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In Brief
The proximity-dependent biotin-
ylation approach BioID is in-
creasingly used to define prox-
imity interactomes and
subcellular organization, but is
most often limited to a few eas-
ily transfectable cell lines. Here,
a versatile set of lentiviral deliv-
ery vectors that enable BioID
across cell types is described
that incorporates features such
as inducible expression and se-
lectable markers. Benchmarking
of these vectors demonstrates
their ease and versatility across
primary and immortalized cell
systems. The lentiviral vectors
are available through the Net-
work Biology Collaborative Cen-
tre (nbcc.lunenfeld.ca).

Graphical Abstract

Highlights

• Description of a set of lentiviral constructs for doxycycline-inducible BioID.

• All vector configurations enable amino- or carboxyl-terminal fusion in a Gateway system.

• Vector variants incorporate selectable markers (puromycin, fluorescent protein).

• Guidelines for using the vectors and designing BioID experiments are provided.
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A Versatile Lentiviral Delivery Toolkit for
Proximity-dependent Biotinylation in Diverse
Cell Types*□S

Payman Samavarchi-Tehrani‡, Hala Abdouni‡, Reuben Samson‡§,
and Anne-Claude Gingras‡§¶

Proximity-dependent biotinylation strategies have emer-
ged as powerful tools to characterize the subcellular con-
text of proteins in living cells. The popular BioID approach
employs an abortive E. coli biotin ligase mutant (R118G;
denoted as BirA*), which when fused to a bait protein
enables the covalent biotinylation of endogenous proxi-
mal polypeptides. This approach has been mainly applied
to the study of protein proximity in immortalized mamma-
lian cell lines. To expand the application space of BioID,
here we describe a set of lentiviral vectors that enable the
inducible expression of BirA*-tagged bait fusion proteins
for performing proximity-dependent biotinylation in di-
verse experimental systems. We benchmark this highly
adaptable toolkit across immortalized and primary cell
systems, demonstrating the ease, versatility and robust-
ness of the system. We also provide guidelines to perform
BioID using these reagents. Molecular & Cellular Pro-
teomics 17: 10.1074/mcp.TIR118.000902, 2256–2269,
2018.

Understanding the functional relationships between pro-
teins is essential for gaining mechanistic insight into their
biological roles. Proteins can engage in stable or dynamic
direct interactions, or can participate in indirect interactions
mediated through molecules such as other proteins or nucleic
acids. Mass spectrometry (MS)-based proteomics ap-
proaches have played an integral role in assessing such in-
teractions (1). For example, biochemical fractionation fol-
lowed by MS can be employed to detect protein complexes
that co-fractionate (2, 3). More frequently, MS is coupled with
affinity purification (AP) of a selected protein of interest (bait)
in a technique commonly referred to as AP-MS1. In that
set-up, an affinity reagent specific to the bait protein (e.g. an
antibody specific to the bait or an epitope tag fused to the
bait) is used to enrich it from a cellular lysate alongside its
interaction partners, which are subsequently identified by MS
(4, 5). However, with such techniques that involve cellular lysis
followed by fractionation or affinity-based enrichment, weak

or transient interactions, or protein complexes that are recal-
citrant to solubilization under mild lysis conditions, are often
not captured (6–8).

To overcome these challenges and to limit the detection of
spurious post-lysis interactions, in vivo proximity-dependent
labeling approaches have been introduced in the past 5 years
(e.g. (9, 10)). Using these approaches, a bait protein of interest
is fused to an enzyme and expressed in a physiologically-
relevant system where the addition of an enzymatic substrate
leads to covalent biotinylation of proteins located near the bait
(11, 12). In the case of the BioID approach described here, a
mutant form of biotin ligase catalyzes the activation of exog-
enously-supplied biotin to the reactive intermediate, biotinoyl-
5�-AMP (13). The abortive BirA* enzyme, which harbors a
R118G mutation, displays a reduced affinity for the activated
biotin molecule. Biotin-AMP thus diffuses away from the bait
and can covalently modify epsilon amine groups of lysine
residues on nearby proteins (14, 15). Because these proximity
partners are covalently marked, maintaining protein-protein
interactions during lysis and purification is not necessary, and
harsh lysis conditions can be employed to maximize solubili-
zation of all cellular structures. Subsequent recovery of the
biotinylated proteins via streptavidin affinity purification fol-
lowed by MS allows identification of the labeled proteins (9,
12). Importantly, the inclusion of proper negative controls in
the experimental design (to model both endogenously biotin-
ylated proteins, such as the mitochondrial carboxylases, as
well as promiscuous biotinylation resulting from expression of
an abortive BirA* enzyme) enables the use of computational
tools initially developed for AP-MS (e.g. (16, 17)) to score
proximity partners. First introduced to identify new compo-
nents of the nuclear lamina (9), BioID has since been em-
ployed to uncover new components of signaling pathways
(18) and their enzyme targets (19), to describe the protein
composition of structures such as the centrosome, primary
cilia (20, 21), focal adhesions (22), stress granules and P-bod-
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ies (23) and has been used to examine contacts between
organelles (24), to highlight a few examples.

Importantly, however, most of the BioID studies have so far
been performed in easily-transfectable cell lines, including
HEK293, U2OS and HeLa cells. Although these cell systems
continue to reveal important biological insight, it is also critical
to perform some of these studies in different contexts and
model systems that are less amenable to transfection, includ-
ing primary cells. Although there have now been several re-
ports that have used viral delivery from adenovirus (25), len-
tivirus (26–28), retrovirus (29) or AAV (30) systems, these
reagents have so far been limited in their range of application
to different workflows. Further, there is a lack of demonstra-
tion of optimization and benchmarking to facilitate implemen-
tation of BioID across various cell types.

Our motivation was to expand the ease and breadth of
applicability of BioID to include diverse experimental systems
by developing and optimizing lentiviral delivery reagents and
workflows. To achieve this, we cloned a cassette consisting of
BirA* (enabling BioID) and a single FLAG epitope (that can be
used both to detect bait expression and to perform AP-MS)
(31) downstream of a tetracycline-regulatable promoter, ena-
bling inducible gene expression. We inserted this cassette
into five lentiviral vector backbones, each harboring different
features, including: integrated rtTA (tetracycline-controled
transactivator), puromycin selection or mCitrine expression.
Each vector is made available as a Gateway-compatible des-
tination vector enabling amino- or carboxy-terminal tagging,
and a subset is also available for standard ligase-mediated
cloning. We describe the benchmarking of these vectors for
performing BioID through lentiviral gene delivery in HeLa cells
as well as in mouse and human fibroblasts. The ease and
robustness of this approach was compared with BioID per-
formed using stable Flp-In T-REx HeLa cell lines. Importantly,
we highlight a major advantage of this approach, which is the
overall decrease in experimental timeline (compared with the
common practice of stable cells), while maintaining data qual-
ity and reproducibility. We also outline strategies for lentiviral
backbone selection and considerations for experimental de-
sign that will assist the community in the use of these
reagents.

