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ABSTRACT: Accurate and sensitive detection of protein—protein and
protein—RNA interactions is key to understanding their biological functions.
Traditional methods to identify these interactions require cell lysis and
biochemical manipulations that exclude cellular compartments that cannot be 7
solubilized under mild conditions. Here, we introduce an in vivo proximity Bio-ASA \Z
labeling (IPL) technology that employs an affinity tag combined with a B
photoactivatable probe to label polypeptides and RNAs in the vicinity of a
protein of interest in vivo. Using quantitative mass spectrometry and deep
sequencing, we show that IPL correctly identifies known protein—protein and
protein—RNA interactions in the nucleus of mammalian cells. Thus, IPL
provides additional temporal and spatial information for the characterization

of biological interactions in vivo.
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B INTRODUCTION

Cell survival depends on the network of molecular interactions
among protein, RNA, and DNA. These interactions cover a vast
range of affinities, from subnanomolar, as observed in stable
protein complexes, to micromolar, as seen in transient and
dynamic binding events that are nonetheless essential to cellular
processes. In fact, physical interactions between biological
macromolecules are so central to their function that they are
often employed to infer the biological role of the interacting
partners. On many occasions, when a new protein is studied,
the first step in its characterization is to perform affinity
purification followed by mass spectrometry (MS) with the goal
of isolating and identifying its binding partners, thus revealing
the biochemical pathways in which the protein is involved.
Similarly, the accurate detection of protein—DNA and protein—
RNA interactions is integral to the understanding of the
complex processes that regulate genome output within the
nucleus. The importance of these interactions has become
increasingly evident with the recent deluge of studies based on
genome-wide chromatin 1mmun0prec1p1tat10n (ChIp- seq) and
RNA immunoprecipitation (RIP-seq).”*

The current gold standard for the detection of protein—
protein interactions is the isolation of stable complexes and
identification of associated polypeptides by MS.* Although this
approach has been invaluable in dissecting the interactome of
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cells in a variety of conditions, its scope is limited to protein—
protein interactions that persist through the purification steps
and resist the physicochemical perturbations required to extract
proteins from live cells and to maintain them in solution.
Moreover, a considerable number of proteins resist extraction
under the relatively mild conditions required to preserve weak
protein—protein interactions and are thus inaccessible to
investigation by conventional biochemical methods. These
limitations are particularly evident in the study of nuclear
proteins, which often remain associated with chromatin even at
high salt concentrations.®

The problem of accurately detecting protein—RNA inter-
actions in vivo is even more challenging because the
solubilization of cellular structures during lysis facilitates
spurious protein—RNA interactions® and because RNA is
notoriously unstable in cellular extracts. The reliable identi-
fication of protein—RNA interactions has become a key
bottleneck in the understanding of noncoding RNAs in
chromatin function and gene regulation.7’8 In fact, conventional
RIP experiments have repeatedly identified very large numbers
of mouse and human RNAs as associated with various
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chromatin proteins,”'® raising the question of whether some

of these interactions may form in vitro, after lysis.

Here, we describe a technique that exploits physical
proximity to covalently label interacting proteins and RNAs
in live cells. Interacting molecules labeled in vivo can be
recovered using harsh chemical conditions and identified in
vitro. Our technology employs a genetic tag fused to a protein
of interest (POI) that recruits a photoactivatable heterobifunc-
tional probe that covalently labels proteins and RNAs in the
proximity of the POIL We call this technology in vivo proximity
labeling (IPL), and, as a proof of concept, we demonstrate that
it successfully identifies known protein—protein and protein—
RNA interactions.

