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Cellular functions are tightly regulated by proteins, nucleic 
acids and their interactions, including protein–protein inter-
actions (PPIs), protein–RNA interactions and protein–DNA 

interactions1,2. Such molecular interaction networks are central to 
most biological processes, while their dysregulation has been linked 
to a variety of human diseases including cancers, immune disorders 
and neurodegeneration. Methods enabling the large-scale discovery 
of molecular interactions in living cells have provided insights for 
biological exploration and therapeutic intervention.

The traditional approaches of affinity purification and yeast 
two-hybrid have been widely applied to discover potential molecular 
interactions3,4. Antibody-based affinity purification, in combination 
with mass spectrometry–based proteomics, allows the enrichment 
and identification of stable interaction partners of specific proteins 
of interest. Such efforts have expanded our understanding of pro-
tein interaction networks in a variety of systems, including yeast, 
flies and human cells. Affinity purification can also be combined 
with crosslinking and nucleic acid sequencing to interrogate pro-
tein–nucleic acid interactions, such as in chromatin immunopre-
cipitation sequencing (ChIP-seq) and RNA immunoprecipitation 
sequencing (RIP-seq)5,6. The main limitation of affinity purification, 
however, is that weak or transient interactions are often lost during 
cell lysis and the subsequent washing steps. To overcome this, affin-
ity purification can be combined with crosslinking7; however, this 
increases the rate of false positives. Moreover, affinity purification 
is challenging to apply to insoluble targets or protein baits lacking 
high-affinity antibodies.

Yeast two-hybrid and other protein complementation assays rep-
resent another approach for mapping protein–protein, protein–RNA 
and protein–DNA interactions in living cells3. These approaches are 
often high throughput, enabling the screening of thousands to mil-
lions of potential molecular interactions8. However, many protein 
complementation assays have cell type and organelle type restric-
tions (for example, yeast two-hybrid does not work on membrane 
proteins), false positives due to overexpression and tagging of both 
bait and prey, and false negatives due to steric interference by or 
geometric constraints of the required tags.

Proximity labeling (PL) was developed to provide a complemen-
tary approach to these traditional methods for molecular interaction 
mapping in living cells. PL uses engineered enzymes, such as per-
oxidases (engineered ascorbate peroxidase 2 (APEX2)9, horseradish 
peroxidase (HRP)10) or biotin ligases (BioID11,12, BioID213, BASU14, 
TurboID15, miniTurbo15), that are genetically tagged to a protein of 
interest (Table 1). The PL enzyme converts an inert small-molecule 
substrate into a short-lived reactive species, such as a radical in 
the case of APEX16 or an activated ester in the case of BioID and 
TurboID17, that diffuses out from the enzyme active site to cova-
lently tag neighboring endogenous species (Fig. 1a,b). The labeling 
radius is determined by both the half-life of the reactive species and 
the concentration of quenchers in the environment, such as glutathi-
one for APEX and amines for BioID and TurboID. The experimen-
tally determined labeling radii for HRP, APEX, BioID and TurboID 
enzymes fall in the range of 1–10 nm in living cells16,17. However, 
instead of a fixed radius, it is more accurate to think of labeling by 
PL enzymes as a ‘contour map’ in which the reactant concentration 
is highest at the PL enzyme and falls off nanometer by nanometer 
from the source17,18. Peroxidase- and biotin ligase–generated reac-
tive species are also membrane impermeant19, and thus the contour 
map ends at membrane boundaries. The substrate molecule typi-
cally contains a biotin handle to enable subsequent enrichment of 
tagged species using streptavidin beads and their identification by 
mass spectrometry (for proteins) or nucleic acid sequencing (for 
RNA) (Fig. 1c). Depending on the localization and expression of 
the PL enzyme, PL can be used to interrogate spatial proteomes on 
several different length scales—from entire cells20 to organelles and 
subcellular compartments18,19,21–25 to macromolecular complexes26,27. 
In this Review, we will focus on the application of PL to the study 
of molecular interactions, which has more published examples than 
organelle or cellular mapping28.

For this review, we define PL as labeling catalyzed by genetically 
encoded enzymes (as opposed to chemical catalysts) that gener-
ate diffusible reactive species in living systems. Many other con-
ceptually related technologies have been described but fall outside 
the scope of this Review. These include proximity ligation assays 
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on fixed cells with antibody29 or nucleic acid probes30, photocross-
linking with unnatural amino acids31, promiscuous enzymes that 
label with non-diffusible substrates (for example, PUP-IT)32 and 
light-activated chemical catalysts33.

