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Abstract

There are inherent limitations with traditional methods to study protein behavior or to determine 

the constituency of proteins in discrete subcellular compartments. In response to these limitations, 

several methods have recently been developed that use proximity-dependent labeling. By fusing 

proteins to enzymes that generate reactive molecules, most commonly biotin, proximate proteins 

are covalently labeled to enable their isolation and identification. In this review, we describe 

current methods for proximity-dependent labeling in living cells, and discuss their applications 

and future use in the study of protein behavior.
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Unmet needs: The rationale for proximity-dependent labeling

Protein-protein interactions are involved in all cellular processes. Mapping of these 

interaction networks to reveal the organization of the proteome into functional units is of 

prime importance to understand complex biological processes. While a large number of 

methods have been developed to screen for protein-protein interactions (PPIs), the utility of 

conventional methods, such as affinity complex purification or yeast-2-hybrid (Y2H) is 

limited to the isolation of high affinity PPIs in vitro or under nonphysiological conditions. 

Similarly, there are inherent biochemical limitations in the isolation and proteome mapping 

of organelles and loosely associated factors, which is crucial for discerning the protein 

‘interactome’.

The recent development of several proximity-dependent labeling methods in living cells 

partially addresses these deficiencies. PPIs or subcellular proteomes can be screened under 
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more physiologically relevant conditions and be applied to insoluble proteins. These 

methods can also detect low affinity and/or transient PPIs as well as protein constituents of 

subcellular domains. Proximity-dependent labeling utilizes enzymes that produce reactive 

molecules that covalently interact with neighboring proteins. These labeled proteins can be 

isolated via conventional affinity purification and identified, most often by immunoblot 

analysis or protein mass spectrometry (MS). Fusion of the enzyme to a specific protein 

enables labeling of proximate proteins as a means to identify candidate PPIs, whereas fusion 

to a minimal targeting motif that restricts the enzyme to a specific subcellular compartment 

or structure can be used to map the protein population therein (Figure 1, Key Figure).

Depending on the enzyme utilized, these proximity-dependent labeling approaches can 

generate a history of protein associations over time in living cells or capture a snapshot of 

associated proteins. This review focuses on proximity-labeling based methods that have 

proven applicable to the study of proteins in living cells for the identification of either 

candidate PPIs or the constituency of subcellular domains and compartments.

Biotin ligase-based methods for proximity labeling

Fundamental to cellular life, biotin ligases are enzymes that naturally biotinylate proteins, 

predominantly modifying a subset of carboxylases. All cells appear to express a biotin ligase 

with a moderate degree of conservation within the active site of the enzyme. The most 

comprehensively studied biotin ligase is BirA, a bifunctional protein expressed in E. coli that 

mediates biotinylation on a specific lysine residue of a subunit of the acetyl-CoA 

carboxylase and also transcriptionally regulates the biotin synthetic operon [1]. Biotinylation 

takes places when protein is incubated with BirA in the presence of biotin and ATP, which 

allows for the generation of reactive biotinoyl-5’-AMP (bioAMP). BirA retains bioAMP at 

the active site and facilitates transfer to a specific lysine on a target protein [2].

Proximity-dependent labeling techniques have exploited biotinylation for the rapid and 

specific isolation of tagged proteins with avidin or streptavidin, which have extremely high 

affinity to biotin. Because biotinylation is a covalent protein modification, biotinylated 

proteins can also withstand stringent lysis and wash conditions, which maximize the purity 

of the isolated proteins.

Proximity-dependent labeling of candidate binary interactions

BirA has high sequence specificity that can be exploited to generate biotinylated proteins of 

interest. To test for candidate PPIs in living cells, BirA that is fused to a bait protein is 

coexpressed in the same vector with the protein of interest (prey protein) that is fused to a 

short biotin acceptor peptide (BAP). The high sequence specificity of BirA allows the BAP 

to be uniquely labeled. Thus, if the BAP and BirA are brought together by interaction or 

proximity of the bait and prey, the prey will be biotinylated, enabling detection of the PPI by 

streptavidin staining (Figure 2).

