEG3 probe,32 confirming that reduced

diffusion can be achieved through this fundamental structural

modification.

To assess whether the increased spatial selectivity extends to

extracellular microenvironment tagging, we again conducted

cell-surface labeling of the EGFR interactome. Aligning with the

outcomes observed in our model BSA interactome, we noted

significantly smaller labeling clusters for the PEG24 aryl azide in

comparison to the truncated PEG3 analog (Figure 5B). We

alsoexamined the impactof this reduced labeling radiuson theen-

riched extracellular interactome of EGFR.We found that our inter-

mediate-precision PEG3 aryl azide probe identified 14 enriched

proteins, while the higher-precision PEG24-probe exhibited only

twosignificant interactors (ITGA3,PTPRJ),bothofwhichwerepre-

sent in the PEG3 probe dataset.32 The convergence between the

twoanalogous datasets indicates that adjusting the diffusion coef-

ficient can permit the capture of concentric interactomeswith var-

iable radii. Overall, the diverse aqueous half-lives exhibited by

reactive species suchascarbenes, nitrenes, andphenoxy radicals

offer a complementary array of technologies for interactomemap-

ping. A straightforward approach to fine-tune the labeling radii of

these probes involves modulating the diffusion coefficient. We

anticipate that this overarching strategy will pave the way for the

creation of a spectrum of proximity labeling platformswith varying

levels of labeling precision, facilitating the customizedmapping of

diverse interactomes.

CONDITIONAL ACTIVATION OF PHOTOCATALYTIC
LABELING PLATFORMS

In addition to developing new reactive intermediates and photo-

catalysts for proximity labeling, recent work has investigated
new ways to conditionally activate these platforms for additional

levels of spatial and temporal control. (Figure 5C) In conventional

approaches, a catalyst is targeted to a biomolecule of interest to

tag nearby endogenous interactors (Figure 1A). However, tradi-

tional approaches operate under the assumption that every

microenvironment is identical, thus preventing the application

of this technology in subcellular regions that cannot be defined

by the location of a single biomolecule of interest. For example,

dimerized cell surface receptors are of significant interest

because their dysregulation contributes to abnormal cell prolifer-

ation, cell survival, and invasion ofmany cancers.99 Thesemicro-

environments are highly dynamic and unique, and elucidating

proteomes proximal to these assemblies could enable the dis-

covery of proteins that are selectively recruited to the dimerized

receptors but not their monomeric counterparts. While existing

proximity labeling methods have provided valuable biological in-

sights, these photocatalyticmanifolds are ‘‘always on’’ upon irra-

diation, and identifying proteomes with enhanced resolution is

conceivable if they could be activated only under certain molec-

ular conditions. The Martell group cleverly addressed this need

by developing DNA-based switchable photoproximity catalysts

that only become active in the presence of a secondary molec-

ular trigger. These DNA catalysts, composed of a rutheniumpho-

tocatalyst and a spectral quencher (Iowa Black RQ) each teth-

ered to a DNA oligomer, are catalytically inert but undergo a

conformational change upon encountering a specific molecular

trigger, thereby activating proximity labeling at specific microen-

vironments (Figure 5C).100

To develop this powerful system, they selected a heteroleptic

Ru(bpy)2(phenanthroline) complex as the photocatalyst, a

choice well-informed by their precedent in both proximity

labeling and oxidative phenol couplings.48 More importantly,

these complexes exhibit a catalytically active photoexcited

state that can be quenched in close proximity to a spectral

quencher.101,102 The switchable system encompasses three

key elements: (1) a DNA oligomer undergoing conformational

changes in reaction to amolecular trigger, (2) a proximity labeling

photocatalyst, and (3) a spectral quencher that deactivates the

photocatalyst when they are in close proximity. Initially, the

DNA catalyst assumes a conformation where the photocatalyst

is inactive due to its proximity to the quencher. However, upon

encountering a specific molecular trigger, the DNA undergoes

a conformational shift, modifying the distance between the pho-

tocatalyst and quencher and triggering the activation of photo-

catalytic activity (Figure 5C). To construct and validate the

switchable DNA proximity labeling catalyst, quencher and Ru

single-stranded DNA (ssDNA) oligonucleotide strands were first

synthesized and combined to ensure comprehensive quench-

ing. Subsequently, they explored the photocatalytic activity of

the DNA catalyst triggered by the presence of a displacement

oligonucleotide strand complementary to the loop region of the

hairpin sequence, demonstrating �20-fold increase in activity

upon introducing the trigger strand, confirming conditional acti-

vation toward an ‘‘on’’ state.100

After confirming the capability of the switchable DNA photoca-

talyst to label proteins in vitro only after addition of the ssDNA

trigger, the team then extended its application to label proteins

on the surface ofmammalian cells.With the objective of directing

this system to a protein dimer pair, the researchers’ initial focus
Cell Chemical Biology 31, June 20, 2024 11