B MATERIALS AND METHODS

Plasmids and Stable Cell Lines

293T-REx cells were purchased from Invitrogen (CA). Cells
were grown using DMEM containing 10% fetal bovine serum,
100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-
glutamine. Codon-optimized monomeric streptavidin (mSA)
corresponding to mutant M4 as described in Wu et al."' was
synthesized de novo (GenScript, NJ) and cloned into the
pINTO backbone, a modified pPCDNA4-TO vector containing
chicken insulator sequences, a generous gift from Dr. Gary
Felsenfeld (NIH/NIDDK). The coding sequences, from ATG
to the stop codon, of EZH2, SNRNP70, and the DNA binding
domain of Saccharomyces cerevisiae Galdp (GAL4) were cloned
into pINTO-mSA and pINTO-Flag-HA'* (pINTO-FH) using
BamHI and Xhol. 293T-REx stable cell lines were generated for
all pINTO constructs and maintained in 100 pg/mL zeocin
(Invitrogen). A control 293T-REx line with an integrated
transgene for the inducible expression of GAL4—EZH2 was
previously described."

In Vivo Proximity Labeling

Stable 293T-REx cell lines were induced to express transgenes
by treatment with 1 pug/mL doxycycline for 24 h. For each
experiment, an adequate number of 10 cm tissue culture dishes
with cells at 60—80% confluence (~107 cells/dish) was used.
EZ-Link Biotin-LC-ASA (Pierce Biotechnologies, IL) was
added to the cells in 10 mL of freshly prepared complete
medium at a concentration of 10 yM (empirically determined
as giving the best signal-to-noise ratio, see Figures S3A and 4B)
followed by incubation for 2 h at 37 °C. After incubation, cells
were washed once in ice-cold PBS. Photolabeling was induced
with 500 mJ/cm? UVA (365 nm) in a Stratalinker irradiator
(Stratagene, CA), with 8 mL of PBS covering the cell
monolayer while the cells were kept on ice. After irradiation,
cells were lysed in 10 mM Tris, 500 mM KCI, 0.1 mM EDTA,
10% glycerol, 1% IGEPAL-630, 0.5% sarkosyl and briefly
sonicated to ensure DNA shearing. Lysates were incubated with
streptavidin beads (Millipore, MA) for 1-2 h at room
temperature. Because monomeric streptavidin has much
lower affinity (K; ~ 1077) for biotin,'" it can be efficiently
competed by wild-type streptavidin beads. After incubation
beads were washed three times using lysis bufter followed by a
final wash without detergent. In one replicate (see Figure 3A
and Table S4), we performed an additional, high-stringency
wash with lysis buffer plus 1% SDS. Elutions were performed in
Laemmli loading buffer supplemented with 1 mM biotin and
analyzed by western blotting or MS.
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Conventional Mass Spectrometry

Samples were run as a gel plug using a Novex gel Bis-Tris 10%
gel. The entire band was excised, and proteins in the gel were
reduced, carboxymethylated, and digested with trypsin using
standard protocols. Peptides were extracted, solubilized in 0.1%
trifluoroacetic acid, and analyzed by nano LC—MS/MS using a
RSLC system (ThermoFisher, MA) interfaced with a Velos-
LTQ-Orbitrap (ThermoFisher). Samples were loaded onto a
self-packed 100 ym X 2 cm trap packed with Magic C18AQ, S
um 200 A (Michrom Bioresources Inc, Aubum, CA) and
washed with buffer A (0.2% formic acid) for S min with flow-
rate of 10 yL/min. The trap was brought in-line with the
homemade analytical column (Magic C18AQ, 3 ym 200 A, 75
pum X S0 cm), and peptides were fractionated at 300 nL/min
with a multistep gradient: 4—15% buffer B (0.16% formic acid
80% acetonitrile) in 15 min, 15—25% B in 45 min, and 25—55%
B in 30 min.

MS data was acquired using a data-dependent acquisition
procedure with a cyclic series of a full scan acquired in Orbitrap
with resolution of 60 000 followed by MS/MS scans of the 20
(for CID; replicates 1 and 3) or 10 (for HCD; replicate 2) most
intense ions, with a repeat count of two and dynamic exclusion
duration of 60 s. For CID, selected ions were fragmented and
scanned in linear orbitrap, and centroid data were recorded. For
HCD, selected ions were fragmented in the HCD cell using
40% of the collision energy and scanned in Orbitrap with
resolution of 15000 and recorded as centroid data.