Despite the utility of this method for detecting PPIs in vitro and in cells, the high sequence 

affinity of BAP to BirA can artificially generate interactions. Therefore, a modified BAP 

with reduced affinity to BirA was developed and validated with known PPIs FKBP and FRB 
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in vitro and in cells as well as CDC25C and 14-3-3 epsilon [3]. This approach was further 

modified by altering the amino acid sequence of the BAP to facilitate its detection by protein 

MS [4]. The advantages of PPI detection by these modified proximity-dependent 

biotinylation methods include low background and high sensitivity and spatial resolution in 

cells.

A variation on proximity biotinylation with BirA/BAP named BLINC (biotin labeling of 

intercellular contacts) monitors PPIs at the cell surface using microscopy. Cells that express 

a BirA-fused cell surface protein are co-cultured with cells that express a BAP-conjugated 

cell surface protein, in the presence of exogenous ATP and biotin (Figure 2).

BLINC was used to visualize the interaction between neuronal surface receptors neurogligin 

and neurexin in live cells using fluorescence-conjugated streptavidin [5]. In yeast and human 

cells, BirA/BAP was utilized to study protein synthesis at specific cellular sites by fusing 

BAP to ribosomes and targeting BirA to the cytoplasm, ER or mitochondrial membranes [6]. 

The BirA/BAP has also been applied to indirectly screen for DNA-protein interactions by 

fusing BAP to histones and BirA to a nuclear protein. Named PUB-NChIP, this method uses 

native chromatin-immunopurification techniques, but with biotin affinity purification in lieu 

of antibody-based purification [7].

A caveat of these binary-candidate methods is the potential for false-negatives. Given that 

proximity-dependent labeling is based on the direct interaction of the BAP with BirA, the 

point of contact or surface accessibility of the protein interaction needs to be carefully 

considered for successful screening. Even if the labeling enzyme and its acceptor peptide are 

placed on the point of contact, accessibility between the enzyme and the acceptor peptide 

might be affected by protein structure, orientation, and size. It is also possible that the need 

for a direct BirA/BAP interaction could artificially drive associations between proximate but 

not interacting proteins, creating the possibility of false positives. However, considering the 

methodological simplicity compared to protein-fragment complementation (e.g. split-GFP) 

[8, 9] these candidate based proximity-labeling methods are powerful tools to identify PPIs 

between known proteins.

Proximity-dependent biotin identification

A proximity-dependent biotinylation method called BioID (proximity-dependent dependent 

biotin identification) does not require a binary-candidate approach but instead labels any 

proximate proteins [10, 11]. BioID is based on promiscuous biotinylation generated by a 

mutated BirA [2]. The enzyme ligase contains a mutation within the conserved biotin- and 

bioAMP-binding domain (hereafter this enzyme is called BioID). The mutation substantially 

reduces its affinity to bioAMP [2], presumably releasing reactive biotin to covalently interact 

with primary amines (e.g. lysine side chains) on proximate proteins within the estimated 

range of approximately 10 nm [12]. Therefore, it is important to note that a lack of amines at 

the surface of a protein proximate to the bait may lead to false-negatives. Cellular expression 

of a BioID-fusion protein with a 15–18 hour optimal labeling period, which is induced by 

biotin supplementation, leads to biotinylation of endogenous proteins that are proximate to 

the bait (Figure 3) [10, 11]. In this way, the BioID method generates a “history” of candidate 

PPIs under relatively physiological conditions in living cells.
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BioID has been used both in vitro and in vivo, to reveal associations for proteins that exhibit 

a wide variety of subcellular localizations and dynamics (Table 1). Indeed, BioID was 

originally applied to the study of PPIs of insoluble nuclear lamins [10]. The method revealed 

abundant interactions of lamin A with integral proteins of the inner nuclear membrane and 

nuclear pore complex. Additional, but less abundant candidates were also identified that had 

functions in transcription, chromatin regulation, RNA processing, and DNA repair, 

suggesting potentially unknown functional roles for lamin A in these processes. More 

importantly, BioID identified a novel protein interacting partner with lamin A, SLAP75, 

which was found to associate with the nuclear envelope. BioID has been similarly used to 

identify uncharacterized PPIs and constituents within largely insoluble cellular structures 

such as the mammalian cell-cell junctions [13–18] and trypanosome bilobe and flagella [19–