Figure 6. Red-shifted photoredox catalysis modes for proximity labeling
(A) Current activation modes for light-based proximity labeling are shorter in wavelength and exhibit poor tissue penetration. Longer wavelengths of light can
address this need for in vivo proximity labeling applications.
(B) mMap-Red photocatalytic activation of aryl azides through single electron transfer (SET) to generate aminyl radicals.
(C) Targeted aryl azide activation with osmium photocatalysts through SET to furnish a triplet nitrene reactive intermediate.
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was on targeting tyrosine kinase dimers in different heteromeric

states (Figure 5C). A dsDNAoligo composed of an invader strand

capable of displacing the quencher strand of the Ru-quencher

DNA duplex was then engineered, thus activating the photocata-

lyst only at HER2:HER3 dimer sites, enabling identification of

protein-protein interactions associated with increased invasion

and growth in certain cancers. Overall, this work represents a

significant advance to photocatalytic proximity labeling with

the addition of ‘‘AND-gate logic’’ for profiling highly specific mi-

croenvironments. Although this study employs a Ru(bpy)3-type

complex and biotin phenol protein tagging, the adaptable design

of switchable DNA catalysts allows compatibility with almost any

synthetic photocatalyst. Additionally, these switchable DNA

proximity labeling catalysts can be crafted from conformation-

switching DNA aptamers responsive to small molecules, ions,

and proteins, paving the way for future applications of photoca-

talytic proximity labeling in highly specific subcellular locations.

RED LIGHT-ACTIVATED PHOTOCATALYTIC PROXIMITY
LABELING

The ability to identify interactions between biomolecules within

whole tissues and live animals holds great potential, particularly

when studying disease phenotypes. While photocatalytic prox-

imity labeling platforms have been successful in detecting bio-

molecular interactions in many different cellular contexts,

applying these methods in vivo, particularly in higher-order

mammalian model systems, has proven to be a challenging

task. The challenge primarily arises from the presence of natural

chromophores in living systems, which limits the effectiveness of
12 Cell Chemical Biology 31, June 20, 2024
activating these labeling systems using shorter wavelengths of

light (<500 nm) due to light scattering (Figure 6A).103 Hence,

there has been significant effort devoted to engineering both

new reactivity modes as well as distinct photocatalytic platforms

that utilize longer wavelengths of light for activation. In nature,

porphyrin and chlorin scaffolds serve as prevalent photocata-

lysts capable of absorbing light in the longer-wavelength range

(>600 nm) and channeling this energy into photoinduced elec-

tron transfer (ET). Drawing inspiration from these naturally occur-

ring compounds as well as accounts of azide-activating photo-

catalysts,104 our group hypothesized that red-light-absorbing

catalysts could be harnessed to generate reactive intermedi-

ates—specifically nitrenes or aminyl radicals—from aryl azide

precursors. This strategy, termed mMap-Red, explored the po-

tential of red light in proximity labeling.50

To explore this concept, we first measured conversion of

4-azidobenzoic acid using various red-light photocatalysts

with diverse redox properties. Employing a tin (Sn)-metalated

chlorin e6 catalyst, we observed minimal conversion (5%) and

slight formation of the aniline product 2 (2%). Significantly

enhanced yields were achieved with the addition of stoichio-

metric reductants, such as glutathione, sodium ascorbate, or

nicotinamide adenine dinucleotide (NADH), with NADH proving

most effective (83% yield). Based on these results, we pro-

posed a mechanistic pathway initiated by the reductive

quenching of the excited-state photocatalyst with NADH, form-

ing a highly reducing organic ground state. This reduced spe-

cies is then poised for single electron transfer (SET) to the

aryl azide, effectively regenerating the catalyst. Mesolytic

cleavage of the azide radical anion releases molecular nitrogen,
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and rapid protonation reveals an aminyl radical species as a

