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This protocol describes the use of TurboID and split-TurboID in proximity labeling applications for mapping
protein–protein interactions and subcellular proteomes in live mammalian cells. TurboID is an engineered biotin ligase
that uses ATP to convert biotin into biotin–AMP, a reactive intermediate that covalently labels proximal proteins.
Optimized using directed evolution, TurboID has substantially higher activity than previously described biotin
ligase–related proximity labeling methods, such as BioID, enabling higher temporal resolution and broader application
in vivo. Split-TurboID consists of two inactive fragments of TurboID that can be reconstituted through protein–protein
interactions or organelle–organelle interactions, which can facilitate greater targeting specificity than full-length enzymes
alone. Proteins biotinylated by TurboID or split-TurboID are then enriched with streptavidin beads and identified by mass
spectrometry. Here, we describe fusion construct design and characterization (variable timing), proteomic sample
preparation (5–7 d), mass spectrometric data acquisition (2 d), and proteomic data analysis (1 week).

Introduction

Spatial compartmentalization evolved as a key organizing principle to regulate various molecular
complexes and biological processes in living cells. The subcellular localization of a biomolecule and
the molecular identities of its proximal neighbors or interacting proteins help define its biological
function. Thus, a mechanistic understanding of cellular processes, whether in homeostatic or
pathological states, requires elucidation of spatial patterns of localization and interactions on a
system-wide level. Traditional biochemical approaches, such as subcellular fractionation and affinity
purification, have contributed greatly toward this goal1,2. However, impurities from contaminant
molecules and loss of material during these procedures greatly limit their specificity and depth of
biological investigation3,4. Furthermore, many important subcellular regions, such as the synaptic
cleft, the mitochondrial intermembrane space, various membrane-less organelles, and organellar
contact sites, cannot be purified by fractionation-related approaches. Similarly, affinity purification
for interactome mapping can be challenging to apply to many bait proteins, such as membrane
proteins or low-abundance proteins, and transient or low-affinity protein–protein interactions are
often missed.

In the past several years, a collection of alternative methods, termed proximity labeling (PL), has
emerged as a complementary approach to spatial mapping at the molecular level within living cells5.
In this protocol, we will provide an overview of PL for proteomic mapping, discuss how to determine
which PL method is best suited for a given experiment, and outline how to perform subcellular
proteomic mapping using the latest PL enzymes developed in our lab, TurboID6 and split-TurboID7.

Promiscuous labeling enzymes and their small-molecule substrates: choosing which
proximity labeling method to use
Proximity labeling is carried out by enzymes that catalyze the conversion of an inert small-molecule
substrate into a highly reactive and short-lived diffusible intermediate. This reactive species, which is
typically conjugated to an affinity handle such as biotin, diffuses from the enzyme active site and
covalently labels endogenous biomolecules in a promiscuous, but proximity-dependent manner.
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Because the covalent tagging is performed in living cells while molecular complexes and cellular
membranes are intact, the spatial relationships and interaction networks are preserved in their native
state. Covalent modification provides a unique chemical handle that can then be leveraged for
selective enrichment at the protein level (e.g., with streptavidin-conjugated beads) or at the peptide
level (e.g., using anti-biotin antibody beads8) and for subsequent identification of the labeled mole-
cules. Proximity labeling has been shown to be applicable to several classes of biological molecules,
including RNA9 and DNA10, but PL of cellular proteins is the most well-established application. For
PL of proteins, parallel advances in high-sensitivity, quantitative mass spectrometry (MS)11–13 have
provided the technological infrastructure for increasingly precise, sensitive, and unbiased spatial
proteomics. A diverse set of enzymes and probes have been engineered over the past several years,
each with their own strengths and caveats. Broadly, these methods can be categorized into
peroxidase-related methods and biotin ligase–related methods.

Peroxidase-based proximity labeling
The 28-kDa enhanced ascorbate peroxidase (APEX/APEX2) was engineered from a plant ascorbate
peroxidase (APX) by structure-guided site-directed mutagenesis and yeast-display directed evolution14,15.
Using H2O2 as a co-substrate, APEX rapidly oxidizes biotin–phenol (BP) into a highly reactive phenoxyl
radical that has a half-life of <1 ms16,17 in order to tag only immediately adjacent proteins at electron-rich
side chains (primarily tyrosine)15. Horseradish peroxidase (HRP) is larger (44 kDa or 34 kDa, with or
without glycosylation, respectively) and is active only in the secretory pathway, such as within the ER
lumen and at the cell surface, where the oxidizing environment permits the formation of four structurally
essential disulfide bonds18. Although the labeling reaction mechanism is identical to that of APEX19,
HRP shows much higher catalytic activity in the secretory pathway and cell surface and is therefore ideal
for PL for these applications20. In addition, its wide availability as an antibody conjugate makes HRP
attractive for applications in fixed tissues and cells21–23. Although these peroxidase-based approaches
have rapid labeling kinetics (<1-min labeling time required), enabling users to probe biological processes
with high temporal resolution24,25, a major limitation of these enzymes is the potential oxidative stress
from the use of H2O2 and the low membrane permeability of BP, which make them challenging to apply
in living organisms in particular.

Biotin ligase–based proximity labeling
By contrast, biotin ligase–related approaches do not require toxic reagents and instead simply utilize
the highly soluble substrate biotin, while cells provide ATP (Fig. 1). However, the first versions of
these enzymes have very low activity (>18 h of labeling time required)26–28. BioID, derived from
Escherichia coli biotin ligase (BirA), adenylates biotin to generate a reactive intermediate,
biotin–adenosine monophosphate (biotin–5ʹ-AMP), which diffuses from its active site and reacts with
lysine side chains on proximal proteins26,29. It has been experimentally estimated that the reactive
radius of BioID-generated biotin–5ʹ-AMP in living cells is ~10 nm30, which is similar to the labeling
radii of peroxidase-based enzymes. Additional biotin ligase–related approaches have been developed:
BioID2, derived from Aquifex aeolicus biotin ligase, is ~30% smaller than BioID27 and can be used at
temperatures >37 °C; BASU is another promiscuous biotin ligase derived from the Bacillus subtilis
biotin ligase28. Recently, a new biotin ligase–based PL method called AirID was developed using an
ancestral enzyme reconstruction algorithm31. These enzymes all still require long labeling times
(of several hours) to detect biotinylation signal6,27,28,32–34, thereby limiting the scope of dynamic
processes that can be probed.

TurboID
To overcome the slow labeling kinetics of existing biotin ligase–related methods, we utilized yeast-
display directed evolution to engineer a new pair of biotin ligase PL enzymes, TurboID and mini-
Turbo, with faster labeling kinetics using the same non-toxic labeling conditions that make biotin
ligases ideal for in vivo applications6. TurboID and miniTurbo require labeling times as short as
10 min or less in cell culture, which enables probing of dynamic biological processes with much
higher temporal resolution. In addition to shorter required labeling times, TurboID and miniTurbo
also retain catalytic activity at lower temperatures, enabling PL in organisms such as flies, worms,
yeast, and plants that are grown at <37 °C6,35–37. TurboID is approximately two-fold more active than
miniTurbo, but miniTurbo is smaller (28 kD compared with 35 kD for TurboID). Furthermore,
miniTurbo has a lower affinity for biotin, which prevents it from carrying out labeling in the absence
of high concentrations of exogenous biotin, enabling tighter user control of the labeling time window.
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Comparison of the different proximity labeling enzymes
The characteristics of the different enzymes for PL are critical factors to consider when choosing the
optimal enzyme for specific types of experiments (Table 1). APEX has been widely adopted for PL
experiments performed in cell culture because of its fast kinetics and high activity in nearly every
cellular compartment5,9. APEX reagent delivery and toxicity are not typically problems in cell culture,
but it requires addition of chemical quenchers to terminate the reaction. HRP has similar char-
acteristics but can be used only in the secretory pathway or extracellularly. These peroxidase methods
cannot be applied in cell types and organisms that have abundant endogenous peroxidases, such as
plants, which are cross-reactive with the substrates used for PL35,38.

Because of the difficulty of delivering peroxidase substrates to target tissues and the potential
toxicity of the hydrogen peroxide required by APEX and HRP, biotin ligase–based methods are
preferred for in vivo experiments. BioID has been extensively used, but it is limited by its low activity
and long labeling times. BioID also has very low or undetectable activity in many model organisms,
including mice, yeast, worms, flies, and plants6,35–37,39–43, as well as in particular subcellular
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Fig. 1 | Proximity-dependent biotinylation catalyzed by TurboID and split-TurboID. a, TurboID uses ATP and biotin to generate biotin–5ʹ-AMP, a
reactive intermediate that can covalently label proximal endogenous proteins. b, Split-TurboID consists of two TurboID fragments (Tb(N), an
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compartments such as the ER lumen6,44,45. Although newer ligases such as BioID2 and AirID have
higher activity than BioID and BASU, they still require long labeling times and are much less active
than TurboID or miniTurbo6.

TurboID and miniTurbo have much faster labeling kinetics and higher labeling yields than any
other biotin ligase-related PL method and have been shown to be active in several model organisms
that were previously intractable to PL6,35–37. TurboID, which was evolved in the yeast secretory
pathway, also has markedly higher activity in the ER lumen than BioID6,45. However, TurboID, which
is the most active biotin ligase–based method, can exhibit biotinylation activity before addition of
exogenous biotin because it can utilize endogenous biotin present in some cell types and organisms6.
Although biotin is essential to several critical biological processes, such as fatty acid metabolism46,
endogenous concentrations of free biotin are typically too low for biotin ligase–based PL; however,
different growth or culturing conditions can increase endogenous biotin concentrations. For example,
cells cultured in biotin-rich medium such as RPMI 1640 or organisms that require dietary biotin
supplementation will exhibit intracellular biotinylation by TurboID before the addition of exogenous
biotin6. Conversely, organisms, such as bacteria, that regulate the biosynthesis of their own biotin will
have lower concentrations of free biotin and therefore lower biotinylation by TurboID outside of the
user-defined labeling window. Therefore, if a defined labeling time window is a priority for a given
experiment (e.g., time course experiments, the study of particular points in development, or
comparison of before versus after application of a stimulus), miniTurbo, which has lower biotin
affinity and hence lower background labeling, can be used. Although miniTurbo is approximately
twofold lower in activity as compared with TurboID, it still takes >100-fold shorter labeling times
than BioID6.