22], structures that are often refractory to traditional study with methods such as affinity 

complex purification. As the labeling radius of BioID is limited, it can be used to map the 

population and spatial distribution of proteins within large structures by application to 

proteins throughout the structure, as was demonstrated at the nuclear pore complex [12]. If a 

larger labeling radius is desired, for example to capture more constituents within a large 

protein complex, it can be increased by insertion of flexible linkers between the bait and the 

ligase [23]. BioID also captures protein associations over a period of time and independent 

of stable interactions, making it an effective approach in identifying novel substrates of 

proteins with dynamic and transient protein associations such as the E3 ubiquitin ligase, β-

TrCP1 [24].

Methods such as BioID can also be used in complex model systems, which can provide 

more insight into protein behaviors as they occur in their native biological settings in vivo. 

For example, the BioID method has been applied to xenografted tumors in mice [25]. Tumor 

cells expressing the oncoprotein Myc-BioID were injected subcutaneously into NOD/SCID 

mice and later treated with biotin. Biotinylated proteins were isolated and candidate Myc 

interactors were identified by mass spectrometry [25]. This study sets the stage for more 

advanced applications of BioID in mice genetically modified to express BioID fusion 

proteins in specific cell types, thus overcoming many of the limitations of cell culture. 

However, it is important to note that BioID methods exhibit substantially reduced efficacy 

below 37°C [23] and may not be optimal for use in some model organisms.

In addition to screening for PPIs, the BioID method can be used to map the proteome of 

discrete subcellular domains including those that are not membrane bound and/or are 

refractory to isolation. An in depth BioID analysis of 58 components of the centrosome-

cilium interface and centriolar satellites generated over 7,000 candidate PPIs [26]. Using this 

data, a map was generated for higher-order organization of the centrosome-cilium interface 

[26]. BioID was also used to help create a proteome of the membrane bound secretory 

vesicles from gametocytes of Plasmodium berghei that were harvested from the blood of 

infected mice, highlighting the application of BioID both for compartmental proteomics and 

for complex in vivo systems [27].

Like any approach, BioID has limitations. One limitation, not unique to BioID, is that the 

fusion of a 35 kDa biotin ligase to a protein of interest may impair its localization and/or 

function. To improve targeting of BioID fusion proteins, a smaller ligase from Aquifex 
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aeolicus was made promiscuous by mutation of the reactive site [23]. Named BioID2, this 

variant (233 a.a) is substantially smaller than BioID (321 a.a.), thus enhancing selective 

targeting of BioID2 fusion proteins [23]. BioID2 requires less biotin than other methods, 

which is potentially useful in model systems where sufficient biotin supplementation may be 

difficult [23].

While some changes in the sequence of biotin ligases can improve tagging, biotin based 

methods have inherent limitations. Biotin is actively imported into the cytoplasm of 

mammalian cells [28] and free to diffuse to the nucleus, but it may not be as accessible in the 

secretory pathway, thus reducing labeling efficacy in that compartment. In addition, the long 

labeling time required for BioID methods prevents isolated analysis of events that occur over 

shorter time periods. Since the protein labeling is based on the release of reactive biotin from 

the enzyme, proteins identified by BioID may not be direct binding partners, but merely 

proximate proteins. Although biotin itself is not toxic, the biotinylation of proteins over the 

long BioID labeling periods may impact protein function. The use of a BioID-only control is 

required to confidently exclude those candidates identified by association with the BioID 

ligase itself and not the bait. Of particular importance is the realization that detection of 

candidate protein associations does not inform on their biological relevance, with low 

abundance candidates potentially being more relevant than abundant ones.

Peroxidase-based methods for proximity labeling

A more rapid labeling of proximate proteins can be obtained by using the enzymatic activity 

of peroxidases instead of biotin ligases. Peroxidases can generate short-lived free radicals 

from molecules such as phenolic aryl azide derivatives [29] or tyramide derivatives and 

H2O2 [30]. These free radicals can be covalently attached to electron rich side chains of 

amino acids (e.g. aromatic ring side chain of tryptophan or tyrosine) [30, 31]. In this way, 

peroxidases mediate biotin or fluorescein labeling of proteins using biotin-tyramide or 

biotin-phenolic aryl azide derivatives. Peroxidase-dependent labeling harnesses short-lived 

reactive labels that have a limited range, estimated to fall within <20–300 nm, depending on 

the method [32–34]. This approach has been used to label proteins for the identification of 

candidate PPIs and to map the protein constituency of subcellular compartments (Table 2).