reactive intermediate for proximity labeling (Figure 6B). Ultrafast

transient-absorption spectroscopy supported the proposed

mechanism by demonstrating that the excited Sn-chlorin cata-

lyst is quenched by NADH and not by the aryl azide.50

With a system for red-light activation of aryl azides in place,

we tested mMap-Red in a cellular context. By using a primary

antibody specific to EGFR, a Sn-chlorin e6 conjugated sec-

ondary antibody, and red-light irradiation, we successfully

labeled the cell surface microenvironment of EGFR on A549

cells. Quantitative proteomics analysis revealed statistically

significant enrichment of previously validated physical interac-

tions with EGFR, including CD44, AXL, EPHA2, and EPHB2.

Our next step was to evaluate mMap-Red in a complex biolog-

ical sample where blue-light activation was not feasible. Whole

blood, with its high biochemical complexity, served as our

testing ground to assess whether mMap-Red could enable se-

lective proximity labeling. We selected TER119, an antibody

specific to mature red blood cells.105 While TER119 is highly

selective for erythrocytes, it has been shown to bind to several

targets on red blood cells.106 Using a Sn-chlorin conjugated

antibody to TER119, we successfully enriched several candi-

date erythrocyte proteins, likely representing the antigens

recognized by TER119. Importantly, an Ir-conjugated

TER119 antibody was unable to yield sufficient labeling in

whole blood, reflecting the poor penetration of blue light in

complex biological settings containing various endogenous

chromophores.

In parallel to mMap-Red, the Rovis group developed a com-

plementary red light-based photocatalytic proximity labeling

system (Figure 6C).52 Initially designed for chemical transfor-

mations, these systems utilize osmium (Os)-based photocata-

lysts, which offer superior light absorption and scalability.107

Leveraging these red light-based platforms for photoredox

catalysis, the Rovis group developed a red-light-activated pho-

tocatalytic proximity labeling platform composed of an Os pho-

tocatalyst combined with a tetrafluorophenyl azide probe to

generate reactive triplet nitrenes (Figure 6C). Density functional

theory (DFT) calculations were performed to elucidate the po-

tential mechanism for obtaining the triplet nitrene. EnT was

ruled out as a viable pathway, given that the required vertical

and adiabatic singlet-to-triplet energies for obtaining the triplet

azide exceeded that of the Os photocatalyst.108 In contrast, an

ET mechanism was found to be energetically favorable, with

the reduced azide being highly stabilized through both solva-

tion and fluorination. The researchers also observed that the

barrier to N2 dissociation upon reduction was minimal, and

N2 loss as highly exothermic. Subsequent exothermic re-oxida-

tion of the reduced nitrene then generates the triplet nitrene,

suggesting a photoredox-catalyzed, stepwise reduction-disso-

ciation-oxidation pathway (Figure 6C). With this platform, the

group then explored the protein microenvironment of epithelial

cell adhesion molecule (EpCAM) on HCT116 cells within three

distinct cell systems: cells cultivated in monoculture and de-

tached in single-cell suspension, cells grown in 3D spheroid

culture, and dissociated cells from mouse tumor xenograft tis-

sue. In each of these cell systems, EpCAM-targeted bio-

tinylation was performed using a dual antibody system with

Os-conjugated secondary antibodies, followed by enrichment
and quantitation using tandem mass tag (TMT)-based liquid

chromatography-tandem mass spectrometry (LC-MS/MS) pro-

teomic analysis. EpCAM was consistently detected as highly

enriched in each of the cell systems, confirming the efficacy

of the technology in labeling and enriching the targeted pro-

tein.52 Overall, the devised photoredox strategy to generate

high-energy nitrenes using low-energy light through a redox-

neutral ET process represents a significant chemical advance

for photocatalytic proximity labeling. We anticipate that this

mode of triplet nitrene activation will also uncover new chemi-

cal reactivity and attract new applications for synthesis and

chemical biology. Together, mMap-Red and the Os-based sys-

tems developed by the Rovis group represent significant ad-

vancements in the field of photocatalytic proximity labeling,

particularly in the utilization of lower-energy red light that ex-

hibits improved tissue penetration. Both platforms are highly

modular and can be directed to targets of interest through a va-

riety of means, and we expect that these platforms will find

broad applications in interactome profiling in tissues and, even-

tually, in whole vertebrate animal models.