EXPERIMENTAL PROCEDURES

Generation of Lentiviral Vector Sequences and Expression Con-
structs—The region internal to the long terminal repeats (LTRs) of the
second generation pLVX-Tight-Puro lentiviral backbone (Takara Bio,

Clontech, Mountain View, CA) was modified to generate the five
different lentiviral transfer vector backbones (Fig. 1A). The orientation
of the inducible P-tight promoter, which consists of tetracycline re-
sponse element (TRE) along with a minimum Cytomegalovirus (CMV)
promoter, was reversed to allow for robust transgene expression (32,
33). The phosphoglycerate kinase 1 (PGK) promoter was also re-
placed with a shorter fragment (227bp) of the stronger elongation
factor-1 alpha (EF1a) promoter (denoted as sEF1a). Downstream of
these constitutive promoters, various cassettes were inserted to gen-
erate the transfer vectors. For the pSTVH5 transfer vector, mCitrine
was amplified by PCR from pLM-mCitrine-2A-Sox2 (a gift from Michel
Sadelain, Addgene #23242) (34), fused to rtTA from PB-CA-rtTA
Advanced (a gift from Andras Nagy, Addgene #20910) (35) using
fusion-PCR, and inserted downstream of the sEF1a promoter. For the
pSTV6 transfer vector, the PGK-puromycin-2A-rtTA cassette was
transferred by restriction cloning from the pLIX-402 vector (a gift from
David Root, Addgene #41394) using the MluI/KpnI sites and substi-
tuted for the sEF1a-mCitrine-2A-rtTA of the pSTVH5 vector. For
design of the pSTVH7 transfer vector, the puromycin resistance
cassette from pLVX-Tight-Puro was placed downstream of the sEF1a
promoter. For the pSTVH8 transfer vector, the rtTA from the PB-CA-
rtTA Advanced vector was amplified and cloned downstream of the
sEF1a promoter.

Subsequently, the BirA*-FLAG-Gateway fragments from pcDNA5-
FRT/TO-BirA*-FLAG vectors were excised using HindIII/SphI restric-
tion sites and ligated into the pSTVH5-pSTVH8 lentiviral backbones
which were also digested with the same enzymes. Additionally, we
constructed a minimal packaging virus (pSTV2) in which the PGK-
puromycin cassette from the pLVX-Tight-Puro was removed and
blunt-end repaired. The BirA*-FLAG Gateway fragment was digested
using HindIII/XhoI cut sites and blunt-end repaired and ligated into
pSTV2. We also constructed a non-Gateway version of the pSTV2
vector by using the same cloning strategy as above but using the
pcDNA5-FRT/TO-BirA*-FLAG-MCS (Multiple cloning sites) vectors
(the MCS vectors were a kind gift from Brian Raught) (19, 36).

All vectors were validated through restriction digestion and DNA
sequencing of subcloned fragments. The plasmid sequences are
available through the Network Biology Collaborative Centre, NBCC,
website (maps and sequences available at http://nbcc.lunenfeld.ca/
resources). All the Gateway constructs were functionally tested
through virus production (See the Testing and Optimization of Lenti-
viral Vectors section below), infection and immunostaining to assess
BirA*-FLAG expression and in vivo biotinylation (See the Immunoflu-
orescence section below).

Gateway-compatible entry clones for the genes LMNA (Genbank
accession number EU832167, encoding lamin A), HIST1H2BG
(EU446968, encoding histone H2B), TBP (EU831783, Tata Binding
Protein) and TUBB (DQ891742, tubulin beta) were transferred in to the
pcDNA5-FRT/TO-BirA*-FLAG Gateway destination vector (37) or the
pSTV2-BirA*-FLAG Gateway lentivirus destination vector using LR-
Gateway cloning. The pcDNA5-based plasmids were used to gener-
ate stable cell lines in Flp-In T-REx HeLa cells, as previously de-
scribed (31), whereas the pSTV2 vectors were used to generate
lentivirus for infection-mediated gene delivery. Different control vec-
tors were also generated to allow for background subtraction. “No-
BirA*” control samples were infected with a lentivirus vector without
BirA*-FLAG. EGFP and EGFP fused to SV40 Nuclear Localization
Sequence (EGFP-NLS) were transferred from pEntry vectors
(pENTR223, Invitrogen) to the pSTV2-N-BirA*-FLAG destination vec-
tors to create the BirA*-EGFP and BirA*-EGFP-NLS controls, respec-
tively. To deliver rtTA into the cell lines not harboring the rtTA tran-
scriptional activator, a lentivirus driving the expression of rtTA from
the constitutive UbC promoter, was also used.

1 The abbreviations used are: AP-MS, affinity-purification coupled
to mass spectrometry; BirA*, E. coli biotin ligase harboring a R118G
mutation; VP16, herpes simplex virus (HSV) virion protein 16; rTetR,
reverse tetracycline repressor; rtTA, reverse tetracycline-controlled
transactivator, rTetR fused to VP16; PGK, phosphoglycerate kinase 1
promoter; sEF1a, short form of elongation factor-1 alpha (EF1a),
promoter; MEF, mouse embryonic fibroblast; MCS, multiple cloning
site; NLS, nuclear localization sequence.
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Cell Lines and Virus Production and Infection—The cancer cell lines
used are HeLa and Flp-In-T-REx HeLa cells (kind gifts from Laurence
Pelletier and Arshad Desai, respectively). Normal human foreskin
fibroblasts (BJ-5ta) and Mouse Embryonic Fibroblasts (MEF) isolated
from E14.5 ROSA26 Neo-Out rtTA mouse strain (38) were both kindly
provided by Jeffrey Wrana. HEK293T cells (American Type and Tissue
Collection, ATCC, Manassas, VA; Cat# CRL-3216) were used for virus
production. Although a diverse range of DNA concentrations and
transfection conditions are described in the literature, we have sys-
tematically optimized the protocol for our vectors and transfection
reagents used in this study, with the final version detailed below.