Horseradish Peroxidase-Dependent Labeling approaches

Enzyme mediated activation of radical source (EMARS) utilizes horseradish peroxidase 

(HRP) conjugated antibodies or expression of HRP-fusion proteins to rapidly label 

proximate proteins (Figure 4). In the presence of biotin- or fluorescein-labeled aryl azide 

and H2O2, the HRP generates an active radical species that labels proteins with biotin or 

fluorescein within a 200–300 nm radius from the enzyme [32]. Fluorescein-aryl azide is 

used to overcome cytoplasmic background generated by membrane permeable biotin-aryl 

azide [35]. Although most applications of EMARS use an HRP-conjugated antibody, 

cellular expression of HRP-fusion proteins has been used to study associations between 

glycosylphosphatidylinositol-anchored proteins and receptor tyrosine kinases (RTKs) in 

lipid rafts on the cell surface of living cells [36]. Using an RTK-antibody array, RTKs 

proximate to decay accelerating factor and Thy-1 were detected following EMARS reactions 
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using fluorescein-aryl azide. However, this approach appears to be limited by the need to 

identify proteins with specific antibodies [35].

Another HRP-based approach called selective proteomic proximity labeling assay using 

tyramide (SPPLAT) [37, 38] utilizes HRP conjugated antibodies or ligands with biotin 

tyramide compounds and H2O2 to biotinylate proximate proteins on the cell surface. The 

biotin-tyramide derivatives have a cleavable linker that facilitates access of streptavidin to 

biotinylated proteins, recovery of biotinylated proteins from streptavidin, and reduced 

membrane permeability [37, 38]. Used in combination with stable isotope labeling for 

quantitative proteomics in a lymphocyte cell line, SPPLAT was applied to study the 

composition of B-cell receptor (BCR) cluster with an HRP-conjugated anti-IgM antibody. 

Six novel proteins and six known constituents of the BRC were identified with SPPLAT, 

including three proteins on the cytosolic face of the membrane, thereby demonstrating 

membrane diffusion of the biotin-tyramide.

Since HRP is not functional inside most cellular compartments, these methods are best 

suited for use on the cell surface. One limitation observed with HRP-based methods has 

been membrane permeability of some labeling reagents that may potentially lead to false 

positives [29, 37]. It is difficult to distinguish a clear advantage between EMARS or 

SPPLAT, except for the difference in labeling reagents. In the future, these HRP-based 

proximity-dependent protein-labeling methods should be used to address questions at the 

cell surface, such as the characterization of orphan receptors and/or ligands.

Engineered ascorbate peroxidase approaches

Proteomic mapping of subcellular compartments and structures relies on the quality of the 

purified sample. However, many such compartments and structures of interest cannot be 

purified, such as the mitochondrial intermembrane space, limiting their proteomic analysis. 

A recent approach known as APEX (engineered ascorbate peroxidase), which is based on 

mutations of a plant ascorbate peroxidase and initially applied to electron microscopy (EM) 

studies [39], was further developed for proximity-dependent protein biotinylation [34]. 

Unlike HRP [40], APEX is active within subcellular compartments of live cells, and 

maintains protein complex and membrane integrity; therefore, bypassing the requirement for 

organelle and protein complex purification. A monomeric APEX with enhanced catalytic 

activity oxidizes biotin-phenol in the presence of H2O2, generating short-lived radicals that 

covalently react with tyrosine, and potentially other electron-rich amino acids tryptophan, 

histidine and cysteine (Figure 5) [34, 39]. Following incubation with biotin-phenol, cells 

expressing APEX fusion proteins are exposed to H2O2 for approximately a minute before 

quenching the reaction [2]. An improved variant of APEX, called APEX2, exhibits enhanced 

catalytic efficiency enabling lower cellular expression [41].