The LC—MS/MS data was processed by pParse to calibrate
the precursor isotopic mass to the monoisotopic mass and
export coeluted precursors, to maximize the identification
rate."* The UniProt human database was searched (date 5/3/
2011, number of sequences 39703). Parameters for the
database search engine pFind 2.8'¥'® were set as follows:
precursor mass tolerance +10 ppm; fragment mass tolerance
+0.02 Th for HCD and +0.4 Th for CID; trypsin cleaving after
lysine and arginine with 2 miscleavages tolerated; cysteine
carbamidomethylation as fixed modification; and methionine
oxidation, protein N-terminal acetylation, and N-terminal Gln
to pyro-Glu as variable modifications. The target-decoy
approach was used to filter the search results,"”” with an FDR
< 1% at the spectral level. Only proteins identified by at least 2
unique peptides in each experiment were considered for further
analysis.

SILAC

To achieve isotopic labeling, 293T-REx lines with integrated
transgenes encoding GAL4—EZH2 or mSA—EZH2 were
grown in heavy (H) medium, consisting of DMEM lacking
arginine and leucine, supplemented with dialyzed FBS, 0.46
mM heavy Argl0 (BCe6,>N4 L-arginine), 0.47 mM heavy Lys8
(BC6,5N2 L-lysine), and 2 mM light proline (all from Pierce/
Thermo Scientific, IL), to minimize the conversion of heavy
Arg into heavy Pro. Labels were incorporated by culturing in
SILAC media for at least 14 days (4—S passages) prior to IPL.
After induction of the transgenes, IPL was performed as above.
Before streptavidin pull-down, equal amounts of heavy and
light lysates were mixed. After pull-down, peptides were
acidified with TFA following trypsin digestion and desalted
using Stagetips (Thermo Scientific, MA) prior to mass spec
analyses. After elution from the Stagetips, peptides were applied
to online nano LC—MS/MS using a 30 cm long fused silica
emitter column with a 7S ym inner diameter (New Objective,
MA) custom packed with 3 um C-18 beads (Dr. Maisch,
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Figure 1. In vivo proximity labeling (IPL). (A) Schematic depiction of the IPL strategy. A protein of interest (POI) is fused with monomeric
streptavidin (mSA), which recruits a probe (bio-PA) constituted of biotin (red triangle) linked to a photoactivatable group (yellow circle). After UV
irradiation the photoactivatable group reacts with proteins and other macromolecules that are in close proximity to the POI in vivo. Because bio-PA
is now covalently bound to putative POI interactors, the cells can be lysed under harsh conditions and the identity of the POI interactors can be
revealed by streptavidin purification followed by mass spectrometry. (B) Chemical structure of the bio-ASA heterobifunctional probe used for IPL.

Germany) on a Proxeon EASY-nLC (Thermo Scientific, MA)
and fractionated with a 120 min gradient from 7 until 32%
acetonitrile followed by stepwise increases up to 95%
acetonitrile. Mass spectra were recorded on an LTQ-Orbi-
trap-Velos (Thermo Scientific) with a resolution of 30000
followed by MS/MS using CID of the 15 most intense
precursor ions of every full scan with a dynamic exclusion
duration of 50 s, repeat count of 1, repeat duration of 30 s,
exclusion list size of 500, and exclusion mass width (low and
high) of 10 ppm.

Raw data were analyzed by MaxQuant'® (version 1.1.1.25)
using the Andromeda search engine.'” The MS/MS data was
searched against the human International Protein Index
database, version 3.38 (70856 sequences). Parameters were
set as follows: trypsin was set as enzyme and 2 missed cleavages
were allowed; as variable modifications, oxidation on
methionine and acetylation of the protein N-terminus were
selected; for fixed modification, carbamidomethyl on cysteine
was selected; in labels, “doublets” was chosen, and for the heavy
labels, Arg10 and Lys8 were selected. We used standard settings
for MS/MS and identification and quantification. The
experimental design was uploaded to specify the samples and
labeling combinations in the forward and reverse experiments.

We considered only proteins identified by at least two unique
peptides in both the forward and the reverse pull-downs. P-
values for enrichment were calculated by taking into account
ratios and intensity values (significance B as described in Cox et
al.'®). Significant hits (+) were identified using a Benjamini—
Hochberg FDR cutoff of 5%.