Briefly, 1.3 �g of psPAX2 (a gift from Didier Trono, AddGene
#12260), 0.8 �g of VSV-G packaging vectors (a gift from Bob Wein-
berg, AddGene #8454) (39) and 1.3 �g of transfer vectors encoding
the gene of interest (such as pSTV2) are transfected into HEK293T
cells (at 85% confluence in a 6-well plate) using the jetPRIME reagent
as per manufacturer’s recommendations (Polyplus-transfection SA,
Illkirch-Graffenstaden, France, Cat# 114–01). After 10 h, the media is
replaced with 3 ml of virus production media. Virus production media
consists of DMEM supplemented with 5% heat-inactivated Fetal
Bovine Serum (Gibco, ThermoFisher Scientific, Waltham, MA) and 50
U/ml Penicillin-Streptomycin solution (Corning, Manassas, VA). Virus
is harvested at 36–40 h post media change, and cleared by centri-
fugation (500 rcf, 5 min) and filtering through a 0.45 �m filter. The viral
titer is estimated by co-infecting HeLa cells (at 40% confluence in a
24-well plate) with a range of 25–100 �l of the pSTV2-BirA* tagged
bait as well as the rtTA viral supernatant. The next day, the medium is
replaced by media containing doxycycline (1 �g/ml; Sigma-Aldrich,
St. Louis, MO) and biotin (40 �M; BioBasic, Amherst, New York, Cat#
58–85-5) and the cells are incubated for 24 h. Cells are subsequently
fixed and analyzed by immunofluorescence (staining for both the
FLAG epitope, the biotinylated proteins and the nuclei by DAPI; see
the Immunofluorescence section below) to determine the optimal
amount of supernatant that yields 75–85% infection rate. These
results provide the infection parameters for scaling up of experiments
for BioID followed by mass spectrometry.

For all BioID experiments, cells in a single 10 cm dish at �35–40%
density were infected with the determined amount of virus determined
to yield 75–85% infection. For the transfer vectors described here,
this corresponded to 750–850 �l of viral supernatant. Cells were then
grown until ready for splitting, at which point they were scaled up
into 15 cm plates for the BioID experiment. One 15 cm dish was
used for each biological replicate. Biological duplicates were pre-
pared for all experiments (alongside negative controls defined be-
low). An aliquot of the cell suspension was also plated onto cover-
slips for immunofluorescence.

Testing and Optimization of Lentiviral Vectors—Throughout the
lentiviral transfer vector design and production, the various plasmids
were analyzed by restriction digest and were sequence-validated,
followed by functional testing. The functionality of the elements
downstream of the constitutive promoters were tested before and
after inserting the BirA*-FLAG fragment into the pSTVH5 to pSTVH8
transfer vectors (Fig. 1A). To test the functionality of the rtTA element
in our vectors, we co-infected HeLa cells with a lentivirus expressing
H2B-mCherry downstream of the tetracycline inducible TRE promoter
with our various transfer vectors encoding the rtTA (pSTVH5, pSTV6
and pSTVH8). We next assessed rtTA/doxycycline-dependent ex-
pression of H2B-mCherry. The functionality of the selection cassettes
was also validated: for pSTVH5, we confirmed expression of mCitrine
by fluorescence microscopy. For the vectors harboring the puromycin
resistance gene (pSTV6 and pSTVH7), we confirmed cell survival in
the presence of puromycin (2 �g/ml) for 3–4 days. The plasmids that
tested positive in these assays were then used for cloning the BirA*-
FLAG fragments downstream of the P-tight promoter (as described

above). The resulting vectors were re-tested by assessing for BirA*-
FLAG expression and in vivo biotinylation using immunofluorescence
(see below).

Immunofluorescence—Cells were plated on coverslips and in-
duced with doxycycline and biotin as described above. After 24 h,
cells were washed once with PBS and fixed in 4% paraformaldehyde
in PBS for 10 min. Subsequently cells were washed, permeabilized
with 0.25% NP-40 in PBS, and blocked in 2.5% bovine serum albu-
min (BSA) in PBS. Cells were stained for bait proteins using mouse
anti-FLAG antibody (Monoclonal anti-FLAG M2 antibody, Sigma-Al-
drich, Cat# F3165; used at 1:2000), in blocking buffer. Secondary
detection was performed using goat anti-mouse Alexa FluorTM 488
(Molecular Probes, ThermoFisher Scientific, A11001, used at 1:1000)
and Alexa FluorTM 594 streptavidin conjugate (Molecular Probes,
ThermoFisher Scientific, Cat# S11227, used at 1:2500) to localize the
sites of in vivo biotinylation. DAPI (Sigma Aldrich, 20 mg/ml, used at
1:20,000) was used as a nuclear counterstain. Slides were mounted in
ProLong Gold AntiFade (Molecular Probes, ThermoFisher Scientific,
Cat# P36930) and imaged on a Leica Spinning disk microscope with
a 40X oil-immersion microscope. Images were captured and pro-
cessed using Volocity software V6.2 (PerkinElmer, Waltham, MA).

Immunoblotting—Cells were lysed as described for BioID (see
below) and boiled in Laemmli SDS-PAGE sample buffer. Proteins
were resolved on a 10% polyacrylamide gel and transferred to nitro-
cellulose membrane (GE Healthcare Life Science, Uppsala, Sweden,
Cat# 10600001) for immunoblotting. Following Ponceau S staining,
membranes were blocked in 4% bovine serum albumin in TBS with
0.1% Tween-20 (TBST). Bait proteins were probed using mouse
anti-FLAG antibody (Monoclonal anti-FLAG M2 antibody, Sigma-Al-
drich, F3165) at 1:2000, or anti-LMNA (Clone-131C3, Abcam, Cam-
bridge, UK, ab8984) at 1:1000, in blocking buffer, washed in TBST
and detected with 1:5000 Sheep anti-Mouse IgG-Horseradish perox-
idase (HRP; GE Healthcare Life Science, Cat#NA931). Similarly, bio-
tinylated proteins were probed using HRP-conjugated Streptavidin
(GE Healthcare Life Science, Cat# RPN1231vs) at 1:2000 in blocking
buffer. Mouse anti-Beta-Tubulin antibody (Developmental Studies
Hybridoma Bank, Iowa City, IA, Cat# E7) was used at 1:2500. Mem-
branes were developed using LumiGLO chemiluminescent reagent
(Cell Signaling Technology, Danvers, MA, Cat# 7003S) and imaged
using a BioRad ChemiDoc (BioRad, Mississauga, ON, Canada).