With their robust enzyme kinetics and ability to function intracellularly, APEX-based 

methods are uniquely capable of generating a snapshot of proximate proteins with a rapid 

labeling time (~1 min) and in a variety of subcellular compartments. This is in stark contrast 

to BioID that requires 15–18 hrs for maximum protein labeling. The rapid kinetics of APEX 

also enable substantial labeling of proteins sufficient to identity the vast majority of 

constituents within discrete subcellular compartments and proximate proteins. Indeed, 
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APEX fused to a mitochondrial matrix-targeting motif was used to map the proteome of the 

mitochondrial matrix in mammalian cells, identifying almost 500 proteins including over 30 

novel candidate constituents [34]. APEX was also used to map the proteome of primary 

cilia, a non-membrane enclosed compartment, identifying not just known stable ciliary 

constituents but several more mobile signaling components [42]. In addition, APEX could 

detect the defective accumulation of factors in dysfunctional cilia [42]. Mapping of the 

proteome of ER-plasma membrane junctions in living cells with APEX coupled to mass 

spectrometry identified an ER-resident multi-transmembrane protein, STIMATE (STIM-

activating enhancer, encoded by TMEM110) as an ER-resident Ca2+ sensor [43].

Similar to BioID, APEX can be performed in in vivo model systems as recently observed in 

Drosophila melanogaster [44]. APEX labeling functioned in multiple tissues and in various 

subcellular compartments, and provided an inventory of Drosophila mitochondrial proteins 

that could be annotated by subcompartments. In addition, APEX methods have been applied 

to ultrastructural imaging since the H2O2-generated free radicals induce polymerization of 

3,3′-diaminobenzidine that generates a precipitate visible by electron microscopy after 

OsO4 treatment (Figure 5) [34, 45].

Studies with APEX often utilize quantitative SILAC-based radiometric methods for 

proteomic analysis. This was perhaps most useful when APEX methods were applied to map 

the proteome of the mitochondrial intermembrane space (IMS) but were also found to label 

cytoplasmic components, presumably via diffusion of the reactive biotin through pores in the 

outer mitochondrial membrane [45, 46]. A cytoplasmic-restricted APEX was used in 

combination with quantitative SILAC-based radiometric proteomic to exclude proteins 

labeled in the cytoplasm and enable the identification of specific IMS proteins including 

novel candidate constituents. Although this radiometric approach can improve the specificity 

of identified candidates it removes proteins that reside both within and outside the region of 

interest.

It is clear that APEX methods excel at compartmental proteomics, providing a substantial 

improvement over conventional methods that require isolation of purified organelles, most of 

which do not provide the spatial resolution of APEX. And similar to BioID, APEX is also 

applicable to the study of PPIs. Unlike BioID, APEX does not provide a history of protein 

associations over time, which may prevent detection of some transient protein associations, 

such as those that occur during various stages of the cell cycle. Instead, its rapid kinetics 

allows APEX to label proteins during a very specific event for comparative experiments, 

such as specific times before or after a pharmacological treatment. However, even with a 

short labeling period, there may be concerns over the cellular impact of biotin-phenol due to 

hydrophobic effects and/or oxidative damage from H2O2 on some signal transduction 

pathways, organelle dynamics, and protein structure and interactions. It is important to note 

that because peroxidase-based labeling is often specific to low abundance amino acids such 

as amino acids tyrosine [47, 48], it is possible that labeling will not occur if surface exposed 

tyrosine is unavailable.
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Concluding remarks

Proximity-dependent labeling in living cells has emerged as a powerful approach to study 

protein behavior and the constituency of subcellular compartments and protein structures. 

While not likely to completely replace conventional approaches such as Y2H or complex 

purification, proximity-dependent biotinylation provides a complementary approach that 

brings unique potential, such as the ability to generate a history of protein-protein 

associations in live cells or to efficiently determine the proteome of discrete subcellular 

compartments. Despite these fundamental capabilities, methods for proximity-dependent 

labeling in living cells have a variety of limitations, some of which are likely to be overcome 

through additional method development (see Outstanding Questions).