Antibodies and Immunoprecipitations

Antibodies against EZH2, EED, and SCML2 were kindly
provided by the Reinberg laboratory.”>*! Antibodies against
biotin (Bethyl laboratories, TX), SNRNP70 (Santa Cruz
Biotech, TX), and SUZ12 (Cell Signaling Technology, MA)
were obtained from their respective vendors. Immunoprecipi-
tations were performed overnight in 10 mM Tris, 200 mM KCI,
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0.1 mM EDTA, 0.05% IGEPAL-630, and washed three times
prior to elution with Laemmli SDS-PAGE loading buffer and
western blotting.

IPL for RNA and RNA-seq

Stable 293T-REx cell lines were induced to express mSA—
SNRNP70 or FH-SNRNP70 by treatment with 1 pg/mL
doxycycline for 24 h and then incubated with increasing
concentrations of bio-ASA for 2 h at 37 °C. Cells were washed
once with ice-cold PBS. Photolabeling was induced with 500
mJ/cm?® UVA (365 nm) in a Stratalinker irradiator (Stratagene,
CA), with 8 mL of PBS covering the cell monolayer while the
cells were kept on ice. RNA was isolated with TRIzol
(Invitrogen), and biotinylated species were precipitated with
MyOne Streptavidin C1 Dynabeads (Invitrogen) in RIP buffer
(10 mM Tris, 200 mM KCI, 10 mM EDTA, 0.05% IGEPAL-
630) with 3 washes in RIP-W buffer (10 mM Tris, 200 mM
KCl, 0.1 mM EDTA, 0.05% IGEPAL-630, 1 mM MgCl,). The
abundance of different species of precipitated RNA was
determined by reverse transcription quantitative PCR (RT-
gPCR) using QuantiTect SYBR green PCR kits (Qiagen, MD)
and the following primers: 5S sense, TCGTCTATCTCGG-
AAGCTAAG; 5SS antisense, GCCTACAGCACCC-
GGTATTC; Ul sense, GGGAGATACCATGATCACGAAG;
Ul antisense, CAAATTATGCAGTCGAGTTTCC. For deep
sequencing, RNA was prepared as above and then converted to
strand-specific Illumina libraries using a published protocol.”*
Briefly, RNA was chemically fragmented, converted to cDNA,
ligated to custom-designed barcoded adapters, size-selected,
and amplified by ligation-mediated PCR. Input and streptavidin
pull-down libraries from 2 biological replicates were sequenced
on a HiSeq2000 and a NextSeq 500 (Illumina) at a depth of at
least >20° reads each. Reads were mapped and analyzed with a
custom bioinformatic pipeline based on BOWTIE,* SAM-
TOOLS,** and the R package DEGseq.>® Only genes with 10
or more mapped reads were included in downstream analyses.

dx.doi.org/10.1021/pr500196b | J. Proteome Res. 2014, 13, 6135—6143
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Figure 2. Self- and trans-labeling by IPL in the PRC2 complex. (A) Schematic depiction of self-labeling reactions (left) and trans-labeling reaction
(right) in the context of the PRC2 complex used for this proof of concept. (B) 293T-REx cells expressing the N-terminal fusions mSA—EZH2 or
GAL4—EZH2 (negative control) were subjected to IPL with the indicated concentrations of bio-ASA. Biotinylated proteins were recovered by
streptavidin pull-down and revealed by western blots with EZH2 and EED antibodies. (C) IPL of GAL4—EZH2 (control) and mSA—EZH2
followed by IP for PRC2 components (EZH2, EED, and SUZ12) as well as a PRC1-associated factor (SCML2) as an additional control. Western
blots for EZH2, EED, and SCML2 (left) and biotin (right) are shown.

Sequencing Data

All sequencing data has been deposited to the GEO as series
GSES5370.

B RESULTS

We conceived and developed IPL with the goal of overcoming
some of the limitations found in traditional affinity purification
schemes. Specifically, being interested in nuclear processes and
nuclear organization, we were concerned that many chromatin-
associated POIs or their interacting partners would not be
easily extracted from nuclei without disrupting their bio-
chemical milieu.