BioID—Cells at 75% confluence in 15 cm plates were induced with
1 �g/ml doxycycline (Dox) and 40 �M biotin for 24 h. At the end of the
induction and labeling phase, cells were washed and harvested in
cold PBS and flash-frozen until time of sample processing. Affinity
purification was carried out essentially as described elsewhere (31).
Briefly, cells were lysed in 1.5 ml of modified RIPA (modRIPA) buffer
[50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EGTA, 0.5 mM EDTA, 1
mM MgCl2, 1% NP40, 0.1% SDS, 0.4% sodium deoxycholate, 1 mM

PMSF and 1x Protease Inhibitor mixture (Sigma-Aldrich, Cat#
P8340)]. Cells were sonicated for 15 s (5 s on, 3 s off for three cycles)
at 30% amplitude on a Q500 Sonicator with 1/8” Microtip (QSonica,
Newtown, Connecticut, Cat# 4422). Subsequently, 250 U of Turbo-
Nuclease (BioVision Inc., Milpitas, CA, Cat# 9207) and 10 �g of
RNase A (Bio Basic, Markham, ON, Canada, Cat# RB0473) were
added, and samples were rotated at 4 °C for 15 min. Next, the SDS
concentration was increased to 0.4% (by the addition of 10% SDS)
and the samples were rotated at 4 °C for 5 min. Samples were
centrifuged at 15,000 � g for 15 min and the supernatant was used
for biotinylated protein capture using 30 �l of pre-washed Streptavi-
din agarose beads (GE Healthcare Life Science, Cat# 17511301).
After 4 h, the beads were washed once with SDS-Wash buffer (25 mM

Tris-HCl, pH 7.4, 2% SDS), twice with RIPA (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP40, 0.1% SDS, 0.4% sodium
deoxycholate), once with TNNE buffer (25 mM Tris-HCl, pH 7.4, 150
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mM NaCl, 1 mM EDTA, 0.1% NP40), and three times with 50 mM

ammonium bicarbonate (ABC buffer), pH 8.0. On-bead digestion was
performed with 1 �g of trypsin (Sigma Aldrich, Cat# 6567) in 70 �l of
ABC buffer, overnight at 37 °C, followed by further digestion with an
additional 0.5 �g of trypsin for 3 h. Supernatants were collected into
a new tube. Beads were washed twice with water and this superna-
tant was pooled with the peptide supernatant, and subsequently
dried using vacuum centrifugation. Peptides were re-suspended in 30
�l of 5% formic acid in mass spectrometry grade water and stored at
�80 °C until ready for mass spectrometry analysis.

Mass Spectrometry—The LC-MS/MS setup consisted of a Triple-
TOF 6600 (SCIEX, Framingham, MA, Canada) equipped with a nano-
electrospray ion source connected in-line to a 425 Nano-HPLC sys-
tem (Eksigent Technologies, Dublin, CA). The fused silica column (15
cm � ID 100 �m, OD 360 �m) had an integrated emitter tip prepared
in-house using a laser puller (Sutter Instrument Co., Novato, CA). The
column was packed with �15 cm of C18 resin (Reprosil-Pur, 3.5 �m,
Dr.Maisch HPLC GmbH, Germany). 5 �l of sample was loaded onto
the column using the autosampler, and the LC delivered the organic
phase gradient at 400 nl/min over 90 min (2–35% acetonitrile with
0.1% formic acid). The MS instrument was operated in data-depend-
ent acquisition mode with 1 MS scan (250 ms; mass range 400–1250
m/z) followed by up to 20 MS/MS scans (50 ms each). Only candidate
ions between two and five charge states were considered, and ions
were dynamically excluded for 10 s with a 50 mDa window. The
isolation width was 0.7 m/z, and minimum threshold was set to 200.
Between sample injections, 2 blank samples were injected (5% formic
acid), each with 3 rapid gradient cycles at 1500 nl/min over 30 min.
Before another sample was injected, system performance was veri-
fied with a 30 min BSA quality control run and a 30 min BSA mass
calibration run.

Peptide and Protein Identification—Raw files (.WIFF and .WIFF.
SCAN) were converted to an MGF format and to an mzML format
using ProteoWizard (v3.0.4468) (40) and the AB SCIEX MS Data
Converter (V1.3 beta), as implemented within ProHits (41). For human
samples, the database used for searches consisted of the human and
adenovirus sequences in the RefSeq protein database (version 57),
and for mouse samples, the mouse complement of sequences in Ref-
Seq (version 53). Both databases were supplemented with “common
contaminants” from the Max Planck Institute (http://141.61.102.106:
8080/share.cgi?ssid�0f2gfuB) and the Global Proteome Machine
(GPM; http://www.thegpm.org/crap/index.html), and with commonly
used epitope tags. The search databases consisted of forward and
reverse sequences (labeled “gi 9999” or “DECOY”); in total, 72,226
entries were searched for the human database and 58,206 entries for
the mouse database. Spectra were analyzed separately using Mascot
(2.3.02; Matrix Science) (42) and Comet [2012.01 rev.3 (43)] with
trypsin specificity and up to two missed cleavages; deamidation (Asn
or Gln) and oxidation (Met) were selected as variable modifications.
The fragment mass tolerance was 0.15 Da, and the mass window for
the precursor was �40 ppm with charges of 2� to 4� (both monoiso-
topic mass). The resulting Comet and Mascot results were individually
processed by PeptideProphet (44) and combined into a final iProphet
output using the Trans-Proteomic Pipeline (TPP; Linux version, v0.0
Development trunk rev 0, Build 201303061711) (45). TPP options
were as follows: general options were -p0.05 -x20 -PPM -dDECOY,
iProphet options were -pPRIME, and PeptideProphet options were
-pPAEd. All proteins with a minimal iProphet probability of 0.95 were
used for analysis.