Predominantly based on cellular expression of a promiscuous labeling enzyme fused to a 

protein of interest or subcellular compartment targeting motif, current proximity-dependent 

methods are most easily utilized in tractable cell culture models. However, PPIs and 

compartmental proteomics will have far reaching implications if physiologically relevant 

conditions, such as those found in vivo, are used. In support of this concept, APEX has been 

applied to subcellular proteomes in D. melanogaster [44] and BioID has been applied to 

mouse xenografted tumors [25]; however, it remains to be seen if BioID is effective in a 

wide variety of common model organisms.

By using APEX methods [34] and the BioID method (Kim and Roux, unpublished data) a 

limited number of biotinylated peptides can be detected by MS. If consistency and efficiency 

in detection of these biotinylated peptides can be improved, it is possible that these 

techniques may inform on not just the identities of the proteins but also the protein domains 

involved in PPIs. We have already seen the creation of second-generation tools, namely 

APEX2 and BioID2, each with their own unique enhancement of the original enzyme. It is 

predictable that more modifications may be expected, for example enhancing BioID kinetics 

to reduce the labeling time, harnessing biotin ligases from organisms that have evolved to 

function at lower temperatures, or enabling a slower labeling period for APEX to capture a 

longer history of protein associations. The future seems bright for expansion of proximity-

dependent protein labeling techniques, whether it be novel applications, enhancements to 

existing approaches to provide a ‘toolbox’ of variants each optimized for a specific task, or 

entirely new approaches based on different technologies.
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Outstanding Box

1. Can proximity-dependent labeling methods produce the resolution 

necessary to determine sites of protein-protein interaction?

2. Can BioID approaches to identify PPIs or protein constituents of 

subcellular structures be applied to a wider variety of physiologically 

relevant model systems such as Caenorhabditis elegans and 

Arabidopsis thaliana that grow at temperatures below 37°C?

3. Will proximity-dependent methods such as APEX or BioID be 

effective for the study of complex higher organisms such as genetically 

modified mice?

4. Can BioID methods be applied in acidified compartments, such as 

lysosomes, or in the extracellular space that contains abundant ATP 

hydrolases?
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Trends Box

1. Proximity-dependent protein labeling in living cells is based on 

enzymes that generate a reactive protein label that has useful 

properties, most commonly biotin to enable their isolation and 

identification by MS.

2. Peroxidase-based APEX methods are predominantly being used to map 

the protein constituency of distinct subcellular compartments that are 

unable to be purified for conventional analysis.

3. BioID harnesses promiscuous biotin ligases to label proximate proteins 

when fused to a bait protein. This approach is most commonly used to 

identify candidate PPIs and constituents of subcellular structures 

refractory to isolation.
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Figure 1. Key Figure: Proximity-dependent protein biotinylation to study protein behavior and 
subcellular proteomics in live cells
There are a multiple methods that use proximity-dependent protein labeling to study protein 

behavior and constituency in living cells. (A) Binary candidate methods utilize fusion of a 

labeling enzyme or an acceptor motif to bait and prey proteins to assess protein interactions. 

(B) HRP-based methods are used at the cell surface to label proteins associated with a bait 

protein. (C) With APEX-methods a peroxidase is fused to a targeting motif (TM) or protein 

and used to label proximate to map the proteome of discrete subcellular compartments. (D) 

Using a promiscuous biotin ligase fused to a bait protein BioID-methods generate a history 

of protein association over time to screen for candidate protein-protein interactions or the 

constituency of subcellular structures.
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Figure 2. Proximity-dependent protein labeling can be used to detect candidate binary 
interactions
The biotin ligase BirA is fused to a bait protein and a biotin acceptor peptide (BAP) is fused 

to a candidate prey protein. Upon cellular expression of both proteins, biotinylation (denoted 

by orange circles with B) of the BAP-fused prey protein indicates their proximity and 

suggests that an interaction between bait and prey has occurred. This approach can be used 

(A) within a cell or (B) between two different cells.
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Figure 3. Using BioID to generate a history of PPIs or to identify constituents of subcellular 
domains
Cellular expression of a protein of interest (bait) fused to a promiscuous biotin ligase called 