In some cases, the high activity and high biotin affinity of TurboID can cause cellular toxicity. For
example, ubiquitous, constitutive expression of TurboID in all tissues throughout the fly can result in
excessive sequestration of free biotin, which causes decreased survival and smaller fly size when
grown without biotin supplementation6. This toxicity is ameliorated with biotin supplementation,
with inducible TurboID expression, or when TurboID expression is restricted to specific tissues or
organs. Furthermore, when TurboID labeling is carried out for >24 h in cultured mammalian cells
(far longer than our recommended labeling time of 10 min), excessive biotinylation of the
endogenous proteome can result in growth defects6. Therefore, a lower-activity PL method such as
BioID or AirID may be beneficial in long-term experiments or in experiments in which biotin
supplementation is problematic26,31.

For applications in which the region of interest is inaccessible to traditional PL approaches, such as
organelle contact sites, split PL methods, which can enable greater targeting specificity, can be used
(Fig. 1b). Split PL approaches can also be applied when large protein fusions cannot be tolerated,
because individual fragments can be much smaller. Split forms of APEX47, HRP48, BioID49–51, and
TurboID7 have all been developed, in which two inactive fragments can reconstitute a full-length
enzyme. With limitations similar to those of their full-length parental enzymes, split-APEX and split-
HRP require H2O2 and heme addition, which limits their utility in vivo, and split-BioID has very low
activity7. We recently developed split-TurboID, which has far higher activity than previous
split-BioIDs49–51 and is also more active than full-length BioID. We developed both low-affinity
(PPI-dependent reconstitution) and high-affinity (PPI-independent reconstitution) versions of split-
TurboID; split-TurboID-catalyzed PL with either version can be achieved with <1 h of biotin
incubation7. Split variants of PL enzymes can be used for probing specific protein complexes50 or
mapping organelle contact sites7,51, or can be further engineered to activate PL activity conditional to
specific inputs, such as drug, light, or cell–cell contacts7,48.

Biological applications of biotin ligase–related proximity labeling
Biotin ligase–related PL has been applied for proteomic mapping of a wide range of protein com-
plexes and cellular structures, including the nuclear pore complex30, transcriptional regulator com-
plexes52–54, the Hippo pathway55, cilia56, stress granules57, centrosomes58, pathological protein
aggregates59, viral and pathogen-associating protein interactomes60–69, outer mitochondrial mem-
brane (OMM)70, ER–endosome contact sites71, ER–plasma membrane contact sites72, and
ER–mitochondria contact sites7,51. These PL methods have also been used in a variety of cell types
and species, including bacteria6, yeast37,39, plants35, flies6, worms6, and mice40,54,73,74. These reported
studies have enabled us to refine important technical considerations to guide future applications: (i) It
is critical to experimentally validate that fusion to the PL enzyme does not disrupt the native function
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and localization of the bait protein. (ii) For generation of the bait–enzyme fusion, CRISPR knock-in
at the endogenous genomic locus or low-titer lentiviral delivery is preferred over transient trans-
fection for minimizing artifacts arising from bait overexpression. (iii) The amount of input material
(e.g., number of cells) and the labeling time need to be carefully gauged according to the size
of the target proteome to ensure sufficient biotinylated material for MS detection with high depth
of coverage.

Mass spectrometric data analysis
For proteomic mapping of numerous subcellular compartments in mammalian cells, we have found
that the ratiometric approach75 enables high spatial specificity for protein discovery. In this approach,
the relative biotinylation of each protein by TurboID-fused bait is quantified relative to its biotiny-
lation by a reference TurboID fusion construct. The reference construct should biotinylate a cellular
or subcellular region that either is continuous with or overlaps with the target region of interest. For
example, for mapping the proteome of the cytosol-facing endoplasmic reticulum (ER) membrane
(ERM), cytosolic TurboID-NES was used as a reference6. As another example, for mapping the
interactome of a transcription factor, TurboID fused to a nuclear localization sequence that targets it
diffusely throughout the nucleus can be used as a reference. The quantitative comparison with the
reference construct enables the identification of the subset of proteins that are preferentially bioti-
nylated in the target region versus the reference region.

To process the mass spectrometric data and determine the final proteome lists, we use a receiver
operating characteristic (ROC)-based analysis that applies curated lists of true-positive (TP) and
false-positive (FP) proteins to establish optimal cutoffs. Cutoffs maximize the retention of TP proteins
and minimize the retention of FP proteins in the final proteome lists.

We have previously used the ratiometric approach and ROC-based cutoff analysis with TurboID
to generate highly specific proteome lists for the ERM6. The ratiometric approach has also been used
in peroxidase-generated datasets for the mitochondrial intermembrane space76, mitochondrial
nucleoid77, OMM78, ER–mitochondria contact sites7, and synaptic clefts20 (Table 1, Supplementary
Tables 1 and 2).

Although ROC-based cutoff analysis of PL data has proven powerful, increasing experimental
complexity and the lack of extensive ‘true positives’ (gold standards) for many novel and under-
explored subcellular compartments have prompted the need for more agnostic data analysis methods.
For these types of experiments, various statistical approaches can be used to determine the variance of
the signal while defining the background noise derived from various experimental artifacts, such as
nonspecific labeling or imperfect subcellular localization. More straightforward experimental designs,
such as examining the interactions of a PL enzyme-tagged bait protein compared with the back-
ground labeling of a free PL enzyme, can be analyzed using common statistical tests such as the one-
or two-sample t-tests, which account for variability across small sample sets10,79. However, as the
experimental design complexity increases, multivariate analyses using linear models can better
account for added variables such as subcellular localization–specific protein–protein interactions.
Multivariate analyses become the preferred statistical approach as additional control conditions are
incorporated, eliminating the need for explicit pairing of experimental and control samples across a
potentially mismatched number of replicates (e.g., three experimental replicates and two control
replicates) and instead accounting for the variance across replicates for each experimental condition,
as well as the variance across the various respective negative controls80.

Because a wide range of statistical approaches can be adopted according to the experimental
design, here we will focus specifically on data analysis using the ratiometric approach combined with
ROC-based cutoff analysis, which can be applied to proteomic mapping of open cellular
compartments75.

Limitations and considerations
Different subcellular regions have distinct pH, redox environments, and endogenous nucleophile
concentrations, which result in varying TurboID activity. For example, in HEK293T cells, TurboID
has high activity in the cytosol and nucleus, whereas its activity in compartments such as the
mitochondria and ER is lower6. Activity of TurboID also varies by the cell type chosen for cell culture
and by organism6. For example, different growth conditions, media, and food required by different
model organisms can change the experimental design necessary for maximal TurboID activity.
Therefore, it is critical to assess the activity of the TurboID fusion construct to be used for proteomics
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to ensure that it has sufficient activity in the biological context under investigation. Extending from
this, TurboID can only label proteins with exposed, non-protonated amines, such as those on lysine
side chains and N termini of proteins. Therefore, differences in pH and steric accessibility will affect
the ability of a given protein to be labeled, which limits protein coverage.

Interactome mapping with PL methods, including TurboID, requires fusion of the protein of
interest to the PL enzyme. This fusion may affect the stability, localization, function, and importantly,
protein interactions of the protein of interest. Therefore, we advise that functional assays be per-
formed to ensure that the TurboID fusion construct remains physiologically relevant and that its
nature accurately reflects the endogenous protein being studied.

Finally, ratiometric and statistical analyses achieve high specificity by assessing the differential
extent of biotinylation by a TurboID construct targeted to the region of interest versus TurboID
targeted to a reference compartment. For example, a high-specificity proteome of the ERM was
achieved by comparing the extent of biotinylation of proteins by TurboID targeted to the ERM versus
TurboID expressed in the cytosol: true ERM proteins are more strongly biotinylated by ERM-
TurboID versus cytosolic TurboID. Therefore, this analysis cannot account for proteins that are dual
localized, which may result in lower coverage (e.g., a protein that resides on both the ERM and in the
cytosol would be removed in the second filtering step using cytosolic TurboID as a reference).

Experimental Design
Overview of the procedure
The procedure described in this protocol consists of seven stages (Fig. 2 and Procedure). First, the
fusion constructs are cloned (Step 1) and characterized by imaging (Steps 2–15) and western blot
(Steps 16–32). Next, a small-scale enrichment of biotinylated proteins should be optimized
(Steps 33–43) before generating and processing proteomic samples (Steps 44–49). Last, after
mass spectrometric analysis (Steps 50–64), data analysis is performed to identify enriched proteins
(Steps 65–75).

Targeting TurboID to the region of interest
To begin a proteomics experiment using TurboID or split-TurboID, the constructs first need to be
targeted to the cellular region or protein complex of interest. For proteomic mapping of organelles or
subcellular structures, targeting should be achieved by using localization sequences if possible. For
example, we have targeted TurboID and split-TurboID to the ERM using targeting peptides derived
from cytochrome P450 and cytochrome b5 (refs. 6,7) and to the OMM using targeting peptides
derived from mitochondrial antiviral-signaling protein (MAVS) and translocase of outer membrane
20-kDa subunit (Tom20) (refs. 6,7; Fig. 3a,b). For organelle mapping, targeting to a subcellular region
of interest via fusion to full-length, functional proteins should be avoided, if possible, because of the
increased likelihood of perturbation of biological processes or signaling resulting from overexpression
of a biologically active protein. Furthermore, although a given protein may be known to reside in the
organelle or subcellular region of interest, its biological function or interactions may give the resulting
TurboID or split-TurboID fusion constructs a unique localization pattern within that subcellular
region that could bias the proteome being mapped. Multiple fusion constructs should be tested at
different expression levels to ensure proper localization and minimal disruption of the targeted

Optimize as necessary

Design constructs
for targeting

TurboID/split-TurboID
(Step 1)

Verify localization of construct
and biotinylated proteins
by immunofluorescence

(Steps 2–15)

Generate
proteomics samples

(Steps 44–49)

Characterize construct
expression and activity

via western blotting
(Steps 16–32)

Optimize small-scale
enrichment of

biotinylated proteins
(Steps 33–43)

Data analysis
to identify

proteins in the ROI
(Steps 65–75)

Perform
mass spectrometry

(Steps 50–64)

Fig. 2 | Workflow for performing a TurboID proteomic experiment. Designed fusion constructs should be
characterized using immunofluorescence and western blot approaches and optimized as necessary. After construct
validation, enrichment conditions need to be optimized before generating proteomic samples for mass spectrometric
analysis. ROI, region of interest.
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cytochrome P450 (CYP450). Cytosolic localization is achieved by fusion to a nuclear export sequence (NES). V5 epitope tags are included for
construct detection in immunofluorescence and western blot experiments. c, Confocal fluorescence imaging of HEK293T cells stably expressing
ERM-targeted TurboID. Cells were treated with 50 μM biotin for 10 min (+Biotin), and untreated cells (-Biotin) were used as a control. Cells were
fixed and stained with an anti-V5 antibody to visualize ERM–TurboID localization, NeutrAvidin–Alexa Fluor 647 to visualize biotinylated proteins, and
an anti-calnexin (CANX) antibody to visualize the ER (CANX is an endogenous ERM marker). ERM–TurboID colocalizes with endogenous CANX, and
biotinylation activity is dependent on the addition of biotin. Scale bars, 10 μm. d, Characterization of biotinylation activity by ERM–TurboID.
HEK293T cells stably expressing ERM–TurboID and TurboID–NES were treated with 50 μM biotin for 10 min and then lysed. Whole-cell lysates were
analyzed by streptavidin–HRP blotting; Ponceau stain is included to show equal loading of total protein; streptavidin-enriched eluates were analyzed by
silver stain. Biotinylation activity is dependent on the addition of exogenous biotin and ligase expression levels. Untransfected cells and cells expressing
BioID constructs were included for comparison; TurboID with 10 min of biotin incubation achieves labeling comparable to that of BioID with 18 h of
biotin incubation. c,d, Adapted with permission from ref. 6, Springer Nature America, Inc.