Proximity labeling for profiling protein–protein interactions
PL has been applied to a wide range of PPI mapping problems, 
from signal transduction networks (mitogen-associated protein 
kinase (MAPK)34,35, Hippo36, adrenergic37, G-protein-coupled 
receptor (GPCR)38,39) to enzyme–substrate interactions (E3 ubiqui-
tin ligases40,41, kinases42). These studies have been conducted in a 
variety of cell types (for example, 2D or 3D culture43, endothelial 
cells44, neuronal cells22,45,46) and organisms (bacteria15,47, yeast9,15,48,49, 
flies15,41,50,51, worms15, plants52,53, mice37,54–56, primary human tissue57). 
In this section, we highlight some areas where PL has offered advan-
tages over traditional methods in identifying molecular interactions 
and enabling biological discovery. These include characterizing 
the architecture of insoluble protein complexes (for example, the 
nuclear envelope), capturing transient PPIs (for example, enzyme–
substrate interactions), dissecting dynamic processes (for example, 
GPCR signaling), and enabling the specific interrogation of interac-
tomes in live organisms (Table 2).

PL has enabled the study of insoluble baits that are difficult to 
analyze by affinity purification, such as lamin A/C, a nuclear enve-
lope resident protein critical for maintaining nuclear envelope struc-
ture11. To map lamin A’s interaction partners by PL, Roux et al. used 
BioID, a promiscuous mutant of the Escherichia coli biotin ligase 
BirA12, and fused it directly to lamin A in HeLa cells11. Residents of 
the nuclear membrane and other previously unknown interactors, 
such as the nuclear pore complex, were identified11. Subsequent 
work using PL enzymes have built on this work by interactome 
mapping of other lamins, nuclear envelope proteins17,58,59 and 
nuclear transporters60.

Protein aggregates are extreme examples of insoluble baits. Chou 
et al. used BioID to identify interactors of TDP43 aggregates, a 
common histopathological marker of neurodegenerative disease, 
including amyotrophic lateral sclerosis and frontotemporal demen-
tia61. By fusing BioID to TDP43 to perform PL, the authors identi-
fied nucleocytoplasmic transport machinery, and follow-up studies 
implicated TDP43 aggregates’ disruption of nucleoporin and trans-
port factor functions as a mechanism for pathology61.

PL has proven especially useful in dissecting signaling pathways 
in which upstream and downstream effectors interact only tran-
siently with the protein of interest. For example, Amber et al. used 
BioID to probe interactors along the Hippo pathway36, a highly con-
served signaling cascade that controls cell proliferation and apopto-
sis to dictate organ size. By mapping the interactomes of 19 pathway 
proteins using BioID, the authors generated protein interaction net-
works for the Hippo pathway and identified many putative regu-
lators and kinase substrates36. PL-based interactome mapping has 
also been used to map other signaling processes, such as NF-κB62, 
Ras63,64, MAPK34,35 and Hedgehog65 pathways. PL-based interactome 
mapping can also uncover the remodeling of signaling pathways in 
the context of disease66 and upon pathway activation to discover 
critical mediators of signal transduction37,39. In addition to intracel-
lular interactome mapping, PL has also been used to identify extra-
cellular ligand–receptor interactions32,67,68.

PL-based PPI mapping has also been informative for the study of 
enzyme–substrate interactions, which are intrinsically transient as 
a result of substrate turnover40–42. E3 ubiquitin ligases in particular, 
which influence many aspects of cellular biology by controlling pro-
tein ubiquitination and degradation, each have numerous adaptor 
proteins and substrates69. Etienne et al. used BioID in conjunction 
with pharmacological proteasome inhibition to probe interactors of 
SCF E3 ligases β-TrCP1 and β-TrCP240. Using this approach, the 
authors validated 12 new substrates, including proteins involved 
in nuclear membrane integrity and translation control. PL has also 
been used to interrogate substrates of protein kinases. For instance, 
Cutler et al. fused BioID to p190 and p210 BCR-ABL tyrosine 
kinases, oncogenic protein fusions that result from chromosomal 
translocations42. Using PL, the authors identified distinct interac-
tomes of each fusion and revealed that the Src family kinase Lyn, 
critical for transformation and drug resistance, is a preferential sub-
strate of the p190 BCR-ABL fusion.

The short time frame of APEX labeling (<1 min) has been lever-
aged to capture temporally resolved snapshots of changing interac-
tomes of proteins involved in dynamic cellular processes, such as 
in Wnt70 and GPCR signaling38,39. Paek et al. applied APEX-based 
PL to angiotensin II type 1 receptor (AT1R) and β2-adrenergic 
receptor (β2AR) GPCR signaling in response to agonist activation38, 
and proteomic analysis of the changing interactome supported the 
role of endocytosis in sequestering GPCRs from G proteins and 

Table 1 | Overview of PL enzymes

Enzyme Type Size 
(kDa)

Labeling 
time

Modification 
sites

Advantages Limitations

APEX Peroxidase 28 1 min Tyr, Trp, Cys, His High temporal resolution; versatility 
for both protein and RNA labeling

Limited application in vivo because of the 
toxicity of H2O2

APEX2 Peroxidase 28 1 min Tyr, Trp, Cys, His High temporal resolution; versatility 
for both protein and RNA labeling