The entire data set was deposited in ProteomeXchange via partner
MassIVE (massive.ucsd.edu), and assigned accession numbers
PXD010008, PXD010009 and MSV000082429, MSV000082430
(ftp://massive.ucsd.edu/MSV000082429, ftp://massive.ucsd.edu/
MSV000082430) for the mouse and human data sets, respectively.

Identification of High-confidence Proximity Partners—SAINT-
express (version 3.6.1) (16) was used to calculate the probability that
identified proteins were enriched above background contaminants.
SAINTexpress uses a semi-supervised spectral counting model that
compares the detection of putative proximal interactors in a BioID
profile of a given bait against a series of negative control runs. For
analysis with SAINT, only proteins with an iProphet protein probability
of 	0.95 were considered, and a minimum of two unique peptides
was required. For each cell type, bait proteins were profiled using
independent biological duplicates and analyzed alongside six inde-
pendent negative control runs from the same cell type. Negative
control runs consisted of streptavidin purifications from cells express-
ing BirA*-EGFP only (two replicates; this models promiscuous biotin-
ylation) or BirA*-EGFP-NLS only (two replicates; this models promis-
cuous biotinylation in the nucleus) or without BirA* transgene
expression (two replicates; this models endogenous biotinylation).
For running SAINTexpress, the six independent negative controls
were compressed to two, meaning that for each prey, its two highest
counts across the six negative controls were selected for stringent
evaluation with SAINTexpress (as detailed previously; (7)). SAINT-
express scores were averaged across both biological replicate purifi-
cations of the baits, and these averaged values were used to calculate
a Bayesian False Discovery Rate (FDR); proximity interactions detected
with a calculated FDR of 1% or less were deemed of high confidence.

Data Visualization—Dot plots and heat maps were generated using
ProHits-viz (prohits-viz.lunenfeld.ca) (46). Prey proteins identified as
high-confidence proximal interactors (FDR �1%) are provided in
supplemental Table S1–S4; In ProHits-viz, once a prey passes the
�1% FDR threshold with one bait, all its quantitative values across all
baits are recovered, and the respective SAINT FDR is represented as
the edge color intensity. Quantitation is encoded schematically, with
color gradient representing raw spectral counts (capped at 50), with
relative bait spectral counts represented by node size. To compare
human and mouse data, the mouse protein names were converted to
their human orthologs using g:Convert (47) (supplemental Table S4).
Gene Ontology (GO) enrichment analysis was performed using g:Pro-
filer within the ProHits-viz analysis module, using default options.

Experimental Design and Statistical Rationale—For each BioID ex-
periment, biological duplicates were employed (each replicate gen-
erated through independent infections and harvests). Statistical scor-
ing was performed against six negative controls compressed to two
virtual controls using Significance Analysis of INTeractome (SAINT;
SAINTexpress 3.6.1 was employed) as described above (“Identifica-
tion of High-Confidence Proximity Partners”). Control samples (“No-
BirA*”, “BirA*-EGFP”, “BirA*-EGFP-NLS”) are described above. The
average SAINTexpress score was used to determine the Bayesian
FDR, which therefore requires a high-confidence interaction to be
detected across both biological replicates. This analysis was per-
formed independently for each cell type.

RESULTS

Lentivirus Transfer Vector Design—To expand the ease and
applicability of BioID to various cell types, including those for
which clonal selection is not feasible (such as primary cells
with limited replicative potential), we sought to create and
validate a set of BioID lentiviral vectors. We began by con-
structing five different vector backbones (pSTV-2, -H5, -6,
-H7, -H8), each harboring distinct features that may benefit
varying experimental requirements (detailed in the next sec-
tion) (Fig. 1A). In each of these backbone vectors, the BirA*-
FLAG coding sequence was inserted downstream of a tetra-
cycline-inducible promoter. All vectors were engineered for
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Gateway-compatible cloning (note that a standard multiple
cloning site (MCS) version is also available for pSTV2). In
addition, because the position of the tag may influence the
behavior of the protein or the detection of proximity interac-
tions, each of the vector backbones is provided as either an
N-terminal or C-terminal fusion of the BirA*-FLAG cassette to
the bait of interest (maps and sequences available at http://
nbcc.lunenfeld.ca/resources). Each of the vectors was opti-
mized and tested for basic functionality (see Experimental
Procedures), and pSTV2 was further selected for benchmark-

ing purposes (see below). Here we briefly review the key
elements of these vectors.

Transgene Promoter Selection—Because high constitutive
overexpression levels can result in spurious protein-protein
interactions, altered cell behavior or toxicity, we employed the
widely used tetracycline-inducible “Tet-ON” promoter sys-
tem, that allows tight regulation and dose-responsive induc-
tion (48–50). In this system, the transgene is driven by a
P-tight promoter, which consists of tandem copies of the
tetracycline operator (TetO) and a minimum Cytomegalovirus

FIG. 1. A, Schematic of the five lentivirus transfer vectors pSTV2, pSTVH5, pSTV6, pSTVH7, pSTVH8. P-tight - Tetracycline response element
(TRE) along with a minimum Cytomegalovirus (CMV) promoter; BirA*-FLAG-ORF tag; PGK - phosphoglycerate kinase 1 promoter; sEF1a - short
variant of the elongation factor-1 alpha; rtTA - reverse tetracycline-controlled transactivator; 2A - cleavage peptide; WPRE - Woodchuck
Hepatitis Virus (WHP) Posttranscriptional Regulatory Element. The approximate size of Open Reading Frame (ORF) that can be cloned into the
vector and still allow packaging of the RNA into the lentivirus, based on lentiviral packaging limit, is indicated on the right. B, Schematic
depicting expression of selectable markers (mCitrine or the puromycin-resistance gene in pSTV6 and pSTVH7) and rtTA from the constitutive
promoter which enables doxycycline-dependent expression of the BirA*-FLAG tagged transgene. 1. A constitutive promoter drives expression
of the selection marker and the rtTA as a single mRNA. 2. The 2A cleavage peptide separates the selection marker from the rtTA protein. 3.
rtTA and doxycycline control the activity of the regulatable promoter. 4, 5. The BirA*-FLAG mRNA, and protein fusion is expressed and can
be used for BioID. C, The full human proteome (20,192 reviewed entries) was downloaded from Uniprot (version 2017_07) and binned by
expected molecular weights. Based on the 10 kb theoretical packaging limit of a lentiviral particle, the extent of the human proteome that can
be analyzed in a viral BioID experiment using the vectors described in this manuscript is highlighted on the graph.
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(CMV) promoter. On treatment of cells with doxycycline, a
constitutively expressed rtTA (tetracycline-controlled trans-
activator; a fusion of VP16 and rTetR) binds to the TetO
elements and drives transcription of the transgene (Fig. 1B)
(51, 52).