PROTOCOL NATURE PROTOCOLS

3978 NATURE PROTOCOLS | VOL 15 |DECEMBER 2020 | 3971–3999 |www.nature.com/nprot

www.nature.com/nprot


organelle. Localization of constructs can be verified by immunostaining and comparison with either a
co-transfected/infected fluorescent protein marker targeting the same organelle or by co-
immunostaining of endogenous markers in the targeted region (Fig. 3c). Alternatively, proper
localization to particular organelles/components, such as the mitochondria, cytosol, nucleus, or ER,
can be verified by comparison with one of our TurboID fusion constructs available via Addgene6,7.
Additional optimization is required if the fusion construct does not colocalize with the targeted
region or if substantial organelle perturbation is observed. Linker length, construct geometry, and
targeting sequence can be altered if needed; expression levels can be optimized by using different
approaches for introducing constructs. For example, we have seen that overexpression of constructs
targeted to the ERM and OMM by Lipofectamine 2000 transfection can cause organelle aggregation,
whereas lentiviral transduction or stable expression results in clean targeting to these locations with
minimal organelle perturbation6,7,76,78.

For expression of split-TurboID fragments, high overexpression can lead to proximity-
independent reconstitution. Thus, lentivirus induction or stable construct expression should be
used in most cases. Furthermore, although both fragments are tolerant of N- and C- terminal fusions,
and there does not seem to be a preference in the pairing of different fusion constructs7, optimization
of different linkers and geometries may be necessary depending on the application.

To map the protein–protein interactions (PPIs) of a particular protein of interest (i.e., interactome
mapping), TurboID or split-TurboID fragments are fused directly to the bait protein being studied.
Here, it is critical to ensure that the fusion of TurboID/split-TurboID fragments does not perturb the
localization pattern, biological functions, or interactions of the bait protein. For example, in PL
studies using APEX2 to investigate GPCR signaling, APEX2-GPCR fusions were assayed to ensure
that they retained proper trafficking, localization, and signaling capabilities24,25. Such control assays
will be tailored to the bait protein being studied but may include immunofluorescence imaging to
ensure proper trafficking and localization, functional assays to ensure there is no perturbation of
signaling or biological function, and co-immunoprecipitation assays to ensure known PPIs are not
disrupted. Proteins that have successfully been fused to GFP or similarly sized reporters will also
probably tolerate fusion to TurboID (35 kDa) or to split-TurboID fragments (N-terminal fragment: 8
kDa; C-terminal fragment: 27 kDa).

For both applications of proteomic mapping outlined above, it is also critical to ensure that the
TurboID or split-TurboID fusions do not affect ligase activity (see ‘Characterizing activity of the
TurboID construct’). This is not expected to be a common issue because both TurboID and split-
TurboID are active as N-terminal or C-terminal fusions and retain activity in all cellular compart-
ments tested6,7. However, if necessary, linkers can be used between fusion sites to aid in proper
folding and maintain stability of the ligases; glycine and serine-rich linkers are typically used, with a
length of 10 aa as a starting point. Altering linker length or rigidity (by changing amino acid
composition) may be useful in optimizing the fusion constructs’ expression or TurboID/split-
TurboID activity. Epitope tags, such as V5 or HA, should be included in each fusion construct to
enable detection via both immunofluorescence and western blot. Lysine-rich tags, such as the FLAG
tag, should be avoided because they may be modified by TurboID labeling chemistry.

Characterizing activity of the TurboID construct
After verifying proper localization and/or function of the fusion construct, the activity of TurboID/
split-TurboID needs to be evaluated. This can be done either by immunofluorescence staining of
biotinylated proteins (e.g., using a fluorophore–NeutrAvidin conjugate) or by western blot analysis of
biotinylated proteins from whole-cell lysate (e.g., using a streptavidin–fluorophore or
streptavidin–HRP conjugate) (Fig. 3c,d). To perform labeling, cells expressing the desired constructs
are incubated with 50–500 μM biotin. In HEK293T cells, TurboID labeling can be detected with
1–10 min of labeling, and split-TurboID labeling can be detected with 0.5–4 h of labeling6,7. Negative
controls that omit the ligase or biotin should be included to assess signal from endogenously bio-
tinylated proteins and background biotinylation levels. The labeling reaction is stopped by placing the
cells on ice and washing out excess biotin.

It may be necessary to optimize labeling times and biotin concentrations according to the specific
application. Furthermore, we advise that the lowest biotin concentration and shortest labeling time
required for robust labeling be used, because higher concentrations and longer labeling times may
result in saturation of nearby labeling sites, which may extend the labeling radius and reduce spe-
cificity6,45. Using the lowest concentration of exogenous biotin will also minimize the amount of free
biotin that remains in the lysate at the time of enrichment (see below), as excess free biotin will
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compete for binding sites on the streptavidin beads during enrichment, which can result in reduced
capture of target biotinylated proteins.

For immunofluorescence imaging, cells should then be fixed and stained with a streptavidin– or
NeutrAvidin–fluorophore conjugate to visualize biotinylated proteins. Staining against the fusion
construct epitope tag should be included to visualize the localization of the fusion constructs. The
streptavidin– or NeutrAvidin–fluorophore staining pattern should largely reflect where TurboID is
expressed. For split-TurboID, the pattern of biotinylated proteins should reflect where both fragments
are colocalized. The biotinylation signal may be detected beyond where TurboID/split-TurboID is
localized; previous work from our group has shown that although specifically biotinylated proteins
can migrate during the labeling reaction in live cells, the resulting proteomic data are still highly
spatially specific75,76.

Because the imaging assay described above cannot easily differentiate between ligase self-
biotinylation and biotinylation of proximal endogenous proteins in the target region, labeling activity
should also be checked by streptavidin blotting. For this assay, labeling is carried out in the same
manner as described above (with the same negative controls). Whole-cell lysates generated from these
samples are resolved by SDS-PAGE, and proteins are transferred onto a nitrocellulose membrane.
Following blotting with a streptavidin–fluorophore or HRP conjugate and the necessary developing
steps, a collection of bands representing biotinylated proteins should be observed spanning a large
molecular weight range. For samples in which either ligase or biotin was omitted, only bands
corresponding to endogenously biotinylated proteins should be visible (for human samples, at 72, 75,
and 130 kDa46). Ideally, the intensity of bands representing endogenous proteins biotinylated by the
TurboID fusion construct should be similar to or greater than the intensity of endogenous bioti-
nylated protein bands; if so, this indicates efficient biotinylation by the TurboID fusion construct.
However, if the fusion construct is expressed at very low levels, or if the fusion construct is localized
to a compartment in which TurboID activity is low, it is possible that the bands will be faint;
biotinylation is often sufficient, so long as the bands are visible and their signal is above those of the
negative-control lanes. TurboID targeted to different subcellular regions may also show distinct
banding patterns on the streptavidin blot, representative of the different labeled protein species. The
same lysates should also be run and blotted with fluorophore/HRP–antibody conjugates against the
appropriate epitope tag to verify expression and integrity (lack of proteolysis) of the TurboID fusion
construct (Fig. 3d).

Next, a small-scale enrichment of proteins biotinylated by TurboID/split-TurboID should be
performed because there are various experimental conditions that require optimization before a large-
scale proteomic experiment. To perform the enrichment, whole-cell lysates generated from labeled
cells are incubated with streptavidin-coated magnetic beads. After incubation, streptavidin beads are
thoroughly washed under denaturing conditions, as detailed below. Biotinylated proteins are eluted
from the beads by boiling in SDS protein-loading buffer supplemented with free biotin and dithio-
threitol (DTT). The input and flow-through material are analyzed by streptavidin blotting to verify
ligase- and biotin-dependent labeling and that biotinylated proteins were successfully extracted from
the flow-through. The eluate samples are analyzed by silver stain to confirm successful enrichment of
total protein in experimental samples as compared with negative controls (Fig. 3d). Optimization
involving changing bead volume and the number of washes may be required to maximize capture of
biotinylated material while minimizing nonspecific binding to the beads. Although the prescribed
washing of cells after labeling in cell culture is often sufficient to remove free biotin that can inhibit
the capture of biotinylated proteins, additional steps to remove free biotin—such as using gel fil-
tration columns—can also be included before enrichment. Similarly, depletion of endogenously
biotinylated proteins (e.g., carboxylases) before enrichment can be used to increase signal from
TurboID/split-TurboID-labeled proteins40.

The biotinylated material can also be probed for the enrichment of endogenous marker proteins by
western blot. For example, we showed that BCAP31, a protein residing on the ERM, can be enriched
from samples generated by ERM–TurboID6 as compared with negative controls. In another example,
we observed enrichment of ER–mitochondria contact resident proteins FACL4 and Mff from samples
generated by split-TurboID constructs designed to map ER–mitochondria contact sites7 as compared
with negative controls. These data further support that biotinylation is spatially specific.