BioID enables biotinylation (denoted by orange circles with B) of proximate proteins within 

approximately 10nm (light orange disc). This protein labeling is initiated by the addition of a 

supraphysiological concentration of biotin and requires many hours to generate substantial 

labeling. Following cell lysis and protein denaturation, biotinylated proteins are captured by 

affinity purification for identification by mass spectrometry to reveal a history of protein 

associations that occurred during the labeling period.
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Figure 4. Proximity dependent labeling on the cell surface with HRP
Horseradish peroxidase is not active with cells but when it is either (A) expressed on the cell 

surface as a fusion protein or (B) targeted to the cell surface by fusion with an antibody it 

can be used to label proximate proteins. By providing reactive molecules, such as arylazides 

or tyramines and H2O2, conjugated to biotin or fluorescein, the HRP generates a reactive 

molecule that covalently labels with proximate proteins within 300 nm. The biotin or 

fluorescein label enables protein identification. Methods that use this approach, including 

EMARS and SPPLAT, can be used to identify proximate proteins on the cell surface.
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Figure 5. Mapping the proteome of subcellular compartments with APEX
An enzyme that promiscuously labels proteins, such as the mutant peroxidase used for 

APEX, is specifically targeted to a distinct subcellular compartment by fusion of a strong 

targeting motif (TM). The motif could be a minimal sequence needed for targeting or a full-

length protein that is mobile within the compartment. Following incubation with biotin-

phenol and a pulse of H2O2, the APEX enzyme rapidly produces a reactive biotin that 

covalently biotinylates (denoted by orange circles with B) proteins constituents within the 

compartment enabling their selective isolation and identification by mass spectrometry.
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Table 1

Applications of BioID to proximity-dependent protein labeling

Applications Organisms Subcellular
locations or
cellular
mechanisms

Fusion proteins References

Structural
proteins

Mammalian
cells

Nuclear envelope Lamin A [10]

Lamin A (WT and progerin) [49]

Lamin B1 [50]

Nuclear pore
complex

Y-complex, Nup53 [12]

Centrosome CEP120 [51]

8 members of the centrosome (PLK4,
CEP192, CEP63, CEP152, CPAP,
CCDC67, CCDC14, and KIAA0753)

[52]

58 members of the centrosome [26]

Cell junction ZO-1 [17]

E-Cadherin [14, 18]

Occludin, Claudin-4 [13]

MarvelD3 [15]

α-catenin [16]

Quantitative
analysis (SILAC)
of focal adhesion

Paxillin [53]

Trypanosoma
brucei

Cytoskeleton
(bilobe) complex

TbMORN1 [21]

Flagellum
attachment zone

TbSAS-4 [19]

Bilobe, flagellum
attachment zone

TbPLK [20]

Flagellum
attachment zone

CIF1 [22]

Toxoplasma
gondii

Inner membrane
complex

ISP3, AC2 [54]

Dictyostelium
discoidem

Nuclear envelope Lamin NE81 [55]

Dynamic
proteins

Mammalian
cells

Mitochondrial roles
in cancer cell
development

CHCHD2 [56]

Mitochondrial roles
in epidermal
differentiation

MPZL3 [57]

Mitochondrial
proteolysis

ClpP [58]

Autophagy TBC1D14 [59]

Hippo signaling 19 members of the Hippo pathway
(AMOT, ANKRD28, LATS2, MOB1A,
MOB1N, PPP6R1, PPP6R2, PPP6R3,
RASSF2, SAV1, MST2, MST1, YAP1,
CTTNBP2NL, LATS1, SLMAP, STRN,
STRN3, TJP2)

[60]
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Applications Organisms Subcellular
locations or
cellular
mechanisms

Fusion proteins References

MAP signaling MEKK3 [61]

Lipid converting
metabolism

PPP2R5C [62]

Keratinocyte
differentiation

CALML5, SFN [63]

Oncogenic
transcription
factors

EWS-Fli-1 [64]

Xenografted
oncogenic
transcriptional
factors

C-Myc [25]

Chromatin binding
proteins

Med4, Med20, Med23, Histone H2B,
Histone H3

[65]

DNA modifying
enzymes in mESC

Tet1 [66]

Mitosis ULK3 [67]