Limited application in vivo because of the 
toxicity of H2O2

HRP Peroxidase 44 1 min Tyr, Trp, Cys, His High temporal resolution; versatility 
for both protein and RNA labeling

Limited application in vivo because of 
the toxicity of H2O2; limited to secretory 
pathway and extracellular applications

BioID Biotin ligase 35 18 h Lys Non-toxic for in vivo applications Poor temporal resolution as a result of 
low catalytic activity

BioID2 Biotin ligase 27 18 h Lys Non-toxic for in vivo applications Poor temporal resolution as a result of 
low catalytic activity

BASU Biotin ligase 29 18 h Lys Non-toxic for in vivo applications Poor temporal resolution as a result of 
low catalytic activity

TurboID Biotin ligase 35 10 min Lys Highest activity biotin ligase; 
non-toxic for in vivo applications

Potentially less control of labeling 
window as a result of high biotin affinity

miniTurbo Biotin ligase 28 10 min Lys High activity; non-toxic for in vivo 
applications; smaller than TurboID

Lower catalytic activity and stability as 
compared to TurboID
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demonstrated differing endocytosis kinetics for different GPCRs. 
APEX has also been used to capture snapshots of the δ-opioid 
receptor (DOR) interactome following treatment with agonist39. 
By identifying a time course of protein interactions and using a set 
of spatial references to increase specificity in the context of recep-
tor internalization and trafficking, Lobingier et al. implicated two 
ubiquitin-pathway proteins as mediators of DOR endosomal traf-
ficking to the lysosome39. APEX has also been used to dissect the 
specificity of Wnt signaling. After demonstrating that Wnt9a signals 
by binding the Fzd9b receptor through an unknown factor, Grainger 
et al. leveraged the rapidity of APEX labeling to map the proteome 
specifically during receptor activation and identified the epidermal 
growth factor receptor (EGFR) as a key mediator of Wnt9a–Fzd9b 
interactions70. Overall, these studies and others have capitalized on 
the rapid in situ labeling of APEX to dissect their respective path-
ways on a minute time scale, demonstrating the full potential of PL 
to probe dynamic interactions.

Many proteins participate in multiple distinct protein complexes 
that each carry out different cellular functions, but fusing PL enzymes 
directly to the bait in these scenarios would result in labeling proxi-
mal interactors of each complex, thereby reducing the confidence 
for those of a certain subpopulation. To overcome this, PL tools have 

been further adapted using various strategies for mapping interac-
tomes of specific subcellular pools of a particular protein of interest, 
with the potential to dramatically improve specificity. For example, 
James et al. developed a strategy to probe only the inner nuclear 
membrane–localized pool of VAMP (vesicle-associated membrane 
protein)-associated protein B (VAPB), which localizes to both the 
endoplasmic reticulum membrane and nuclear membrane. By tak-
ing advantage of the chemically inducible dimerization FRB–FKBP 
system, the authors employed rapamycin-dependent recruitment of 
nuclear-targeted APEX2–FKBP to inner nuclear membrane–local-
ized FRB-VAPB but not endoplasmic reticulum membrane–local-
ized FRB-VAPB71. More generalizable PL approaches for increasing 
spatial specificity have been developed in the form of split PL 
enzymes. Split PL enzymes consist of two inactive fragments that 
can be brought together by PPIs or membrane apposition to recon-
stitute enzymatic activity20,72–76. Split-APEX275, split-HRP20, vari-
ous versions of split-BioIDs72–74, and split-TurboID76 have all been 
developed, with advantages and disadvantages mirroring those of 
their full-length counterparts. While not yet widely adapted for PPI 
mapping, the application of split enzymes for PL could markedly 
improve spatial specificity for mapping certain PPIs. For example, 
Schopp et al. successfully used split-BioID to probe interactors of 
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Fig. 1 | Peroxidase- and biotin ligase-based proximity labeling methods for PPI mapping. a, Peroxidase-based approaches, such as APEX or HRP, oxidize 
biotin–phenol into reactive phenoxyl radicals using hydrogen peroxide, which preferentially labels proximal over distal endogenous proteins. b, Biotin 
ligase–based approaches, such as BioID or TurboID, utilize ATP and biotin to catalyze the formation of reactive biotin-5′-AMP, which diffuses and labels 
proximal proteins. c, Example proteomic workflow for mapping PPIs. PL enzymes fused to the bait of interest and a spatial reference control are expressed 
in separate samples. Biotinylated proteins from each sample are enriched and analyzed via quantitative mass spectrometry. Proteins that preferentially 
interact with the bait of interest can be identified by ratiometric analysis. PPI, protein–protein interaction; POI, protein of interest; LC–MS/MS, liquid 
chromatography and tandem mass spectrometry; TMT, tandem mass tag.
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the miRNA-induced silencing complex (miRISC)73. During com-
plex maturation, the protein subunit Ago2 participates in two dis-
tinct subcomplexes containing either Dicer or TNRC6. By fusing 
fragments of split-BioID to Ago2 and TNRC6, and then to Ago2 
and Dicer, the authors were able to differentiate distinct interac-
tomes of each of the respective subcomplexes73.