Sample preparation for proteomics
Optimized conditions from the small-scale enrichments can be scaled accordingly for the large-scale
proteomics experiment. For proteomics experiments in HEK293T cells, we have used confluent T150
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flasks (~20 million cells) to generate samples for mass spectrometric analysis6,7. Replicates should be
included for each experimental condition. Negative controls that omit the ligase or biotin should also
be included. To enable ratiometric or statistical analyses, it is also important to include controls for
spatial specificity; for example, in our analysis of ERM proteins using TurboID or ER–mitochondria
contact proteins using split-TurboID, we included samples with TurboID–NES localized to the
cytosol for comparison6 (Fig. 3a,d; Fig. 4; Fig. 5a–c).

As the affinity of streptavidin for biotin is exceptionally strong, we circumvent the need for elution
of TurboID-biotinylated proteins from streptavidin beads for mass spectrometric analysis by releasing
proteins coupled to the affinity matrix by a short on-bead digestion with trypsin or other proteolytic
enzymes. After removal of streptavidin beads, released proteins are fully digested into peptides for
analysis by liquid chromatography–tandem mass spectrometry (LC-MS/MS). Multiple quantitative or
semi-quantitative approaches can be used to discriminate the enrichment of proteins in experimental
conditions as compared with negative controls. Quantitative approaches, such as isobaric labeling of
peptides, have been shown to be powerful technologies for PL-based enrichment experiments; here,
we will focus on tandem mass tag (TMT)-based quantitation. Moreover, label-free approaches such as
spectral counting, MS1 intensity/area under the curve, or targeted assays have also been used
successfully25,81,82.

Data analysis
For our standard data analysis pipelines, the raw mass spectrometry data are searched against a
database of known proteins corresponding to the species used. Only proteins with two or more
unique detected peptides are included for subsequent analysis.

For the ratiometric approach, two ROC-based filtering steps are required (i) to determine bioti-
nylated proteins and (ii) to identify which proteins were preferentially labeled by TurboID targeted to
a region of interest versus a reference control (Fig. 4b; Fig. 5d).

To determine the first cutoff, TMT ratios are calculated for each detected protein by dividing the
TMT signal from the experimental sample by the TMT signal from the negative-control sample, in
which proteins should not be biotinylated (omit-biotin control or omit-ligase control). The TMT
ratios are then ranked from highest to lowest. Next, curated lists of TP and FP proteins, relevant to
the interaction or subcellular compartment of interest, are generated on the basis of prior annotation
and literature evidence. The TP list should include proteins expected to be biotinylated (e.g., proteins
known to reside in the compartment being mapped or known to interact with the bait of interest),
whereas the FP list should include proteins not expected to be biotinylated (e.g., proteins residing in a
membrane-enclosed compartment that is inaccessible to the biotin–AMP intermediate generated by
the TurboID-fusion construct in the experimental sample; e.g., we often use soluble mitochondrial
matrix proteins as our FP list). Crossing these lists with the list of detected proteins enables deter-
mination of true and false positives present in the dataset. Next, at each possible TMT ratio cutoff, the
TP rate (TPR) and the FP rate (FPR) are calculated, defined as the fraction of detected TP and FP
proteins above the cutoff, respectively (Fig. 4b). Plotting the TPR versus the FPR in a ROC curve is
informative for determining how well the proteomics experiment enriched TP over FP proteins.
(Fig. 4c). The optimal cutoff ratio is then determined by maximizing TPR-FPR. Histograms plotting
the distribution of TP and FP proteins in our dataset by TMT ratio should show that the ROC-
determined cutoff successfully enriches TP proteins (Fig. 4c,d). Proteins above the determined TMT
ratio cutoff are considered to be biotinylated proteins, whereas proteins below the cutoff are con-
sidered to be likely nonspecific binders.

We then perform a second filtering step, which has been shown to be important for maximizing
the spatial specificity of our dataset76. The purpose of this filtering is to quantitatively compare the
experimental sample with a reference control that targets TurboID to an overlapping, but distinct,
subcellular region. For example, for mapping the ERM facing the cytosol, the data are first filtered
using a control to account for the extent of biotinylation (omit-biotin or omit-ligase; described above)
and then further filtered using a cytosolic TurboID reference control (Fig. 4e). For this second
filtering, a second FP list (FP2) is required that contains proteins that could be biotinylated by the
experimental sample TurboID–fusion construct (because they are in an adjacent or continuous
compartment) but should be preferentially biotinylated by the reference control TurboID–fusion
construct. For example, to map the ERM proteome, the reference control was cytosolic
TurboID–NES, and the FP2 list contained non-secretory proteins, that is, proteins that are not
predicted to be secretory by Phobius83 or are not annotated with any Gene Ontology84,85 terms
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associated with secretory system organelles, for example, ‘ER’, ‘Golgi’, ‘plasma membrane’ (additional
details can be found in the ‘Methods’ section of ref. 6).

As before, TMT ratios are calculated for each detected protein by dividing the TMT signal from
the experimental sample by the TMT signal from the reference control sample, and proteins are
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Fig. 4 | Proteomic data analysis using the ratiometric approach. a, Example experimental design for quantitative proteomic mapping of the ERM in
HEK293T cells. The relevant subset of samples from ref. 6 is shown. b, Filtering scheme for mass spectrometric data. For each replicate, all proteins
with ≥2 unique peptides are first filtered by whether or not they are biotinylated (ratiometric analysis referencing ‘omit biotin’ or ‘omit ligase’ controls,
filter 1). Next, proteins were further filtered by the extent to which they are preferentially biotinylated in the target region versus the adjoining control
region (ratiometric analysis referencing spatial reference controls, filter 2). Lists from each replicate, following application of two filters, are then
intersected to generate the final proteome list. c, Establishing cutoffs for replicate 1 of the ERM–TurboID dataset. 129N corresponds to ERM–TurboID
(replicate 1), and 129C corresponds to cytosolic TurboID–NES, both treated with 50 μM biotin for 10 min; 126C corresponds to the untransfected
control. For each possible TMT ratio cutoff, the TPR was plotted versus the FPR in a ROC curve (top). True-positive proteins were previously
annotated ERM proteins. For the first filter, previously annotated mitochondrial matrix proteins were used as FPs (FP1); for the second filter, previously
annotated cytosolic (non-secretory) proteins were used as FPs (FP2). The optimal cutoffs were determined by the maximum TPR-FPR, indicated by
dashed lines (bottom). d, Histograms of the distribution of true positive (TP) and false positive (FP) proteins. The distributions of TP ERM proteins and
FP non-secretory proteins (from FP2) are plotted for the second ratiometric filtering step. The established cutoff, indicated by a dashed line, enriches
TP over FP proteins. e, Scatter plot showing filter 1 (x axis) versus filter 2 (y axis) log2 ratios for each protein analyzed from ERM–TurboID. TMT ratio
cutoffs used to obtain the filtered proteome, indicated by dashed lines, enrich previously annotated ERM proteins (green), relative to cytosolic (red)
and other (black) proteins. Adapted with permission from ref. 6, Springer Nature America, Inc.
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ranked from highest to lowest TMT ratio. ROC analysis and cutoff determination are performed as
above. Both of these filtering steps should be repeated and applied to each independent replicate, and
a final proteome list is generated from the intersection of the filtered lists from each replicate.

After obtaining a final proteome list, sensitivity and specificity analyses are performed to deter-
mine proteome quality. Sensitivity is typically calculated as the fraction of TP proteins detected in the
final proteome. Specificity can be calculated as the fraction of the proteome that has prior annotation
for the region of interest. Alternatively, specificity can be estimated using the false-discovery rate
(FDR), which is based on the fraction of the proteome that contains verified false positives. Proteins
that do not have prior annotation or literature support can be further validated by immuno-
fluorescence imaging or western blot to determine their localization.

Materials

Biological materials
● Cell line of interest. In the example data shown in this protocol, we use human embryonic kidney
(HEK) 293T cells (ATCC, cat. no. CRL-11268; RRID: CVCL_0063), as described in our published
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Fig. 5 | Example experimental design and analysis using split-TurboID for proteomic mapping of ER–mitochondria
contacts. a, Split-TurboID targeted to ER–mitochondria contact sites for proteomic mapping in HEK293T cells7. Split-
TurboID fragments are targeted to either the OMM or the ERM. Cytosolic TurboID is used as a spatial reference
control. b, OMM- and ERM-targeted split-TurboID and cytosolic TurboID constructs. Tb(N) (N-terminal fragment)
was targeted to the OMM using a targeting sequence derived from amino acids 1–34 of Tom20, and Tb(C)
(C-terminal fragment) was targeted to the ERM using a targeting sequence derived from amino acids 100–134 of
cytochrome b5 (Cb5), as described previously7,47. Cytosolic localization is achieved by fusion to a nuclear export
sequence (NES). V5 and HA epitope tags are included for construct detection in immunofluorescence and western
blot experiments. c, Example TMT 6-plex proteomic experimental design for mapping ER–mitochondria contacts. d,
Filtering scheme for mass spectrometric data. For each replicate, all proteins with ≥2 unique peptides were first
filtered by whether or not they are biotinylated (ratiometric analysis referencing ‘omit biotin’ controls, filter 1). Next,
proteins were further filtered by their preferential labeling by split-TurboID at ER–mitochondria contacts versus
cytosolic TurboID control (spatial specificity control; ratiometric analysis referencing TurboID–NES, filter 2). Lists
from each replicate were then intersected to generate the final proteome list.
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studies6,7. We have also successfully used our approach with E. coli bacteria, Saccharomyces cerevisiae
yeast, Drosophila melanogaster flies, and Caenorhabditis elegans worms, with appropriate protocol
adaptations as described previously6 ! CAUTION Cell lines should be regularly checked to ensure they
are mycoplasma negative.

Reagents
● TurboID plasmids, such as ERM- and cytosol-targeted constructs, can be obtained from Addgene
(https://www.addgene.org/search/catalog/plasmids/?q=turboid)

● Split-TurboID plasmids, such as ERM- and OMM-targeted constructs, can be obtained from Addgene
(https://www.addgene.org/search/catalog/plasmids/?q=split-turboid)

● DMEM (+4.5 g/L glucose, +L-glutamine, −sodium pyruvate; Corning, cat. no. 10-017-CV)
● Fetal bovine serum (FBS; VWR, cat. no. 97068-085)
● Penicillin–streptomycin (P/S; VWR, cat. no. 45000-652)
● GlutaMAX (Thermo Fisher Scientific, cat. no. 35050061)
● Lipofectamine 2000 (Thermo Fisher Scientific, cat. no. 11668019) or alternative transient transfection
reagent

● Biotin (Sigma-Aldrich, cat. no. B4501)
● DMSO (Alfa Aesar, cat. no. AAJ66650AP)
● Fibronectin (human plasma purified; MilliporeSigma, cat. no. FC010)
● Dulbecco’s phosphate-buffered saline (DPBS) (Thermo Fisher Scientific, cat. no. 21600010)
● Formaldehyde (10% (vol/vol); Ricca Chemical, cat. no. 3180-16) ! CAUTION Formaldehyde is toxic
and corrosive. Avoid contact with skin and eyes. Use in a chemical fume hood.