Mitosis USP37 [68]

Endocytosis PLLP [69]

Structural
maintenance of
the myelin sheath

SH3TC2 [70]

mRNA turnover UPF1, UFP2, SMG5 [71]

mRNA turnover 4E–T [72]

ER-associated
degradation

HMG-CoA [73]

Ubiquitin-mediated
degradation

β-TrCP1/2 [24]

Ubiquitin-mediated
degradation

USP12 [74]

Protein interaction
in endosomes

RhoB [75]

Mitochondria-ER
interaction

SLC25A46 [76]

Protein
interactions in
redox and
glucose-
dependent
conditions

Txnip [77]

Cellular response
to Chlamydia
trachomatis

Syntaxin 6 (WT and ΔYGRL) [78]

Cellular response
to Chlamydia
psittaci

SINC [79]

Cellular response
to HIV protein

Gag [80]

Cellular response
to HIV protein

Gag (WT and ΔMA Gag) [81]
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Applications Organisms Subcellular
locations or
cellular
mechanisms

Fusion proteins References

Cellular response
to HIV protein

Vpu [82]

Cellular response
to Epstein-Barr
virus

LMP1 (WT and mutants: LMP1-A5,
LMP1-GG, and LMP1-A5-GG)

[83]

Toxoplasma
gondii

Kinase dynamics TgCDPK3 [84]

Plasmodium
berghei

Secretory
vesicular proteome
of malaria

MDV1/PEG3 [27]
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Table 2

Application of peroxidase-based approaches to proximity-dependent protein labeling

Applications Methods Targeting
locations

Conjugated molecules References

Horse radish
peroxidase

EMARS Lipid raft Glycosylphosphatidylinositol (GPI)
targeting motifs

[36]

anti-β1 integrin monoclonal
antibody, Cholera toxin subunit B
(CTxB)

[35]

anti-ganglioside GD3 monoclonal
antibody

[85]

anti-β1 integrin monoclonal
antibody, anti-EGFR monoclonal
antibody, anti-IGF1R monoclonal
antibody, anti-EphA2 monoclonal
antibody, CTxB anti-CD3ε antibody

[32]

Cell surface
molecules
associated with
Thy1

anti- Thy1 monoclonal antibody [86]

Cell surface
molecules
associated with
β1 integrin

anti-β1 integrin monoclonal
antibody

[87]

Cell surface
molecules
associated with
CD20

Rituximab, anti-CD20 monoclonal
antibody

[88]

Proteins
associated with
PrPC

Anti-PrPC antibody [89]

SPLAAT BRC cluster at
the membrane

anti-chicken IgM (target receptor
BCR is a IgM)

[37]

Engineered-
ascorbate
peroxidase

APEX Proteomics of
mammalian cell
mitochondria
matrix

Mitochondria matrix targeting motif [34]

Proteomics in D.
melanogaster
mitochondria

Mitochondria matrix targeting motif [44]

Proteomics of
mammalian
mitochondrial
intermembrane
space

Mitochondria intermembrane
targeting sequence

[46]

Proteomics of
mammalian cilia

N-terminal cilia targeting sequence
of NPHP3

[42]

APEX2 Ultrastructural
localization of ER
and mitochondria
proteins

NES (6–17 residues of HIV1 Rev
protein), MICU1, mitochondria
outer membrane targeting motif
(C-terminal 31 residues of MAVS),
ER targeting motif (N-terminal 27
residues of rabbit p450)

[41]

Ultrastructural
localization of ER
and mitochondria
proteins

ER targeting motif, Tom20, H2B,
HMOX1, TRMT61B, MGST3,
Sco1, Sec61B, AURKAIP1,
BIT1/PTRH2, COX14, MRPL12,
MRM1, MRPS15, PLGRKT,
QIL1/MIC13, SFXN1,

[90]
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Applications Methods Targeting
locations

Conjugated molecules References

SVH/ARMC10, TRMT2B, Pdk1

Proteomics of
mammalian
mitochondrial
matrix and
intermembrane
space

Mitochondria matrix and
intermembrane targeting motifs

[45]

Yeast proteomics Golgi [91]

Mammalian ER-PM junctions STIM1 [43]
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