Several cell lines (and mouse strains) have been engineered
to constitutively express rtTA (38, 53), or alternatively, non-
transgenic cells can be co-infected with any of the commonly
used rtTA lentivirus vectors (for example rtTA-N144, AddGene
#66810, (54)). However, to avoid these requirements, we con-
structed three “all-in-one” vectors (pSTVH5, pSTV6, and
pSTVH8) to enable the delivery of the BirA*-FLAG tagged bait
along with the rtTA. In these vectors, the constitutive phos-
phoglycerate kinase 1 (PGK) promoter or short variant of the
elongation factor-1 alpha (sEF1a) promoter drives the expres-
sion of rtTA alone or in conjunction with a selectable marker
gene (described below), separated by a porcine teschovirus-1
2A cleavage peptide (55). Irrespective of the system selected
for rtTA expression, addition of doxycycline leads to recruit-
ment of rtTA to the TRE to induce transcription of the BirA*-
FLAG fused transgene (Fig. 1B).

Selection Markers—It is often useful to select the popula-
tions of cells that have been infected (e.g. for establishing
stable cell lines or enriching for infected cells when infection
rate is suboptimal). To provide versatility in selection marker
options, we provide two alternative strategies, namely puro-
mycin resistance for drug selection, or mCitrine (yellow fluo-
rescent protein) expression, which can be used to either mon-
itor infection efficiency by microscopy or to sort infected cells
by flow cytometry. The selection markers are expressed in-
dependently from the BirA*-FLAG-fused transgene via the
constitutive PGK or sEF1a promoters.

The vector backbones contain different combinations of
selection markers and rtTA elements in the standard lentiviral
backbone (Fig. 1A). A key consideration in vector selection is
the inherent RNA packaging limitation of lentivirus particles
(�10 kb) (56, 57). For the vectors that do not harbor an rtTA
cassette (pSTV2, pSTVH7), rtTA must be provided separately
(see above). However, their key advantage is that they enable
expression of larger proteins, up to �180 kDa (open reading
frames of up to 4900 bp) in pSTV2. This upper size limit is
compatible with a majority of the human proteome (�95% of
human proteome is under 175 kDa; Fig. 1C). In cases where
the transgene of interest is small enough to not interfere with
viral packaging, the “all-in-one” vectors pSTVH5, which har-
bors both the yellow fluorescence protein and the rtTA ele-
ment (sEF1a-mCitrine-2A-rtTA), pSTV6, which harbors the
puromycin resistance gene and the rtTA element, (PGK-
PuromycinR-2A-rtTA), or pSTVH8, which harbors just the rtTA
element (sEF1a-rtTA) can be used. pSTVH5 and pSTV6 can in
theory accommodate proteins as large as �101 kDa and
�107 kDa (Fig. 1C), respectively. Therefore, selection of vec-
tor to use should be made with consideration for lentiviral
packaging limit and the inverse relationship between viral titer

and the size of the RNA being packaged, alongside the fea-
tures desired in the vector.

Lentiviral Vectors Enable Proximity Biotinylation Across Dif-
ferent Cell Types—To benchmark our lentiviral vector system,
we selected four proteins: (1) the cytoskeletal protein beta-
tubulin (TUBB); (2) histone H2B (gene name HISTH2BG, here
referred to as H2B); (3) TATA-binding Protein (TBP), and; (4)
the nuclear envelope protein Lamin A (LMNA). Of the three
nuclear proteins used as baits, we anticipate some degree of
overlap in proximal protein labeling, though we expect distinct
specificity as they are either ubiquitously distributed on the
genome (H2B), enriched at transcription start sites (TBP) or
predominantly localized to the nuclear envelope (LMNA).

To generate stable cells lines expressing the BirA*-tagged
baits, the open reading frame for each of these proteins was
cloned into the previously described pcDNA5-FRT/TO-BirA*-
FLAG vector, and stable Flp-In T-REx HeLa cell pools were
generated, as previously reported (31). This process requires
on average 14 to 21 days post-transfection to generate stable
cell pools ready for transgene induction and protein labeling.
For the purposes of lentiviral mediated delivery of the BirA*-
tagged baits, each of the four baits was also cloned into the
pSTV2 lentiviral transfer vector, and lentivirus supernatants
were produced and used for infecting target cells. Using an
experimentally determined volume of the viral supernatant
(described in Experimental Procedures), infection was per-
formed overnight prior to using the cells for subsequent in-
duction of protein expression and in vivo biotinylation. It is
noteworthy that the lentiviral system saves � 2 weeks com-
pared with the generation of stable lines (Fig. 2A), offering
significant economies of time and resources.

For benchmarking, BioID was performed in HeLa cells,
using both the Flp-In T-REx HeLa stable cells, and virally-
delivered transgenes. Additionally, to demonstrate the appli-
cation of BioID in primary cells, Mouse Embryonic Fibroblasts
(MEFs) expressing rtTA (ROSA26-rtTA-NeoOut (38)) and hu-
man foreskin fibroblasts (BJ cells; co-infected with an rtTA-
expressing vector) were also tested. In all cases, once cells
had reached 75% confluence, transgene expression was in-
duced with 1 �g/ml doxycycline (Dox) in the presence of 40
�M biotin for 24 h, followed by processing for immunofluores-
cence or cell lysis.

Expression levels of BirA*-FLAG-LMNA were monitored us-
ing an anti-LMNA antibody (Fig. 2B), allowing for comparison
of transgene expression levels to the endogenous protein.
BirA*-FLAG-LMNA levels were consistent across cell types,
and in the same range as the endogenous protein. Probing of
western blots with HRP-conjugated Streptavidin to detect
biotinylated proteins revealed extensive banding patterns with
LMNA whereas the negative control lanes (No-BirA*) predom-
inantly showed the major endogenously biotinylated proteins
(Fig. 2B) (7). Like what we observed for LMNA, all baits used
in this study exhibit consistent relative expression levels
across cell types (supplemental Fig. S1). As detailed in Ex-
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perimental Procedures, a stringent background correction
strategy utilizing multiple controls per cell line was employed.
Controls were: (1) a “No-BirA*” control in which we capture
the endogenous biotinylation signature from cells without ex-
pression of a BirA* transgene; (2) BirA*-tagged EGFP (BirA*-
GFP), which should account for spurious biotinylation in the
cytoplasm and to a certain extent the nuclear compartment;
and (3) BirA*-tagged EGFP harboring an SV40 Nuclear Local-
ization Sequence (BirA*-EGFP-NLS), which should account
for proteins that are spuriously biotinylated in the nucleus (7).