● PIPES sodium salt (MilliporeSigma, cat. no. 528131100GM)
● HEPES sodium salt (Thermo Fisher Scientific, cat. no. 15630080)
● EGTA (MilliporeSigma, cat. no. 32462625GM)
● Magnesium chloride (MgCl2; VWR, cat. no. MK5958-04)
● Sucrose (VWR, cat. no. 0335-1kg)
● Methanol (MeOH; MilliporeSigma, cat. no. 34966-4L)
● Bovine serum albumin (BSA; Thermo Fisher Scientific, cat. no. BP16001)
● (Optional) Anti-V5 antibody (mouse; Thermo Fisher Scientific, cat. no. R96025; RRID: AB_2556564)
● (Optional) Anti-HA antibody (rabbit; Cell Signaling Technology, cat. no. C29F4; RRID: AB_1549585)
● NeutrAvidin biotin-binding protein (Thermo Fisher Scientific, cat. no. A2666)
● Alexa Fluor 647 NHS ester (Thermo Fisher Scientific, cat. no. A20006)
● (Optional) Anti-mouse Alexa Fluor 488 (goat; Thermo Fisher Scientific, cat. no. A11029; RRID: AB_2534088)
● (Optional) Anti-rabbit-Alexa Fluor 488 (goat; Thermo Fisher Scientific, cat. no. A11008; RRID: AB_143165)
● (Optional) Anti-mouse-Alexa Fluor 568 (goat; Thermo Fisher Scientific, cat. no. A11031; RRID: AB_144696)
● (Optional) Anti-rabbit-Alexa Fluor 568 (goat; Thermo Fisher Scientific, cat. no. A11036; RRID: AB_10563566)
● (Optional) Anti-mouse–horseradish peroxidase (HRP; goat; Bio-Rad, cat. no. 170-6516; RRID: AB_11125547)
● (Optional) Anti-rabbit–horseradish peroxidase (HRP; goat; Bio-Rad, cat. no. 170-6515; RRID: AB_11125142)
● Streptavidin–horseradish peroxidase (HRP; Thermo Fisher Scientific, cat. no. S911)
● (Optional) Anti-mouse IRDye 800 (goat; LI-COR, cat. no. 92632210; RRID: AB_621842)
● (Optional) Anti-rabbit IRDye 680 (goat; LI-COR, cat. no. 92568071; RRID: AB_2721181)
● (Optional) Streptavidin-IRDye 680 (LI-COR, cat. no. 92568079)
● Aqua-Mount mounting medium (Thermo Fisher Scientific, cat. no. 13800)
● Protease inhibitor cocktail (MilliporeSigma, cat. no. P8849-5ML)
● PMSF (phenylmethylsulfonyl fluoride; VWR, cat. no. 82021-256) ! CAUTION PMSF is toxic. Avoid
contact with skin or eyes.

● Isopropanol (VWR, cat. no. BDH1133-4LP)
● Nonfat dry milk (Thermo Fisher Scientific, cat. no. M0841)
● BCA Protein Assay Kit (Thermo Fisher Scientific, cat. no. 23225)
● ECL western blotting substrate (Bio-Rad, cat. no. 1705061)
● Tris hydrochloride (MilliporeSigma, cat. no. 10812846001)
● Glycerol (Thermo Fisher Scientific, cat. no. S25342D)
● Sodium dodecyl sulfate (SDS; MilliporeSigma, cat. no. L3771-1KG) ! CAUTION Weigh SDS in a
chemical fume hood.

● DTT (dithiothreitol; Thermo Fisher Scientific, cat. no. BP172-5)
● Bromophenol blue (MilliporeSigma, cat. no. B5525)
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● TBST (20×; bioWORLD, cat. no. 40120065-2)
● Ponceau S (MilliporeSigma, cat. no. P-3504)
● Acetic acid (Thermo Fisher Scientific, cat. no. S25118) ! CAUTION Acetic acid is corrosive. Avoid
contact with skin or eyes.

● Silver stain kit (Thermo Fisher Scientific, cat. no. 24612) ! CAUTION Silver stain is toxic. Avoid contact
with skin or eyes.

● Streptavidin magnetic beads (Thermo Fisher Scientific, cat. no. 88817)
● Sodium bicarbonate (MilliporeSigma, cat. no. S6015-25G)
● Sodium chloride (NaCl; Thermo Fisher Scientific, cat. no. S271-10)
● Sodium deoxycholate (Thermo Fisher Scientific, cat. no. J6228822) ! CAUTION Weigh sodium
deoxycholate in a chemical fume hood.

● Triton X-100 (MilliporeSigma, cat. no. T9284-500ML)
● Potassium chloride (KCl; Thermo Fisher Scientific, cat. no. 7447-40-7)
● Sodium carbonate (Thermo Fisher Scientific, cat. no. S25539)
● Urea (VWR, cat. no. MK864806)
● Sequencing-grade modified trypsin (500 μg per vial or 5 × 20 μg per vial; Promega, cat. no. V511X
or V5113)

● Formic acid (FA; Sigma-Aldrich, cat. no. 56302)
● Acetonitrile (J.T. Baker, cat. no. 9829-03)
● Iodoacetamide (Sigma-Aldrich, cat. no. A3221)
● TMT-10 Reagent Kit (Thermo Fisher Scientific, cat. no. 90110)
● HEPES (0.5 M buffer solution, pH 8.5; Alfa Aesar, cat. no. J63218)
● ReproSil-Pur 1.9-μm, C18 resin (Dr. Maisch GmbH)
● Hydroxylamine (50% (vol/vol); Sigma-Aldrich, cat. no. 467804) ! CAUTION Hydroxylamine is an
irritant. Avoid contact with skin or eyes and avoid inhalation.

Equipment
● Glass coverslips (Neuvitro, cat. no. GG-15-Pre)
● Centrifugal filter unit (Amicon Ultra-0.5; MilliporeSigma, cat. no. UFC503008)
● Plate for imaging cells (24 wells; VWR, cat. no. 10861-558)
● Plate for preparing western blot samples (6 wells; VWR, cat. no. 82050-842)
● Culture flasks for preparing proteomic samples (150 cm2; VWR, cat. no. 430825)
● Tabletop centrifuge
● Floor centrifuge
● Fluorescence microscope with appropriate filter sets (we use a Zeiss AxioObserver inverted microscope
with a 63× oil-immersion objective with the following combinations of laser excitation and emission
filter sets: 405-nm laser excitation, 445/40-nm emission; 491-nm laser excitation, 528/38-nm emission;
561-nm laser excitation, 617/73-nm emission; 647-nm laser excitation, 680/30-nm emission)

● Magnetic rack for separation of magnetic beads (Thermo Fisher Scientific, cat. no. CS15000)
● Laboratory pipetting needles with 90° blunt ends (for use as a punch for separation materials to make
StageTips), 16-gauge, 2-inch length (Cadence Science, cat. no. 7938)

● Tubing (PEEK, 25 μm × 1/32 inches × 5 feet, natural; Idex Health & Science, cat. no. 1567)
● StageTip C18 material (solid-phase C18 extraction disks, diameter = 47 mm; Empore, cat. no.
66883-U)

● Adaptor for StageTips (Glygen, cat. no. CEN.24)
● LC system for online LC-MS analysis c CRITICAL We use a Thermo Scientific Easy-nLC 1200 system
and operate under ultra-performance liquid chromatography (UPLC) conditions. However, any LC
system that can deliver nanoflow rates and can operate up to a pressure of 1,000 bar can be used for
peptide separation.

● MS system for online LC-MS analysis (Thermo Fisher Scientific, Orbitrap Fusion Lumos model)

c CRITICAL Although we use an Orbitrap Fusion Lumos, other LC-MS/MS systems can be used, as
long as they have sufficient resolution in MS/MS mode to resolve the low-mass N and C series TMT-10
reporter ions. To resolve and accurately measure the near-isobaric N- and C-labeled reporter ions in
the TMT-10 reagents, the instrument used must be able to achieve a minimum MS/MS resolution of
50,000 at m/z = 150.

● PicoFrit column (360-μm o.d. × 75 μm i.d., 10-μm i.d. tip, 50-cm length; New Objective, cat. no.
PF360-75-10-N-5)
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● Autosampler vial for LC-MS (300 μL; Waters, cat. no. 186002639)
● Autosampler cap for LC-MS (300 μL; Waters, cat. no. 186000305)
● Nanospray column heater (20 cm; Phoenix S&T, cat no. PST-CH-20U)
● Column heater controller (Phoenix S&T, cat. no. PST-CHC)
● Cell scraper
● Nitrocellulose or PVDF membranes

Software
● Spectrum Mill MS Proteomics Workbench v.6.0 (Agilent Technologies: https://www.agilent.
com/en/products/software-informatics/mass-spectrometry-software/data-analysis/spectrum-mill)

c CRITICAL Although we used Spectrum Mill, other software packages that support the identification
and quantification of high-resolution LC-MS/MS with TMT-10 reagents can be used.

Reagent setup
Complete DMEM medium
Supplement DMEM (+4.5 g/L glucose, +L-glutamine, −sodium pyruvate) medium with 10%
(vol/vol) FBS, 1% (vol/vol) P/S, and 1% (vol/vol) GlutaMAX and filter-sterilize with a 0.2 μm filter.
After filtering, complete DMEM medium can be stored at 4 °C for several months.

Biotin stock (100 mM)
Dissolve biotin in DMSO to a final concentration of 100 mM and make 200-μL aliquots. Aliquots can
be stored at −20 °C for several months.

Tris-HCl (1 M)
Dissolve Tris hydrochloride in dH2O and adjust the pH to 7.5 or 8.0, depending on its intended use.
This solution can be stored at room temperature (RT: 20–22 °C) for several months.

PHEM buffer (5×)
Combine buffer ingredients (300 mM PIPES, 125 mM HEPES, 50 mM EGTA, 10 mM MgCl2, 0.6 M
sucrose) in dH2O and adjust the pH to 7.3. This solution can be stored at 4 °C for many months.