The development of biotin ligase–based PL approaches has also 
enabled PL studies in vivo across organisms. While peroxidase- 
based approaches have been applied in various ex vivo studies37,50, 
the requirement for hydrogen peroxide limits their use in vivo. 
Furthermore, peroxidase-based PL in plants is problematic because 
of background activity from endogenous plant peroxidases. BioID 
has been applied for proteomic mapping in Arabidopsis thaliana 

and Nicotiana benthamiana52,77, two key plant models. The develop-
ment of more active TurboID and miniTurbo has improved these 
approaches53. Zhang et al. used TurboID to identify interactors of 
a plant immune receptor called N78. By using TurboID to perform 
biotin labeling in live N. benthamiana plants, the authors identified 
the interactor UBR7, a putative E3 ligase that downregulates N and 
mediates immunity against plant pathogens.

Studies in many model and non-model organisms have ben-
efited from the simple and non-toxic labeling conditions of bio-
tin ligase–based PL. PL has been carried out in live bacteria15,47, 
yeast15,48,49, slime molds79,80, various parasites81–85, worms15, flies15,86,87 
and mice55,56. In the first in vivo mouse PL study, Dingar et al. fused 
BioID to the oncogene c-Myc, expressed this fusion construct in 

Table 2 | Examples of proximity labeling for mapping PPIs

PPI category Notes Enzyme Baits Refs.

Protein aggregates Insoluble complexes by definition BioID TDP43 aggregates 61

Nuclear membrane and nuclear 
structures

Low-solubility complexes as a 
result of membrane function and/or 
complex size

BioID Lamin A 11

BioID Lamin B1 59

BioID Various nuclear transport receptors 60

BioID2 Lamin A, Sun2 58

Enzyme–substrate interactions Low-affinity or transient 
interactions as a result of enzyme 
turnover

BioID Hippo pathway (including Mst1/Mst2 kinases) 36

BioID p190/p210 BCR-ABL kinases 42

APEX2 p38 MAPK 34

BioID2 p38 MAPK 35

BioID SCF E3 ligases 40

APEX2 KREP, Kelch E3 ligase adaptors 41

BioID ClpP protease 124

Other signaling pathways Low-affinity or transient 
interactions

BioID2 TLR9, MYD88 (NF-κB pathway) 62

BioID2 KRas4B 63

APEX2 Cav1.2 GPCR (adrenergic pathway) 37

Intracellular sorting Transient interactions, low-affinity 
interactors for trafficking machinery

BioID Golgin-97, Golgin-245 125

APEX2 LAMP1 45

BioID2 Golgi glycosyltransferases 126

Dynamic processes APEX for minute-scale interactome 
capture

APEX2 DOR (GPCR) 39

APEX2 AT1R, β2AR (GPCRs) 38

APEX2 Fzd9b (GPCR) 70

APEX2 Gal8, Gal3, Gal9 127

APEX2 TssA (bacteria) 47

In vivo PL in plants PL in plant systems BioID HopF2 52

BioID AvrPto 77

TurboID N NLR 78

TurboID FAMA 53

In vivo PL in other organisms Biotin ligase–based in vivo PL BioID Sun1 (Dictyostelium) 79

BioID CDK5RAP2 (Dictyostelium) 80

BioID ISP3 (Toxoplasma gondii) 82

BioID Cyst wall proteins (T. gondii) 85

BioID TbMORN1 (Trypanosoma brucei) 81

BioID TbPLK (T. brucei) 83

BioID Parasitophorous vacuole (Plasmodium falciparum) 84

BioID c-MYC (mouse xenograft) 56

BioID Gephyrin (mouse) 55

TurboID Rmt3 (Schizosaccharomyces pombe) 49

TurboID Dcp-1, Drice, Dronc (Drosophila melanogaster) 86
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xenografted cells and performed biotin labeling over the course of 
2 days before proteomic analysis56. In a subsequent mouse study, 
Uezu et al. used BioID to map the inhibitory postsynaptic density 
over a course of 7 days of biotin labeling before proteomic analysis55. 
These long labeling times were likely required for generating suf-
ficient biotinylated material for mass spectrometry because of the 
low activity of BioID. The application of the more active TurboID 
or miniTurbo enzymes in future in vivo PL studies should offer 
increased temporal resolution for mapping dynamic processes in 
live organisms.

Proximity labeling for profiling protein–RNA interactions
Interactions between proteins and RNA are critical for a wide range 
of cellular functions, from transcription and translation to innate 
immunity and stress response2, and many approaches have been 
developed to study these interactions88. Existing methods can be 
broadly classified as protein-centric or RNA-centric (Table 3). In 
protein-centric methods, the RNA interaction partners of a specific 

protein bait of interest can be identified by RNA sequencing. In 
RNA-centric methods, the protein partners of a specific RNA bait 
are identified88. There are many more protein-centric methods for 
mapping protein–RNA interactions owing to the availability of anti-
bodies for protein pulldown and the ease of RNA sequencing.