To visualize the distribution of biotinylation in cells express-
ing BirA*-tagged baits, we performed immunofluorescence on
both Flp-In T-REx HeLa stable cells and in the three virally

transduced cell types. As previously described (9), irrespec-
tive of its expression system and cell type, the LMNA bait
protein (visualized using an anti-FLAG antibody) and biotinyl-
ated proximity partners (visualized using fluorophore-con-
jugated streptavidin) were predominantly nuclear, with a
pronounced staining at the nuclear envelope (Fig. 2C; sup-
plemental Figs. S2 and S3). Similarly, both the bait and bio-
tinylated proximity partner signals for TBP, H2B, and EGFP-
NLS exhibited a clear nuclear localization (supplemental Figs.
S2 and S3). Consistent with their expected cellular localiza-
tion, BirA*-EGFP and BirA*-TUBB displayed a pronounced
cytosolic distribution, paralleling the biotinylation signal. We
also note that bait protein expression levels in transduced
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cells was relatively uniform. Taken together, our analysis in-
dicates that the lentiviral toolset enables performing in vivo
proximal biotinylation in a bait dependent subcellular com-
partment. Using these vectors, we and others have also suc-
cessfully performed viral BioID in other cell types, including
cancer cell lines such as MDA-MB-231 (58), DLD-1, MCF10A
and 501MEL, and primary cells including HUVEC (A.L.
Couzens, J.D.R. Knight, J.P. Lambert, personal communica-
tion), confirming that the system is widely applicable.

Lentiviral BioID Yields Highly Reproducible Results—To
more directly assess the lentiviral BioID strategy for the iden-
tification of proximity partners, cells infected as above (or
Flp-In T-REx HeLa cells stably integrated with the inducible
transgene) were grown to 75% confluence in a 15-cm dish,
and induced with 1 �g/ml doxycycline and 40 �M biotin for
24 h prior to harvesting of the cells for BioID experiments (see
Experimental Procedures and (31)). For each cell type, two
biological replicates (consisting of independent viral infection,
doxycycline/biotin induction and harvesting) of each bait or
control protein (empty vector without BirA*, BirA*-EGFP,
BirA*-EGFP-NLS) were profiled. The results were analyzed
using SAINTexpress (16), with compression of the six controls
to two virtual controls to increase stringency in scoring, as in
(17); preys detected with a calculated Bayesian FDR � 1%
were qualified as high-confidence preys.

To test the reproducibility of the viral BioID pipeline in
capturing proximity interactions, the spectral counts for each
protein detected across the two biological replicates, or only
for the high-confidence preys, were compared within each
cell line (Fig. 3). Consistent with previous studies (20, 59), the
biological replicates in Flp-In T-REx HeLa lines were highly
similar, with R2 � 0.99 across all prey proteins identified and
R2 � 0.96 when only the high-confidence preys were consid-
ered (Fig. 3A). Importantly, the reproducibility metrics associ-
ated with the lentivirally transduced HeLa were also high
(R2 � 0.93 across all preys identified and R2 � 0.93 across
only high-confidence preys, respectively; Fig. 3B). Primary
cells also yielded reproducible data, with R2 of 0.97 and
0.96 in BJs and 0.99 and 0.99 in MEF cells (Fig. 3C and
3D). Taken together, this demonstrates that the lentiviral
BioID approach can generate reproducible proximal protein
identification.

Lentiviral BioID Detects Biologically Relevant Proximal In-
teractions In Immortalized and Primary Cells—As detailed be-
low and in supplemental Fig. S4 and supplemental Table
S1–S4, the high-confidence proximal partners identified
across all cell lines are consistent with the known localization
and function of each bait.

LMNA—Lamins are intermediate filament proteins that form
a scaffold on the luminal side of the inner nuclear membrane.
They provide structural integrity to the nuclear envelope and
play important regulatory roles in genomic organization and
transcriptional regulation (reviewed in (60, 61)). However, be-
cause of their limited solubility, the biochemical purification of

these proteins and their associated proteins poses technical
challenges, which were overcome using BioID (9). Here, ap-
plication of BioID to profile LMNA in Flp-In T-REx HeLa stable
cell lines or virally transduced cells identified proteins en-
riched for the expected Gene Ontology Cellular Compartment
(GO CC) term “Nuclear Envelope” (supplemental Table S5;
GO:0005635, p values � 1.3 � 10�13 across all cell lines).
LMNA BioID captured multiple nuclear pore complex (NPC)
components (supplemental Fig. S4A), including NUP107,
NUP133, NUP160, NUP98, and NUP155 and the associated
membrane proteins POM121 and NDC1 (62), but not the
cytoplasmically-oriented proteins such as NUP214 and
NUP88 (60). We also identified nuclear lamina scaffold pro-
teins (LMNB1, LMNB2) and integral nuclear envelope and
inner nuclear membrane proteins (LBR, SUN1, SUN2, EMD,
LEMD3, TOR1AIP1, TMPO/LAP2) as well as AHCTF1 (also
known as ELYS) (63), which is involved in the assembly of the
nuclear pore complex into the nuclear envelope (supplemen-
tal Fig. S4A). In agreement with previous BioID work, we also
recovered FAM169A (SLAP75) and VRK2 as high-confidence
proximity partners for LMNA in most cell types (9, 29).