Formaldehyde fixation solution (4% (vol/vol))
Dilute PHEM buffer (5×) 1:1 with non-supplemented DMEM and formaldehyde (10% (vol/vol)) to a
final concentration of 1× PHEM buffer and 4% (vol/vol) formaldehyde. Alternatively, for strongly
adherent cells such as HEK293T, (10% (vol/vol)) formaldehyde can also be diluted directly in DPBS
to a final concentration of 4% (vol/vol). This solution should be freshly prepared before use.

NeutrAvidin–Alexa Fluor 647 conjugate
Mix 200 μL of 5 mg/mL NeutrAvidin in DPBS, 20 μL of 1 M sodium bicarbonate in water, and 10 μL
of 10 mg/mL Alexa Fluor 647 NHS ester in DMSO and rotate in the dark for 3 h. Purify the
NeutrAvidin–Alexa Fluor conjugate from unreacted dye by using an Amicon Ultra-0.5 filter unit
according to the manufacturer’s instructions. Collect the conjugate from the column using a total
volume of 500 μL in DPBS. The eluted conjugate can be stored in the dark at 4 °C for several months.

RIPA lysis buffer
Combine buffer ingredients (50 mM Tris, 150 mM NaCl, 0.1% (wt/vol) SDS, 0.5% (wt/vol) sodium
deoxycholate, 1% (vol/vol) Triton X-100) in dH2O and adjust the pH to 7.5 This solution can be
stored at 4 °C for many months.

PMSF (100 mM)
Dissolve PMSF in isopropanol to a final concentration of 100 mM and make 100-μL aliquots.
Aliquots can be stored at −20 °C for several months.

Protein loading buffer (6×)
Combine buffer ingredients (0.33 M Tris (pH 6.8), 34% (vol/vol) glycerol, 10% (wt/vol) SDS, 0.09%
(wt/vol) DTT, 0.12% (wt/vol) bromophenol blue) in dH2O and make 1-mL aliquots. Aliquots can be
stored at −20 °C for several months
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Ponceau S stain
Combine ingredients (1 mg/mL Ponceau S, 5% (vol/vol) acetic acid) in dH2O. This solution can be
stored at room temperature for several months and can be reused several times.

TBST (1×)
Dissolve 20× TBST in dH2O (final concentration of TBST is 0.1% (vol/vol)). This solution can be
stored at room temperature for several months.

KCl (1 M)
Dissolve KCl in dH2O to a final concentration of 1 M. This can be stored at room temperature for
several months.

Na2CO3 (0.1 M)
Dissolve sodium carbonate (Na2CO3) in dH2O to a final concentration of 0.1 M. This solution should
be made fresh before use.

Urea (2 M) in 10 mM Tris-HCl (pH 8.0)
Dissolve urea in 10 mM Tris-HCl (pH 8.0) to a final concentration of 2 M. This solution should be
made fresh before use.

DTT stock (1 M)
Dissolve DTT in dH2O to a final concentration of 1 M. This solution can be stored at −20 °C for
several months.

StageTip solvents
StageTip solvents are 0.1% (vol/vol) FA and 50% (vol/vol) acetonitrile (solvent 1) and 0.1% (vol/vol)
FA (solvent 2). These solutions can be stored at room temperature for several weeks.

LC-MS/MS solvents
Solvent A is 0.1% (vol/vol) FA and 3% (vol/vol) acetonitrile. Solvent B is 0.1% (vol/vol) FA and
90% (vol/vol) acetonitrile. These solutions can be stored at room temperature for 2 weeks.

Equipment setup
Liquid chromatography settings
Solvents A and B are described in the ‘Reagent setup’ section. The settings in Table 2 are specific to a
nanospray column packed up to 24 cm with ReproSil-Pur 1.9 μm, C18 resin. If another LC system is
used, it may be necessary to adjust these parameters.

Mass spectrometer settings
The settings in Table 3 are specific to an Orbitrap Fusion Lumos. If another MS system is used, it may
be necessary to adjust these parameters.

Parameters for searching MS data
Table 4 contains the parameters for searching MS data.

Procedure

Generation of TurboID/split-TurboID fusion constructs ● Timing variable
1 Design fusion constructs with desired linkers, epitope affinity tags, and localization sequences as

discussed in the ‘Experimental design’ section. Avoid FLAG and other lysine-rich epitope tags that
may be disrupted by TurboID labeling chemistry. TurboID/split-TurboID fusion constructs can be
introduced into mammalian cells by transfection or viral transduction; transfection/infection
efficiency should be maximized, because untransfected cells may contribute to background
signal. Generating cell lines stably expressing fusion constructs by selection may be necessary
to achieving optimal expression levels for maximizing labeling activity without perturbing
organelle morphology.
? TROUBLESHOOTING
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Characterization of fusion constructs by imaging ● Timing 3–5 d
2 Place glass coverslips into 24-well plates and coat with 300 μL of 50 μg/mL human fibronectin

solution in DPBS for at least 30 min at room temperature to improve cell adherence.
3 Remove the fibronectin solution and wash the coverslips with 500 μL DPBS. Plate cells onto glass

coverslips with 500 μL complete DMEM medium. In the case of HEK293T cells, we plate either
~60,000 cells/well for transfection the next day or ~120,000 cells/well (using stable cells) for biotin
labeling the next day.

c CRITICAL STEP Prepare additional coverslips to include negative controls that omit either the
ligase (in Step 4) or the biotin (in Step 5). For testing split-TurboID constructs, additional negative
controls, in which the expressed fusion constructs should not interact, and positive controls using
full-length TurboID can be included.

4 (Optional) This step can be skipped if stable cell lines are being used. When cells are adhered to the
coverslips, introduce fusion constructs either by transfection using Lipofectamine 2000 according to
the manufacturer’s instructions or by lentiviral infection as previously described6,7. Include co-
transfection/co-infection of fluorescent protein markers if necessary (i.e., mCherry-KDEL as an ER
marker); alternatively, immunostain endogenous markers at Step 10. Ideally, cells should be at
~70% confluency at the time of transfection or ~50% confluency at the time of viral infection.

Table 2 | Liquid chromatography settings

Time interval (min) Gradient (%B) Flow rate (nL/min)

0 2 200

1 6 200

235 30 200

244 60 200

245 90 200

250 90 200

251 50 500

260 50 500

Table 3 | Mass spectrometer settings

Method/parameter Value

Full MS

Microscans 1

Resolution 60,000

Automatic gain control (AGC) target 3 × 106 ion counts

Scan range 350–1,800 m/z

Data-dependent mode Cycle time

dd-MS2

Microscans 1

AGC target 1 × 105 ion counts

Maximum ion time 120 ms

Isolation window 0.7 m/z

Fixed first mass 100 m/z

HCD energy (%) 36

dd settings

Monoisotopic peak determination Peptide

Charge exclusion Include 2–6 charge states

Exclude isotopes On

Dynamic exclusion 45 s

dd, data dependent.
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5 Either 24 h after transfection with Lipofectamine 2000 or 48 h after viral infection, replace the
medium in each well with warm biotin-containing complete DMEM medium to initiate labeling
(made fresh; final concentration = 50 μM biotin; adjust if necessary up to 500 μM biotin). Incubate
cells with biotin at 37 °C for the desired time. TurboID labeling can be detected within 1–10 min of
labeling, and split-TurboID labeling can be detected within 0.5–4 h of labeling6,7. Although these
labeling times are good starting points, it may be necessary to optimize labeling according to the
application.

6 Stop the labeling reaction by moving the cells onto ice and washing five times with 500 μL ice-cold
(4 °C) DPBS.

7 Fix the cells with 500 μL formaldehyde fixation solution for 15 min on ice.
8 Permeabilize the cells with 500 μL ice-cold methanol at −20 °C for 5 min.
9 Wash the cells three times with 500 μL ice-cold DPBS and block with 500 μL 1% (wt/vol) BSA in

DPBS at 4 °C for at least 30 min.
10 Remove the solution and incubate with primary antibody in 300 μL 1% (wt/vol) BSA in DPBS at

4 °C for 1 h. For V5 or HA detection, use a 1:1,000 dilution of mouse anti-V5 antibody or rabbit
anti-HA antibody. Include antibodies for endogenous markers if necessary.

11 Gently wash the cells three times with 500 μL 1% (wt/vol) BSA in DPBS.
12 Incubate with fluorophore-conjugated secondary antibody in 300 μL 1% (wt/vol) BSA in DPBS at

4 °C for 1 h. Stain for biotinylated proteins using a NeutrAvidin–fluorophore conjugate in the same
solution (1:1,000 dilution).

13 Gently wash the cells three times with 500 μL 1% (wt/vol) BSA in DPBS.
14 Mount coverslips onto a glass slide using mounting medium and allow to set overnight at room

temperature in the dark.

j PAUSE POINT Mounted coverslips can be stored in the dark at 4 °C for at least a month.
15 Image the coverslips using a fluorescence microscope with appropriate filter settings. Compare

ligase immunostaining patterns and NeutrAvidin staining patterns with organelle markers to
determine localization of constructs.
? TROUBLESHOOTING

Characterization of fusion constructs by western blot ● Timing 3–5 d
16 Plate fresh cells into 6-well plates; in the case of HEK293T cells, we plate either ~300,000 cells/well

for transfection the next day or ~600,000 cells/well (using stable cells) for biotin labeling the
next day.

c CRITICAL STEP Prepare additional wells to include negative controls that omit either the ligase
(in Step 4) or the biotin (in Step 5). For testing split-TurboID constructs, additional negative
controls in which the expressed fusion constructs should not interact and positive controls using
full-length TurboID can be included.

17 Introduce fusion constructs and perform biotin labeling as described in Steps 4–6.
18 Gently wash the samples five times on ice with 1 mL ice-cold DPBS.

Table 4 | Parameters for searching MS data

Parameter Value

Variable modification Oxidation (M)

Acetyl (protein N-terminus)

Fixed modification Carbamidomethyl (C)

TMT-10 (peptide N-term, K)

Digest Trypsin

Maximum missed cleavages 4

Maximum charge 6

Precursor mass tolerance (p.p.m.) 20

Product mass tolerance (p.p.m.) 20

Peptide FDR (%) 1
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19 Use 1 mL ice-cold DPBS per well to detach cells via pipetting and collect the cell suspension into
microcentrifuge tubes. A cell scraper may need to be used for strongly adherent cells.