In protein-centric methods, the addition of a chemical or ultra-
violet (UV) crosslinking step before protein bait immunoprecipita-
tion (CLIP) improves the efficiency of RNA capture. CLIP-seq and 
related methods have been widely applied to the detection of RNAs 
associated with a particular protein, and generally these methods 
are highly specific and can be carried out without the exogenous 
expression of any components89–94. However, existing approaches are 
limited by antibody quality, and UV crosslinking has low efficiency. 
Furthermore, these methods query protein–RNA interactions 
across the entire cell, while there may exist compartment-specific 
variability; for instance, a specific protein bait may localize to both 
the nucleus and cytosol and interact with different RNA partners in 
each location95.
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Table 3 | Comparison of protein–nucleic acid approaches

Method Description Pros Cons Refs.

RNA RNA-centric (identifying the proteins interacting with an RNA of interest)
RAP-MS, PAIR, 
TRIP, CHART, 
ChIRP

UV or FA crosslinking followed by RNA 
pulldown using biotinylated nucleic acid 
probes.

No genetic engineering 
or exogenous expression 
of components. UV 
crosslinking is highly 
specific for direct protein–
RNA interactions.

Crosslinking—UV in particular—has 
low efficiency, requiring 108–109 
cells. FA is less specific and results in 
protein–protein crosslinks that increase 
background. DNA probes must be 
optimized and can lead to non-specific 
capture of RNAs or contribute to lower 
efficiency.

102–106

MS2-Biotrap UV crosslinking followed by RNA pulldown 
via MS2–coat protein interaction.

Improves the pulldown 
workflow by avoiding ASO 
capture.

Crosslinking is low efficiency, requiring 
108–109 cells. Exogenous expression of 
MS2-tagged RNA may not recapitulate 
physiological concentrations or 
conditions

107

RaPID MS2-modified endogenous RNA recruits 
a coat protein–PL enzyme fusion to 
biotinylate proteins interacting with the 
RNA of interest.

Avoids crosslinking and 
associated problems. 
Enables direct biotinylation 
of interacting proteins. Can 
be applied in vivo.

Biotinylation of the general location 
necessitates spatial references (for 
example, scrambled RNA control) to 
eliminate false positives. PL captures 
indirect interactors. Exogenous 
expression of MS2-target RNA may not 
recapitulate physiological concentrations 
or conditions. Biotinylated proteins may 
be proximal to the MS2 site and not the 
RNA in general, making this method 
better for shorter RNAs.

14,108,109

CRUIS,CBRPP, 
CARPID, 
dCas13d- 
dsRBD-APEX2

PL enzyme (PafA, BioID, BASU, APEX2) 
fusion to catalytically inactive dCas13 to 
biotinylate proteins interacting with an 
endogenous transcript.

Enables direct biotinylation 
of proteins interacting 
with endogenous RNA 
transcripts. In vivo 
compatible and can be 
easily engineered for 
different targets. Avoids 
crosslinking.

Incomplete localization of Cas13 can 
produce high background. May require 
guide optimization, as well as spatial 
references (non-targeting guide) to 
account for non-specific labeling. PL 
captures indirect interactors. Biotinylated 
proteins are proximal to the guide RNA 
site and not to the entire target RNA in 
general.

109,112

Protein-centric (identifying the RNAs interacting with a protein of interest)
CLIP-seq,  
eCLIP, iCLIP,  
irCLIP, 
PAR-CLIP,  
fCLIP

Crosslinking immunoprecipitation. There 
are many variations of the CLIP-seq 
protocol, but generally, crosslinking of 
proteins to RNA is carried out by UV 
(CLIP-seq), by UV using incorporated 
thiouridine (PAR-CLIP), or using FA (fCLIP). 
A protein of interest is isolated by antibody 
pulldown and the covalently bound RNA is 
sequenced.

UV crosslinking is highly 
specific. Does not require 
genetic engineering or 
exogenous expression of 
components.

Can be difficult to obtain enough 
crosslinked RNA because of low 
efficiency of crosslinking, poor antibody 
pulldown or low abundance of the 
RBP–RNA complex. Requires IP-grade 
antibodies.

89–94

RIP-seq Antibody pulldown of a protein of interest 
under non-denaturing conditions to recover 
the associated RNAs.

Higher RNA yield than 
CLIP. Simple protocol 
without genetic 
engineering or exogenous 
expression.

Lower SNR than CLIP; may capture 
indirect interactors and has a higher 
chance of false positives.

128

RNA tagging, 
TRIBE

RNA tagging uses a poly(U) polymerase 
fused with the POI to extend poly uracil at 
the 3′ end of proximal RNAs, which can 
be subsequently enriched using poly(A) 
ASO capture. TRIBE uses ADAR fused 
with the POI and mediates A-to-I editing 
of interacting RNAs, which can then be 
identified by sequencing.