We were inspired by the DamID approach, in which an
Escherichia coli adenine methyltransferase is fused to a POI so
that chromosome regions that come in contact with it are
methylated at adenine positions (which does not naturally
occur in eukaryotic cells) and can be later detected by methyl-
sensitive. PCR.*® In other words, DamID converts spatial
information (the proximity of certain DNA sequences to the
POI) into chemical information encoded within the DNA
molecules in the form of methyl-adenines. We sought to
develop an analogous methodology for protein—protein and
protein—RNA interactions using a chemical biology approach.
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IPL utilizes a monomeric mutant of streptavidin (mSA)"!
that, when fused to a POI, recruits to its vicinity a small
chemical probe that contains a biotin and a photoactivatable
moiety (bio-PA; Figure 1A, left). IPL probes can be directly
added to the cell culture medium without adverse effects on cell
viability and growth (Figure S1); they cross the plasma
membrane and reach the POI inside the cells. Once equilibrium
is achieved, the cells are irradiated with UV light of suitable
wavelength for activation of the photochemical group, which
reacts promptly and irreversibly with molecules in the vicinity.
The result of this procedure is that proteins (and RNAs) inside
the cell are biotinylated with increasing efficiency as a function
of their proximity to the POI at the moment of irradiation.
Photoactivated biotinylation gives rise to covalent bonds;
therefore, cells subjected to IPL can be lysed under extremely
harsh chemical conditions without losing information regarding
the in vivo interactions, which remains encoded in the
distribution of the covalent biotin tag. The relative biotinylation
enrichment for each protein is obtained by performing
stringent streptavidin precipitation followed by MS (Figure
1A, right) and comparison with appropriate negative controls.
Thus, IPL offers the possibility of identifying candidate
interactors for proteins beyond the reach of traditional
biochemistry and does so by setting very stringent require-

dx.doi.org/10.1021/pr500196b | J. Proteome Res. 2014, 13, 6135—6143
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Figure 3. Unbiased IPL proteomics. (A) 293T-REx expressing mSA—EZH2 or GAL4—EZH2 were subjected to IPL. Biotinylated proteins were
purified using streptavidin and identified by MS. Each identified protein is represented by a dot in the scatter plot. The x axis indicates the
normalized and log-converted average of unique peptide abundance in mSA—EZH2 and GAL4—EZH2; the y axis indicates the specific enrichment
in mSA—EZH2 samples (above the dotted line) compared to the GAL4—EZH2 control. Red dots indicate the position of the PRC2 core
components. Data is averaged from 3 biological replicates. (B) Scatter plot with SILAC enrichment scores for polypeptides biotinylated by IPL in
mSA—EZH2 cells. The two axes indicate the normalized ratios of spectral counts for each polypeptide in the heavy sample vs the light sample (H/L)
in the forward SILAC (GAL4—EZH?2 light, mSA—EZH?2 heavy) and reverse SILAC (GAL4—EZH?2 heavy, mSA—EZH2 light).

ments for the temporal and spatial parameters of protein—
protein and protein—RNA interactions being reported.

To identify the biotin probe most suitable for in vivo
labeling, we tested a number of commercially available
compounds that comprise a biotin linked by inert spacers of
comparable lengths to different photoreactive groups, such as
psoralen, tetrafluorophenyl azide (TFPA), aryl azide (ASA),
and benzophenone (BP) (Figure S2A). Despite some non-
specific biotinylation of the GAL4—EZH2 control bait, the
most robust specific labeling of mSA—EZH2 occurred in cells
treated with biotin conjugated with ASA (bio-ASA) (Figure
S2B), and we concluded that this compound was the most
efficient in photolabeling proteins in vivo. We also reasoned
that efficient photolabeling of the mSA—EZH2 bait would
correspond to efficient photolabeling of potential interactors in
trans, as the chemical reactions involved are the same,
regardless of the identity of the target.