H2B—Genomic DNA wraps around the nucleosome core
particle consisting of two pairs of H2A, H2B, H3, and H4
histones. Through its multiple post-translational modifications
(64), the nucleosome is central to the regulation of chromatin
compaction and DNA accessibility, the recruitment of regula-
tory proteins, and ultimately gene regulation (reviewed in (65,
66)). Consistent with these functions, BioID of H2B led to the
identification of a set of proteins enriched for the GO CC term
“Chromosome” (GO: 0005694; p value � 6.9 � 10�8 across
all cell lines) and the GO Biological Process (BP) term “Chro-
mosome Organization” (GO:0006325; p value � 2.0 � 10�15

across all cell lines; supplemental Table S6). These proximal
interactors are implicated in diverse aspects of chromatin
regulation, and include histone chaperones and nucleosome
assembly proteins (RSF1, CHAF1A, NPM1) (67) and proteins
involved in DNA damage response (MDC1, PARP1, TRIP12;
supplemental Fig. S4B). Additionally, epigenetic code writers
such as DNA methyltransferases (DNMT1, DNMT3A) and hi-
stone methyltransferases (EHMT1, EH2, NSD1–3), erasers
(the demethylases KDM2A, KDM5A) as well as epigenetic
readers (BRD2, BRD3, BRD7, CBX4, CBX5, CBX8, and
MECP2) are recovered in the H2B BioID across cell types
(supplemental Fig. S4B, supplemental Table S1–S4).

TBP—TATA box-Binding Protein (TBP) is a key component
of the general transcription factor machinery, and is essential
for RNA Polymerase II activity. Binding of TBP to proximal
promoters leads to the recruitment of numerous TBP-associ-
ated factors (TAFs), followed by the sequential, regulated
association of additional general transcription factor com-
plexes (TFIIA-TFIIH) to form the pre-initiation complex (re-
viewed in (68)). BioID profiling of TBP led to identification of
proteins most enriched for the GO CC term “Transcription
Factor TFIID Complex” (GO:0005669; p value � 3.67 � 10�5
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across all cell lines; supplemental Table S7). Multiple compo-
nents of the 1.3 mega-dalton TFIID complex (TAF1–6, TAF9)
and members of the general transcription machinery

(GTF2A1, GTF2B) were recovered (supplemental Fig. S4C,
supplemental Table S1–S4) (68). In addition, in different cell
types, we also identified several sequence-specific transcrip-
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tion factors that may function at the transcription start site
(supplemental Tables S1–S4), though a further investigation of
the cell type specificity of these finding was beyond the scope
of this technical report.

TUBB—Lastly, BioID of the cytoskeleton protein tubulin
beta (TUBB) recovered cytoskeletal proteins (e.g. HN1, HN1L,
DPYSL2, DPYSL2). Many of the proximal proteins identified
across cell types were chaperones, primarily the CCT com-
plex (also known as TCP1 ring complex, TRiC) that is well-
characterized for its role in the folding and assembly of tubu-
lins (69), HSP70 and HSP90 and their co-chaperones,
Tubulin-specific chaperones (TBC) (70), and the prefoldin
complex (71). The most significant GO CC term was “Micro-
tubule” (GO:0015630; p value � 9.81 � 10�8 across multiple
lines; supplemental Table S8), and the most significant GO BP
term across all cell types was “Protein Folding” (GO:0006457;
p value � 1.23 � 10�11 across multiple lines; supplemental
Table S8). Thus, like the nuclear baits, lentiviral BioID recov-
ered meaningful proximity interactomes for this cytoskeletal
bait (supplemental Fig. S4D, supplemental Tables S1–S4).

DISCUSSION

The study of protein-protein interactions has been a linch-
pin of our understanding of molecular mechanisms and ratio-
nal pathway targeting for therapeutics. The BioID technique is
playing a growing role in this endeavor (reviewed in (12)), as it
can identify proximal partners that can be difficult to capture
by other methods. Our primary motivation for generating len-
tiviral delivery plasmids for BioID was to expand this useful
approach to other cell types, while maintaining the reproduc-
ibility and quality of the systems derived from stable inducible
expression. We generated a set of lentiviral vectors enabling
N- or C-terminal fusion of baits to BirA*-FLAG and tetracy-
cline-regulatable expression. We also describe several ver-
sions of the vectors that enable establishment of stable cells,
or fluorescence-based sorting of the infected cells. The viral
system described here also allows for significant time savings
(outlined in Fig. 2A).

As we previously described (7), the number and type of
negative controls used influences the scoring of high-confi-
dence interactions. For example, using cells that do not ex-
press the BirA* tag serves as an important control to model
endogenous biotinylation, which is proportionally more highly
detected if baits of interest are expressed at low levels. The
analysis of an EGFP-BirA* fusion or BirA* alone helps to
identify nonspecific biotinylation events. Lastly, the BirA*-
EGFP-NLS fusions help to maximize background estimations
in the nuclear compartment, mimicking proteins that are com-
partmentally restricted such as histones or transcription fac-
tors. To facilitate implementation and benchmarking of BioID
in other cell types of interest, we recommend re-profiling both
the negative controls as well as the test baits used in our
study: these are made available to the scientific community in
the pSTV2 lentiviral vector backbone.

Although direct comparison of the proximal proteins across
multiple cell lines will be of great value and is enabled by our
lentiviral systems (this is outside of the scope of this technical
manuscript), this requires well-controlled experimental design
to minimize technical variations. Besides the inclusion of con-
trols within each experiment and standard good practices,
comparison across cell types may require additional experi-
mental considerations. For example, a careful titration of viral
infection efficiency for each cell type is critical to ensure that
comparable proportions of cells are infected with the trans-
gene. It may also be necessary to adjust the concentrations of
doxycycline to enable relatively comparable expression levels
across conditions or cell types. Furthermore, because of vari-
ations in cell size and growth characteristics, normalizing the
input material (either through matched cell pellet mass or
ideally protein concentration), may help minimize variations in
proximal partner identification and quantitation. In all cases,
however, it is important to realize that a likely cause of the
presence or absence of a protein in a BioID experiment in a
given cell is simply a function of expression profiles or growth
condition. Although ideally this can be assessed directly on
the cell system used by deep proteome profiling, available
resources that aim at providing protein abundance estimates
across cell and tissue types (e.g. ProteomicsDB - (72)) may
serve as a good proxy. Together with proper normalization
strategies, the lentiviral toolkit should enable comparative
studies of proximity proteome across conditions, cell types,
and different patient-derived cells.

In summary, we have described the generation, implemen-
tation and benchmarking of lentiviral delivery vectors to per-
form BioID experiments in cell types that are difficult to trans-
fect or for which stable cell line generation is not practical.
These vectors are shared with the scientific community through
the NBCC website (http://nbcc.lunenfeld.ca/resources), and
new versions of these vectors, e.g. that incorporate newer en-
zymes such as BioID2 (73) and TurboID (74), will be distributed
through this venue.
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