Does not require antibody 
purification. Does not 
require crosslinking.

Exogenous expression of RBPs can 
lead to false positives or negatives. 
RNA tagging may be biased toward 3′ 
interactors.

129,130

APEX-RIP, 
Proximity-Clip

Proteins are biotinylated by APEX2 labeling, 
and RNA and proteins are crosslinked 
by UV and 4SU (proximity CLIP) or FA 
(APEX-RIP). Streptavidin pulldown enables 
the enrichment of RNA of a specific 
subcellular location.

Does not rely on 
antibody purification. 
Can recover organelle- or 
location-specific RNAs. 
UV crosslinking captures 
direct interactors.

FA crosslinking results in poor specificity, 
which can be overcome by UV 
crosslinking at the expense of efficiency. 
Adapting this method to RBP-specific 
capture necessitates IP-grade antibodies 
or genetic tagging of RBP of interest.

96,97

APEX-seq, 
CAP-seq

PL of RNAs directly by a PL enzyme enables 
the enrichment of RNA that interacts with 
a POI or is located in specific subcellular 
locations.

Direct labeling of RNA 
improves workflow, 
specificity and efficiency. 
Can be performed in vivo.

PL can capture indirect interactors. 
Adapting these techniques to studying 
specific RBPs requires exogenous 
expression of the RBP–PL fusion protein.

98–101

Continued
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PL has been combined with protein–RNA crosslinking to dis-
cover RNAs proximal to protein baits in specific subcellular locales. 
APEX-RIP96 uses formaldehyde, whereas Proximity-CLIP97 uses 
UV, to crosslink APEX-biotinylated proteins to RNA just before cell 
lysis, enabling streptavidin-based enrichment of protein–RNA com-
plexes (Fig. 2a). The methods have been applied to the endoplasmic 
reticulum membrane96, nuclear lamina96 and cell–cell interfaces97. 
Using Proximity-CLIP, Benhalevy et al. observed the enrichment 
of CUG repeats in the RNA binding protein (RBP)-protected foot-
prints of mRNA 3′ UTRs localized to cell–cell interfaces, among 
other functional insights into protein–RNA occupancy97.

In APEX-RIP, the use of formaldehyde adds time and complex-
ity, and degrades spatial specificity. In a more direct approach, 
APEX-seq bypasses the need for protein–RNA crosslinking alto-
gether, using an APEX fusion protein to directly biotinylate prox-
imal endogenous RNAs (Fig. 2b)98,99. After 1 min labeling in live 
cells, streptavidin is used to enrich tagged RNAs for RNA-seq. An 
improved variation of APEX-seq uses a more efficient substrate, 
biotin-aniline, which improves RNA capture efficiency100. Fazal 
et al. used APEX-seq to generate a transcriptome-wide subcellular 
RNA atlas in human fibroblasts, uncovering functional insights and 
correlating transcript location with genome architecture and pro-
tein localization98. By taking advantage of APEX’s rapid kinetics, 
the authors used APEX-seq to quantify RNA dynamics at the outer 
mitochondrial membrane in response to drug perturbations and 
identified two distinct pathways for mRNA localization to the outer 
mitochondrial membrane98. APEX-seq has also been used to study 
stress granules, providing insights into the organization of transla-
tion initiation complexes on active mRNAs99.

An alternative protein-centric PL method, chromophore-assisted 
proximity labeling and sequencing (CAP-seq), incorporates the 

light-activated singlet oxygen generator miniSOG for proximity- 
dependent photo-oxidation of RNA nucleobases, which can be 
subsequently captured by amine probes and identified by high- 
throughput sequencing101 (Fig. 2c). Although the temporal resolu-
tion of CAP-seq (~20 min) is lower than that of APEX-seq (1 min), 
the two approaches offer distinct mechanisms of RNA labeling and 
may be complementary. As compared to traditional protein-centric 
sequencing methods, PL-based APEX-seq and CAP-seq do not 
require antibodies or crosslinking steps and can be easily adapted to 
identify the interacting or proximal RNAs of specific RBPs.

In contrast to protein-centric methods, RNA-centric methods 
target an RNA of interest to identify its protein binding partners. 
Traditionally, these approaches involve crosslinking and RNA cap-
ture using biotinylated oligonucleotide probes or MS2 bacteriophage 
tags102–107. However, the development of RNA-centric PL offers an 
alternative that does not require crosslinking. RaPID (RNA–protein 
interaction detection) allows the biotinylation of RBPs by tagging 
an RNA of interest with a BoxB aptamer to recruit a fusion pro-
tein of the bacteriophage λ N peptide and the biotin ligase BASU14  
(Fig. 2d). RaPID was used to discover host proteins that interact 
with Zika virus RNA14. In similar approaches, the MS2 coat pro-
tein has been fused to BioID108 and to APEX2109 to recruit these 
PL enzymes to MS2-tagged RNAs (Fig. 2e). However, these meth-
ods map proteins that interact with exogenously expressed tagged 
RNA, which may not accurately reflect the interactome of native 
transcripts.