20 Pellet the cells by centrifugation at 300g at 4 °C for 3 min and remove the supernatant.
21 Lyse the cell pellets with 100 μL RIPA lysis buffer supplemented with 1× protease inhibitor cocktail

and 1 mM PMSF. Ensure the pellets are resuspended well by pipetting, and then incubate on ice
for ≥10 min.

22 Clarify cell lysates by centrifugation at 13,000g at 4 °C for 10 min and transfer the clarified lysates to
fresh microcentrifuge tubes. Protein concentration can be assessed by BCA protein assay to ensure
even loading onto the SDS gel in Step 24.

23 Combine whole-cell lysates with 6× protein loading buffer and boil the samples at 95 °C for 10 min.
24 Load ~10–30 μg protein per sample and separate the proteins on a 9% (vol/vol) SDS polyacrylamide

gel. Run two separate gels; one will be used to detect protein biotinylation, and the other gel will be
used to detect expression of the fusion construct.

25 Transfer the proteins to a nitrocellulose membrane (PVDF membranes can also be used but may
have lower adsorption of high-molecular-weight proteins).

26 Stain with Ponceau S solution to verify the quality of the transfer and that protein loading is
comparable between samples. Destain with deionized water and rinse once with 1× TBST.

27 Block with 5% (wt/vol) nonfat dry milk in 1× TBST while rocking at room temperature for 1 h.
28 Wash the membranes three times with 1× TBST for 5 min each.
29 For detecting protein biotinylation, incubate with 0.3 μg/mL streptavidin–HRP in 3% (wt/vol) BSA

in 1× TBST at room temperature for 30 min (nonfat dry milk should not be used for this incubation
because it contains free biotin, which may interfere with streptavidin binding to adsorbed
biotinylated proteins). Alternatively, incubate with streptavidin–IRDye conjugates (1:3,000) for
imaging using LI-COR imaging systems.

30 For detecting expression of the fusion constructs, incubate with mouse anti-V5 (1:10,000) or rabbit
anti-HA (1:5,000) antibody in 3% (wt/vol) BSA in 1× TBST at room temperature for 1 h or at 4 °C
overnight. Wash the membrane three times with 1× TBST for 5 min each. Incubate with secondary
antibody in 3% (wt/vol) BSA in 1× TBST at room temperature for 30 min.

31 Wash the membranes three times with 1× TBST for 5 min each.
32 Develop the membranes using ECL western blotting substrate for 1 min; then image. If LI-COR

conjugates are being used, wash the membrane with DPBS (without Tween 20) two additional times
for 5 min each. Image the membrane using the LI-COR imaging system.
? TROUBLESHOOTING

Optimization of protein enrichment before proteomics ● Timing 4–6 d
33 Generate labeled whole-cell lysates as described in Steps 16–22.
34 Estimate the amount of protein in each sample in triplicate using the BCA protein assay.
35 For each sample, take 25 μL streptavidin magnetic beads and wash twice with 1 mL RIPA

lysis buffer.
36 Incubate the beads with 300 μg protein from each sample with an additional 500 μL RIPA lysis

buffer at 4 °C for at least 1 h with rotation. The enrichment step can also be performed overnight.
Save the remaining material (store at −20 °C) from the whole-cell lysates for western blot analysis
in Step 42 (input).

37 After enrichment, pellet the beads, using a magnetic rack, and collect the supernatant in fresh
microcentrifuge tubes for western blot analysis in Step 42 (flow-through).

38 Wash the beads twice with RIPA lysis buffer (1 mL, 2 min at RT), once with 1 M KCl (1 mL, 2 min
at RT), once with 0.1 M Na2CO3 (1 mL, ~10 s), once with 2 M urea in 10 mM Tris-HCl (pH 8.0)
(1 mL, ~10 s), and twice with RIPA lysis buffer (1 mL per wash, 2 min at RT). Do not allow the
beads to sit for extended times in Na2CO3 or urea because extended periods tend to denature the
beads and cause aggregation. After the final wash, transfer the beads in 1 mL RIPA lysis buffer to
fresh tubes.

39 Elute the enriched material from the beads by boiling each sample in 30 μL of 3× protein loading
buffer supplemented with 2 mM biotin and 20 mM DTT at 95 °C for 10 min.

40 Pellet the beads, using a magnetic rack, and collect the eluate.
41 Combine the input (from Step 36) and the flow-through (from Step 37) samples with 6× protein

loading buffer and boil the samples at 95 °C for 10 min.
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42 Run input, flow-through, and eluate samples on a 9% (vol/vol) SDS polyacrylamide gel and
perform streptavidin–HRP blotting as described in Steps 24–32. Check that biotinylated proteins
have been depleted from the flow-through and enriched in the eluate. A second gel can be used to
run eluate samples and to determine whether endogenous protein markers have been successfully
enriched.
? TROUBLESHOOTING

43 Run eluate samples on a 9% (vol/vol) SDS polyacrylamide gel and perform a silver staining to
visualize the amount of total proteins in each lane. More proteins should have been enriched from
the experimental samples than from negative-control samples. The amount of streptavidin beads
and labeling time can be further optimized on the basis of the results in this step.
? TROUBLESHOOTING

Preparation of proteomic samples ● Timing 5–7 d
44 Design the proteomic experiment with the appropriate controls and number of replicates. Negative

controls should be included in which either the ligase or the biotin is omitted. Replicates should be
included at least for the experimental sample(s) of interest.

45 Expand mammalian cell cultures; for proteomic experiments in HEK293T cells, one T150 flask is
typically used per condition (~20 million cells).

46 (Optional) If stable cells are not being used, transfect or transduce the cells with fusion constructs
using previously optimized conditions (while scaling up appropriately).

47 Label the cells with biotin using the previously optimized conditions and then move the samples
onto ice.

48 Perform enrichment as previously described in Steps 33–38 (while scaling up the amount of
streptavidin beads (e.g., 250 μL per T150 flask, but amounts can be adjusted according to
optimization in Steps 33–43).

c CRITICAL STEP Retain 2.5% of the whole-cell lysate before enrichment to verify ligase expression
and confirm biotinylation by western blot according to Steps 22–32.

49 Take 5% of the washed streptavidin beads to verify protein enrichment by silver stain as described
in Steps 39–41 and 43. Proceed to on-bead trypsin digestion with the rest of the sample.
? TROUBLESHOOTING

Mass spectrometry ● Timing 2 d
50 To prepare proteomic samples for mass spectrometry analysis, wash the proteins bound to

streptavidin beads with 200 μL of 50 mM Tris-HCl (pH 7.5), followed by two washes with 200 μL
2M urea in 50 mM Tris (pH 7.5) buffer. The wash buffer volumes may need to be increased
dependent on the final volume of streptavidin beads.

51 Remove the final volume of 2 M urea in 50 mM Tris (pH 7.5) buffer and incubate the beads with
80 μL of 2 M urea in 50 mM Tris-HCL containing 1 mM DTT and 0.4 μg trypsin at 25 °C for 1 h
while shaking at 1,000 r.p.m.

52 After 1 h, remove the supernatant and transfer to fresh tubes.
53 Wash streptavidin beads twice with 60 μL of 2 M urea in 50 mM Tris (pH 7.5) buffer and combine

the washes with the on-bead digest supernatant from Step 52.
54 Reduce the disulfide bonds in the eluent by adding DTT to a final concentration of 4 mM and

incubate at 25 °C for 30 min with shaking at 1,000 r.p.m.
55 Alkylate the eluent by adding iodoacetamide to a final concentration of 10 mM and incubate at

25 °C for 45 min in the dark while shaking at 1,000 r.p.m.
56 Add an additional 0.5 μg of trypsin to the sample and let digestion proceed overnight at 25 °C with

shaking at 700 r.p.m.
57 After overnight digestion, acidify the sample by adding FA such that the sample contains

∼1% (vol/vol) FA and is at pH 3.
58 Desalt the samples using C18 StageTips as previously described86. Briefly, condition C18 StageTips

with 100 μL of 100% MeOH, 100 μL of solvent 1, and twice with 100 μL of solvent 2. Load
acidified peptides onto the conditioned StageTips and wash twice with 100 μL of solvent 2. Elute the
peptides from the StageTips with 50 μL of solvent 1 and vacuum centrifuge the samples at room
temperature until completely dry.

59 Label the desalted peptides with TMT reagents as follows: Reconstitute peptides in 100 μL of
50 mM HEPES. Reconstitute each 0.8-mg vial of TMT reagent in 41 μL of anhydrous acetonitrile
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and add the reagent to the corresponding peptide sample. Let the reactions proceed at room
temperature for 1 h.

60 Quench the TMT-labeling reactions with 8 μL of 5% (vol/vol) hydroxylamine at room temperature
for 15 min with shaking.

61 Evaporate TMT-labeled samples to dryness in a vacuum concentrator and desalt the peptides on
C18 StageTips exactly as described in Step 58.

62 Reconstitute each TMT-labeled sample in 9 μL of 0.1% (vol/vol) FA/3% (vol/vol) acetonitrile and
place it in the LC autosampler.

63 Set up a nanospray column packed up to 24 cm with ReproSil-Pur 1.9 μm, C18 resin. Use the
column heater to heat the column to 50 °C.

64 Set up the Orbitrap Fusion Lumos using the parameters provided in the ‘Equipment setup’ section.
Run the LC system with the solvents and gradient described in the ‘Reagent setup’ and ‘Equipment
setup’ sections. For each analysis, we typically inject half of each sample, saving half in case a
reinjection is needed.

Data analysis ● Timing 1 week
65 Analyze the MS data from the TMT experiments. We typically use the Spectrum Mill MS

Proteomics Workbench. Typical parameters used for searching data with Spectrum Mill are
provided in the ‘Equipment setup’ section.
? TROUBLESHOOTING

66 For the ratiometric approach, analyze each replicate separately and overlap the lists at the
end to obtain a final proteome list. Begin with all proteins that were identified by two or more
unique peptides.

67 Generate lists of TP and FP proteins. For a three-state ratiometric analysis approach, two lists of FP
proteins are required for two filtering steps: one for proteins that should not be biotinylated by
TurboID and another for proteins that do not localize to the cellular compartment being analyzed.
Comprehensive lists of TP and FP proteins can be generated by combining information from the
Gene Ontology Cellular Component (GOCC) database84, the UniProt database87, and the literature.
For example, for the analysis of proteomic data generated from ERM–TurboID, the first filter step
compared ERM–TurboID with untransfected controls and used a FP list containing mitochondrial
matrix proteins, whereas the second step compared ERM–TurboID with cytosolic TurboID–NES
and used a FP list containing non-secretory system proteins6 (Fig. 4c–e).