DISCUSSION

The future is bright for photocatalytic proximity labeling. Over the

past decade, the field has grown substantially, and a variety of

different platforms have been successfully developed and imple-

mented (Table 1). Despite these successes, the field is still

young, and significant challenges remain to engineer and adopt

these technologies across all biological settings. From a funda-

mental standpoint, both standardization and accessibility are

needed to fully realize the potential of photocatalytic proximity

labeling. Streamlining tool development and deployment is likely

to accelerate the adoption of these platforms across various

research areas. This will be especially true for potential clinical

applications attempting to understand disease-specific interac-

tomes from primary patient samples. The potential of light-acti-

vated proximity labeling as a point-of-use diagnostic in

various disease stages could pave theway for an unprecedented

level of precision personalized medicine. However, with the

increasing complexity of data generated by these labeling exper-

iments, there is a need for robust and standardized workflows for

data analysis and computational processing. Future opportu-

nities lie in developing user-friendly software that can handle

large datasets, extract meaningful information, and facilitate

rapid interpretation. Merging these datasets with artificial intelli-

gence systems and language learning models also holds great

potential for quickly gaining biological insight from dense inter-

actomic data.

On the technical side, many opportunities remain for

improving existing systems or developing entirely new chemistry

for photocatalytic proximity labeling. There is continued need

for further catalyst engineering and incorporation strategies,

whether genetic or otherwise, to facilitate efficient protein

profiling in various environments with minimal disruption. In

particular, the intrinsic affinity of different photocatalysts toward

cellular organelles is a key parameter for their successful appli-

cation in biological systems. It is known that Ir-based catalysts

exhibit inherent affinity toward mitochondria and the endo-

plasmic reticulum,37,109 yet the precise chemical principles
Cell Chemical Biology 31, June 20, 2024 13
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governing this affinity are not well understood and many other

catalytic systems remain uncharacterized. Further delineation

of these factors will enable the development of more efficient

and less invasive proximity labeling systems, particularly in live

cell and eventual or in vivo experiments. Similarly, there is a

need for new reactive probes that are more robust, sensitive,

tunable, and compatible in a variety of biological settings. For

example, enhancing the temporal resolution and compatibility

of photocatalytic labeling experiments with live-cell imaging re-

mains problematic. Overcoming this hurdle would enable dy-

namic tracking of protein interactions in real-time within living

cells, providing valuable insights into temporal aspects of cellular

processes. Expanding the multiplexing capabilities of photoca-

talytic proximity labeling would also allow powerful simultaneous

profiling of multiple biomolecular interactions. Developing

methods to selectively activate different orthogonal probes in a

spatially and temporally controlled manner could unlock new di-

mensions in interactome mapping while minimizing material and

variance from multiple experiments. Similarly, design of probes

with tuned chemoselectivity for a specific microenvironment

state, including specific post-translation modifications, would

be an enabling technology for understanding the biological con-

sequences of these events. Continued work toward designing

such ‘‘conditional’’ or ‘‘turn on’’ proximity labeling systems will

also find broad utility in profiling variable microenvironments

with user defined criteria (time, molecular composition, temper-

ature, ion concentration, etc). Integrating photoproximity label-

ing with other omics technologies, such as genomics, transcrip-

tomics, and metabolomics, would also provide a more

comprehensive view of cellular processes. This type of interdis-

ciplinary approach could uncover intricate regulatory networks

and signaling pathways. Proximity labeling and photocatalysis

also hold great potential for site-specific modification and engi-

neering of proteins. Integrating catalysts into specific amino acid

residues could enable selective modification and mutation of in-

dividual residues or regions to yield new biotherapeutics or

research tools. Lastly, while promising initial work has been

made toward in vivo applications with red light-activated sys-

tems, these wavelengths still do not fully penetrate deep tissue

(>10 mm) and there remains to be a full demonstration of live an-

imal in vivo photocatalytic proximity labeling to date in higher

mammals. A true long-wavelength photolabeling approach

amenable to very deep tissue penetration would prove

immensely valuable for studying proteins in their most native

environment.
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