In this embodiment, IPL exploits the reversible interaction
between mSA and bio-ASA to recruit the probe to the vicinity
of the POL Because the monomeric mutant of streptavidin has
much lower affinity for biotin than that of its wild-type
counterpart (K4 ~ 1077 compared to ~107"), the interaction
with the mSA fusion tag is quickly reversed after labeling, and
biotinylated interactors can be purified using wild-type
streptavidin. In the bio-ASA probe, the photoreactive group is
connected to the biotin by a ~14 A linker (Figure S2A), which
sets an upper limit to the distance from the mSA site where an
interactor can be still detected with this probe. Upon UV
irradiation at 365 nm, the aryl azide in bio-ASA is converted to
a highly reactive aryl nitrene that may directly insert onto C—H
bonds and N—H bonds or rearrange to a dehydroazepine and
subsequently react with nucleophiles in the biological milieu
(ie, proteinaceous or nucleobase amines).”” This reactivity
profile maximizes its chances of reacting with biomolecules
rather than with water.
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IPL Detects the Composition of the PRC2 Protein Complex

We sought to validate our technology on a known protein
complex and to determine whether well-established protein—
protein interactions would be identified by IPL. For these
experiments, we selected polycomb repressive complex-2
(PRC2), a chromatin-modifying protein complex that has
been extensively characterized by conventional and affinity
purifications.”® The core PRC2 complex is composed of EZH2,
the catalytic subunit responsible for its histone methyltransfer-
ase activity, SUZ12, EED, and the ubiquitous histone binding
proteins RBBP4/7°® (Figure 2A). We reasoned that, in addition
to selflabeling of mSA—EZH2 (Figure 2A, left), photo-
activation of bio-ASA should give rise to trans-biotinylation
of other, untagged subunits of the PRC2 complex (Figure 24,
right), thus identifying them as in vivo interactors.

To determine the concentration of bio-ASA probe to use for
IPL, we performed a titration experiment. We found that 10
UM bio-ASA in the culture medium maximized specific
biotinylation of mSA—EZH2 compared to nonspecific bio-
tinylation of untagged endogenous EZH2 (Figure S3A). To
control for residual background biotinylation and distinguish
specific from nonspecific labeling, in all subsequent experiments
we used cells expressing the bait fused to an irrelevant tag
(either GAL4 or FH) that cannot bind bio-ASA and considered
only the specific enrichment in biotinylation caused by fusion of
the bait to the mSA tag.

After IPL, only mSA—EZH?2 bound to streptavidin-coupled
beads, whereas GAL4—EZH2 did not (Figure 2B, top),
demonstrating that the self-labeling reaction took place as
expected and in a specific manner. We also recovered
endogenous EED in the streptavidin precipitation in a specific
manner, only when IPL was performed on mSA—EZH2-
expressing cells (Figure 2B, bottom), suggesting that EED had
been biotinylated in trans. Importantly, all streptavidin
precipitations were performed in the presence of 0.5% sarkosyl,
which disrupted interactions between EZH2 and EED within
the PRC2 complex (Figure S3B).

dx.doi.org/10.1021/pr500196b | J. Proteome Res. 2014, 13, 6135—6143
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Figure 4. IPL of protein-interacting noncoding RNAs. (A) Schematic depiction of the labeling reaction. The mSA tag was fused to the N terminus of
SNRNP70, which interacts with the Ul spliceosomal snRNA. After IPL, part of the label is deposited on the RNA. (B) IPL using a different
concentration of bio-ASA probe (x axis) was performed on 293T-REx expressing either mSA—SNRNP70 (black squares) or FH—SNRNP70 (white
circles) as a control. RNA was extracted with TRIzol and precipitated with streptavidin-coupled magnetic beads. The y axis shows the enrichment of
U1 RNA compared to 5S rRNA after precipitation, as determined by RT-qPCR. (C) Enrichment of U1 RNA in SNRNP70 IPL, as determined by
deep sequencing and mapping to annotations in ENSEMBL 71. Mean abundance is plotted on the x axis, and input-corrected enrichment is plotted
on the y axis. Ul and U2 genes are highlighted in red and blue, respectively. Data is from 2 biological replicates. (D) Quantification of Ul and U2
IPL enrichment according to deep sequencing. Reads per kilobase per million (RPKM) for each Ul and U2 locus were calculated in FH and mSA
IPLs and divided for the RPKM of the respective genes in the input RNA. Bars represent mean + SEM.