68 Normalize corresponding TMT ratios against the distribution of FP proteins that should not be
biotinylated by TurboID. To do this, divide all TMT ratios by the median of the ratios for FP
proteins. Calculate the log2 value of each ratio; log2 values will be used for the rest of the analysis.
This normalization centers the distribution of the log2 ratios of nonspecifically binding proteins
around 0.

69 Check the correlation between replicates by plotting the corresponding log2 ratios.
70 Rank the proteins by the appropriate TMT ratio values in descending order and cross this list with

the TP and FP lists to determine which proteins are TPs and FPs, respectively.
71 At each potential cutoff, calculate the TPR and FP rate (FPR), where the TPR/FPR is defined as the

number of detected TP/FP proteins detected above the cutoff divided by the total number of
detected TP/FP proteins in that replicate. A plot of the TPR versus the FPR should show that the
curve bows out as compared with the diagonal, which shows that the proteomic experiment
successfully enriched TP proteins over FP proteins (Fig. 4c).

72 Determine the cutoff by using the log2 ratio that corresponds to the maximum TPR-FPR value. In
cases in which the list of TP proteins is small (e.g., ER–mitochondria contacts; Fig. 5a–d), the cutoff
can be alternatively determined with a FDR cutoff (Fig. 5d), where FDR is defined as the fraction of
FP proteins detected above each cutoff.

73 Retain all proteins with log2 ratios higher than that of the determined cutoff.
74 For a three-state ratiometric experiment, take the list of proteins from Step 73 and repeat Steps

70–73 with a different set of TMT ratios and FP list (appropriate for the desired analysis).
? TROUBLESHOOTING

75 After filtering, overlap the protein lists from each replicate to obtain the final proteome.
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Troubleshooting

Troubleshooting advice can be found in Table 5.

Table 5 | Troubleshooting table

Step Problem Possible reason Solutions

1 Fusion construct is not properly
targeted to the organelle/region
of interest

Targeting sequence does
not work

Try either an alternative targeting sequence or an
alternative fusion location

Try to avoid targeting sequences that are lysine rich

Expression level of the fusion
construct is too high

Reduce the expression level (switching promoters,
changing transfection approaches, generating stable cells)

Expression of the fusion
construct disrupts the
organelle/region of interest

Expression level of the fusion
construct is too high

Reduce the expression level (switching promoters,
changing transfection approaches, generating stable cells)

Fusion construct design is
disruptive

For targeting and localization to an organelle/region of
interest, instead of using full-length proteins, try to fuse
minimal peptide sequences that retain targeting, but not
biological activity

15 Fusion construct is inactive Either the construct is not
expressed or the expression
level of the construct is too low

Immunostain for the epitope tag to verify expression

Expression can be optimized by using alternative targeting
sequences/fusion sites, including or altering linkers
between proteins fused, or changing promoters or methods
of transfection

Biotin labeling protocol or
streptavidin/NeutrAvidin
staining protocol is incorrect

Confirm that labeling works by using a positive control
(TurboID or split-TurboID constructs can be obtained from
Addgene)

Fusion construct is not
detectable by immunostaining

Expression level is too low Expression can be optimized by using alternative targeting
sequences/fusion sites, including or altering linkers
between proteins fused, or changing promoters or methods
of transfection

32 Fusion construct is inactive Either the construct is not
expressed or the expression
level of the construct is too low

Immunoblot for the epitope tag to verify expression

Expression can be optimized by using alternative targeting
sequences/fusion sites, including or altering linkers
between proteins fused, or changing promoters or methods
of transfection

Biotin labeling protocol or
streptavidin staining protocol is
incorrect

Confirm that labeling works by using a positive control
(TurboID or split-TurboID constructs can be obtained from
Addgene)

42 Poor enrichment of biotinylated
proteins

Excess biotin in the cell lysate is
competing for binding to
streptavidin beads

Increase the number of washes and their duration

Experimentally determine the minimal concentration of
exogenous biotin required for robust labeling

Amount of sample used for
enrichment is not sufficient

Increase the amount of input material

Not enough streptavidin beads
were used

Increase the amount of streptavidin beads for capturing
biotinylated proteins

Elution is ineffective Check that the concentration of free biotin in the sample
buffer is correct

Increase the boiling time as necessary

43, 49 High background signal in
negative controls

Excessive non-specific protein
binding to streptavidin beads

Increase the number, volume, and/or duration of
washing steps

Try more stringent washing conditions, such as higher urea
concentrations

Reduce the amount of streptavidin beads used; determine
the minimal amount of beads that can be used while still
capturing all biotinylated proteins (flow-through is cleared)
and use that amount

65 Low yield of biotinylated
proteins

Amount of sample used for
enrichment is not sufficient

Increase the amount of input material

Not enough streptavidin beads
were used

Increase the amount of streptavidin beads for capturing
biotinylated proteins

Elution by on-bead digestion
was ineffective

Check the pH of the digestion buffer

Increase the amount of trypsin used for on-bead digestion

Table continued
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Timing

Generation of TurboID/split-TurboID fusion constructs
Step 1: variable
Characterization of fusion constructs by imaging
Steps 2–4: 1–3 d (timing depends on use of stable cells, transfection, or infection)
Steps 5–13: 1 d
Steps 14 & 15: 1 d
Characterization of fusion constructs by western blot
Steps 16 & 17: 1–3 d
Steps 18–23: 2 h
Steps 24–26: 4 h
Steps 27–32: 3 h + 1 h or overnight for Step 30
Optimization of protein enrichment before proteomics
Step 33: 2–4 d
Steps 34–41: 1 d
Steps 42 & 43: 1 d
Preparation of proteomic samples
Steps 44–47: 3–5 d
Step 48: 1 d
Step 49: 1 d
Mass spectrometric data acquisition
Steps 50–64: 2 d
Data analysis
Steps 65–75: 1 week

Anticipated results

Properly targeted TurboID or split-TurboID fusion constructs should colocalize with appropriate
markers. Example confocal fluorescence imaging of ERM-targeted TurboID and biotin-dependent
labeling is shown in Fig. 3c. TurboID biotinylation should be dependent on biotin addition; split-
TurboID biotinylation should be dependent on both biotin addition and protein–protein or
organelle–organelle interactions to drive reconstitution. Example streptavidin–HRP blot and silver
stain of streptavidin-enriched material are shown in Fig. 3d.

For a successful proteomics experiment, TP proteins should have higher TMT ratios than FP
proteins, and so a ROC plot should show the TPR increasing faster than the FPR (Fig. 4c). Plotting

Table 5 (continued)

Step Problem Possible reason Solutions

74 Resulting ROC curve is
not smooth

The TP or FP lists are too small Try to build TP and FP lists as large as possible

For mapping regions with low numbers of true positives, the
cutoff can be alternatively determined with an FDR cutoff

The histogram of log2 ratios
comparing the experimental
condition to the ‘omit-biotin’ or
‘omit-ligase’ controls do not
show a right-shift for true
positives

Biotinylation was unsuccessful Additional testing or optimization may be required (see
Troubleshooting advice for Steps 32, 42, 43, 49)

Excessive nonspecific protein
binding to streptavidin beads or
inefficient protein enrichment

Additional testing or optimization may be required (see
Troubleshooting advice for Steps 42, 43, 49)

The histogram of log2 ratios
comparing the experimental
condition with spatial specificity
controls do not show a right-
shift for true positives

Poor spatial specificity in this
experiment

Ensure that the fusion construct localizes properly to the
region of interest

Test that the fusion construct can preferentially biotinylate
known proteins in the region of interest as compared with
controls (Step 42)

Expected proteome size may be
small, resulting in less marked
separation

Strongly enriched proteins may still be genuine hits;
additional experimental validation is required
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the distributions of TP and FP proteins should also show that the established TMT ratio cutoffs
successfully enrich TP proteins (Fig. 4d,e). For example, in the proteomic mapping of the ERM, using
cutoffs defined by the maximum TPR-FPR, there is a clear enrichment of ERM proteins over cytosolic
proteins. For mapping regions with fewer known true positives, such as ER–mitochondria contact
sites (Fig. 5a–d), the cutoff can be alternatively determined with an FDR cutoff. Candidate proteins
generated from proteomics experiments should be validated using independent approaches—such as
by imaging, pull-downs, or functional assays—to confirm they are genuine hits.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
The data presented in this paper have been previously published, and associated raw data are
provided in the original articles6,7.
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Software and code
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Data collection UVP BioSpectrum Imaging System was used to acquire Western blots imaged with Clarity Western ECL Blotting Substrates (BioRad). Slidebook 
6.0 was used to collect mammalian cell imaging data. 

Data analysis Slidebook 6.0 was used to analyze mammalian cell imaging data. ImageJ 1.50i was used to quantify Western blot data. MS data from TMT 
experiments was analyzed using Spectrum Mill MS Proteomics Workbench (Agilent Technologies).
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All studies must disclose on these points even when the disclosure is negative.

Sample size All mammalian cell imaging results presented were representative of at least 5 independent fields of view. 

Data exclusions There were no data exclusions.

Replication The data presented have been previously published, the number of replicates for each experiment is detailed in the main original paper, 
Nature Biotechnology, 36, 880-887 (2018).

Randomization No randomization methods were used because this was not applicable for our experiments.

Blinding No blinding was used because this was not applicable for our experiments.
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used antibody, vendor, catalog number: goat anti-mouse-HRP, BioRad, 170-6516; mouse anti-V5, Invitrogen, 46-0705; rabbit anti-calnexin, 

Santa Cruz Biotechnology, sc-11397; goat anti-mouse-AlexaFluor488, Invitrogen A-11029;goat anti-rabbit-AlexaFluor568, Invitrogen, 
A-11011

Validation mouse anti-V5 (Invitrogen, 46-0705): several published immunofluorescence and Western blotting applications cited on website - 
https://www.thermofisher.com/antibody/product/V5-Tag-Antibody-Monoclonal/R960-25; rabbit anti-calnexin (Santa Cruz 
Biotechnology, sc-11397): several published applications cited on website - https://www.scbt.com/scbt/product/calnexin-antibody-
h-70?requestFrom=search

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The source of the HEK 293T cell line was ATCC.

Authentication The cell line (HEK293T) was not authenticated.

Mycoplasma contamination The cells were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

None. The only cell line used in this paper is HEK293T, which is not listed in the ICLAC 
database.
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