The development of RNA-directed CRISPR systems offers the 
opportunity to target endogenous RNAs. For example, Han et al. 
targeted catalytically inactive RfxCas13d fused with APEX2 and a 
double-stranded RNA-binding domain (dsRBD) (to enhance its 
binding affinity) to human telomerase RNA109 (Fig. 2f). Using this 

Method Description Pros Cons Refs.

DNA Protein-centric (identifying the DNAs associated with a protein of interest)
ChIP-seq Chromatin immunoprecipitation. Antibody 

pulldown of a POI under non-denaturing 
conditions allows the identification of 
associated DNA fragments.

Widely adopted and 
straightforward protocol, 
relatively unbiased, does 
not require exogenous 
expression.

Requires IP-grade antibodies. 6

ALaP APEX2 is fused to a protein of interest to 
detect associated DNA.

Does not require antibody 
pulldown.

Requires a spatial reference to improve 
SNR. Exogenous expression of fusion 
protein may not reflect physiological 
conditions.

114

Chromatin-modification-centric (identifying proteins associated with a specific chromatin modification)
ChromID Fusion of BASU promiscuous biotin ligase 

to ‘reader domains’ that specifically 
bind to chromatin modifications (for 
example, H3K4me3), which enables the 
identification of proteins associated with 
specific chromatin modifications.

Direct labeling of proteins 
associated with a specific 
chromatin modification.

Overexpression of the reader domains 
may perturb the normal occupancy of 
chromatin modifications. PL may require 
a spatial reference to improve SNR.

121

DNA-centric (identifying proteins associated with a specific DNA sequence)

RIME, ChIP-MS DNA–protein crosslinking followed by 
immunoprecipitation.

Enables the assessment of 
chromatin-bound protein 
complexes.

Crosslinking has low efficiency and may 
result in false positives.

119,120

APEX–DBP 
fusion

Fusion of a PL enzyme to a DBP enables 
the labeling of proteins associated with the 
DNA-binding site of the DBP.

Does not require 
crosslinking or antibody 
pulldown. Can be 
performed in vivo.

May require a spatial reference to 
improve SNR. Exogenous expression of a 
DBP can perturb the studied system.

26

CASPEX, 
C-BERST

APEX2-dCas9 fusion proteins are expressed 
in a cell along with targeting guides to 
enable labeling of proteins associated with a 
specific DNA sequence.

Easily reprogrammed 
and simple protocol. Can 
directly enrich proteins and 
avoids crosslinking or IP.

May requires a spatial reference (for 
example, non-targeting guide) to improve 
SNR. Exogenous expression of Cas9 can 
perturb the studied system.

116,117

4SU, 4-thiouridine; ASO, antisense oligonucleotide; DBP, DNA-binding protein; FA, formaldehyde; IP, immunoprecipitation; MS, mass spectrometry; PL, proximity labeling; RBP, RNA binding protein; SNR, 
signal-to-noise ratio; POI, protein of interest.

Table 3 | Comparison of protein–nucleic acid approaches (continued)
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approach, the authors discovered a previously unknown interac-
tion between human telomerase RNA and the N6-methyladenosine 
(m6A) demethylase ALKBH5, and subsequent studies showed that 
post-transcriptional regulation by ALKBH5 affects both telomer-
ase complex assembly and activity. Alternative methods have been 
developed that combine inactive dCas13 orthologs with BioID2110, 
APEX2111, PUP-IT112 or BASU113 labeling for RBP profiling. These 
approaches vary in their benefits and drawbacks; for example, dif-
ferent dCas13 orthologs may exhibit differential binding to the 
accessible regions of the target RNA, and the chosen PL enzyme 
will have corresponding benefits and limitations, as previously dis-
cussed (Table 1). A potential limitation of these approaches is the 
large size of Cas13, which may sterically interfere with RBP bind-
ing; alternative strategies to target PL enzymes to specific RNAs may 
further improve RNA-centric discovery.

Proximity labeling for profiling protein–DNA interactions
Protein–DNA interactions are vital to the regulation of gene  
expression, genome integrity and chromatin organization. ChIP-seq 
is widely used to capture and sequence DNA regions associated  
with a protein of interest6. The PL adaptation of this approach  
occurs in living cells and uses the peroxidase APEX to biotinyl-
ate proteins proximal to a bait, which are in turn crosslinked by  
formaldehyde to neighboring DNA regions. Subsequently, bioti-
nylated protein–DNA fragment complexes are enriched by strep-
tavidin and analyzed by next-generation sequencing. ALaP (for 
APEX-mediated chromatin labeling and purification) is conceptu-
ally analogous to APEX-RIP for RNA identification114 and offers 
improved sensitivity but decreased specificity in comparison to 
traditional ChIP-seq. ALaP has also been further adapted for map-
ping the genomic contact sites of promyelocytic leukemia bodies, 
phase-separated nuclear structures that physically interact with 
chromatin115.

For DNA-centric mapping, wherein proteins proximal to a 
genomic locus or chromatin complex of interest are identified in 
an unbiased manner, several methods have been developed. Three 
groups independently combined PL with CRISPR-based genome 
targeting116–118. Fusing APEX2 with catalytically inactive dCas9 to 
target specific genomic loci (for example, telomeres and centro-
meres) allowed associated proteins to be biotinylated, enriched, and 
analyzed by mass spectrometry116,117 (Fig. 2g). For discovery of pro-
teins associated with specific chromatin complexes, RIME (rapid 
immunoprecipitation mass spectrometry of endogenous proteins)119 
and ChIP-MS120 were reported. More recently, ChromID was used 
to interrogate protein interactomes at specific chromatin marks by 
fusing BASU to engineered readers specific to chromatin modifica-
tions121 (Fig. 2h). ChromID identified promoter regions modified 
by trimethylation on histone H3 Lys4 and Lys27121. Although the 
presence of targeting enzymes may affect the interactors that bind 
to chromatin, these studies provide a tool to investigate the regula-
tory mechanisms of chromatin functions. Of note, APEX-based PL  
has also been applied for mapping proteins associated with  
mitochondrial DNA, uncovering seven previously unknown mito-
chondrial nucleoid-associated proteins26.

Limitations of proximity labeling
Molecular interaction mapping with PL-based approaches requires 
direct fusion of a PL enzyme (27–44 KDa) to the protein of inter-
est, requiring either transfection of the fusion construct or an alter-
native induction method, such as viral infection. The fusion can 
potentially affect the function, localization or even interactome 
of the target. Thus, it is crucial that functional and localization 
assays are performed to confirm that the PL enzyme fusion con-
struct remains physiologically relevant and behaves similarly to the 
endogenous protein of interest. Furthermore, the selection of PL 
enzyme depends highly on the specific application, as each enzyme 

has its own advantages and disadvantages (Table 1). For example, 
the requirement for hydrogen peroxide in APEX labeling may com-
promise redox-sensitive proteins or pathways and hinder in vivo 
applications, whereas biotin ligases, such as BioID or TurboID, are 
less toxic and more suitable in these scenarios.

Because some published PL datasets do not derive from quanti-
tative approaches to data collection and analyses, these datasets may 
be considered candidate lists that may contain considerable false 
positives. However, PL experiments can produce highly specific 
datasets if quantitative mass spectrometry is used while including 
proper controls for ratiometric or statistical analysis18,122. For exam-
ple, we have previously used APEX2 to generate a highly specific 
proteome of the outer mitochondrial membrane (OMM) by com-
paring the extent of biotinylation of proteins by APEX2 targeted 
to the OMM versus APEX2 expressed in the cytosol23. However, 
PL-based technology may have decreased sensitivity for various 
reasons. For instance, in the example described above, the ratiomet-
ric analysis filters out dual-localized proteins—proteins that reside 
both in the cytosol and on the OMM. Furthermore, proteins that 
lack surface-exposed tyrosines (in the case of APEX) or lysines (in 
the case of BioID and TurboID) may not be detected, and different 
PL enzymes may exhibit biases toward labeling certain protein sub-
strates123. More details regarding setting up, optimizing, analyzing 
and troubleshooting PL experiments may be found in two protocol 
publications from our laboratory18,122.

Conclusions and outlook
Technological advances in molecular interaction mapping using PL 
have enabled biological investigations previously difficult to access. 
However, further tool development and engineering may allow 
more comprehensive interactome maps and improve spatiotempo-
ral specificity in a greater diversity of model systems. While biotin 
ligases such as BioID and now TurboID have been successfully used 
in many organisms for in vivo proteomic mapping, further optimi-
zation such as the use of non-biotin probes to avoid background 
from endogenously biotinylated proteins may improve compatibil-
ity for PL in vivo. For protein–nucleic acid mapping, improving the 
efficiency of RNA or DNA labeling by PL enzymes will boost sen-
sitivity and analysis of transcriptomes and genomes in distinct cell 
populations. Furthermore, improvements in CRISPR-based nucleic 
acid targeting and binding stability should improve PL approaches 
that use this mechanism and enable application to endogenous 
transcripts expressed at low levels. Multiplexing PL enzymes and 
enrichment strategies could allow simultaneous molecular inter-
actome mapping for multiple complexes at a time. While PL has 
enabled molecular interaction mapping in many previously intrac-
table biological systems (for example, transient interactions, insol-
uble baits, in vivo interactions, etc.), continuing development of 
increasingly sophisticated PL technology may vastly expand the 
range of PL-based discoveries and address more challenging ques-
tions, such as determining the affinity, stoichiometry and contact 
sites of molecular interactions.
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