Covalent biotinylation in trans was also demonstrated by
western blot of the biotin tag not only on the mSA—EZH?2 bait
but also on EED after immunoprecipitations (IPs) with
antibodies against EZH2, EED, and SUZ12 (Figure 2C). No
biotinylated protein of size similar to EED was observed in
control IPs with an irrelevant IgG or with antibodies against
SCML2, a component of the PRC1 complex (Figure 2C).

To determine whether IPL would identify EZH2-interacting
proteins in an unbiased manner, we repeated the procedure but
rather than testing the presence of EED by western blot, we
subjected the entire streptavidin-bound fraction to MS. A
comparison of number of peptides identified by MS in 3
biological replicates revealed EZH2, SUZ12, and EED as the
most reproducibly enriched proteins in streptavidin pull-downs
from mSA—EZH2-expressing cells compared to the GAL4—
EZH2 controls (Figure 3A and Tables S1—S5). To confirm the
direct biotinylation of EED and SUZ12, we included a high-
stringency wash in 1% SDS for the third biological replicate,
which resulted in the highest enrichment of EED and SUZ12
among the three replicates (Table S4), the opposite of what
would be expected if their recovery depended on residual
interactions with EZH2. Although it would have been desirable
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to directly identify by MS the EED peptides labeled by bio-
ASA, pilot experiments with an in vitro-biotinylated recombi-
nant protein revealed that bio-ASA adducts could not be
discerned by conventional MS/MS, suggesting that bio-ASA
undergoes source decay or fragments in an unpredictable
manner at the MS2 stage.

As conventional MS is only semiquantitative, we reproduced
this result by utilizing stable isotope labeling with amino acids
in cell culture (SILAC) followed by IPL and quantitative MS of
streptavidin-purified material (Figure 3B and Tables S6—S7).

Together, these data demonstrate that IPL correctly
identifies known interactors (EED, SUZ12) of a test protein
(EZH2) in vivo, by both candidate-based (western blot) and
unbiased (MS) approaches.

IPL Identifies Protein—RNA Interactions

To further explore the possibilities offered by IPL, we wished to
determine whether it could be used to detect protein—RNA
interactions in vivo. The importance of these interactions in
nuclear processes, especially in the epigenetic regulation of
gene expression, can hardly be overestimated.”®* As the
affinities of some protein—RNA interactions are relatively low
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and binding appears rather promiscuous,”***" several tech-

nologies have been developed to distinguish protein—RNA
interactions that occur in vivo from spurious associations that
take place after lysis.’ These technologies typically rely on
cross-linking of RNA to proteins either with UV light*>** or
formaldehyde, but they present drawbacks: the former requires
very tight contacts and specific molecular configurations, and
the latter has the potential to create large networks of cross-
linked proteins and nucleic acids that may confound the results.

We reasoned that the photoconversion chemistry of the aryl
azide in bio-ASA should permit trans-labeling not only of
proteins associated with the mSA—tagged POI but also of
RNAs, such as, for example, the spliceosomal Ul small nuclear
RNA (snRNA) that associates with the SNRNP70 protein
(Figure 4A).>* To test this hypothesis, we performed IPL on
293T-REx cells expressing mSA—SNRNP70, extracted total
RNA, and purified biotinylated species by streptavidin
precipitation. We quantified the amount of precipitated Ul
by RT-qPCR and normalized it against the amount of 5S
rRNA. The addition of bio-ASA to the cells and subsequent
photoactivation resulted in the specific labeling of Ul RNA in
mSA—SNRNP70-expressing cells but not in control cells
expressing SNRNP70 fused to an irrelevant tag (FH—
SNRNP70) (Figure 4B). At higher concentrations, the signal-
to-noise ratio deteriorated, suggesting that the optimal
concentration for efficient IPL of RNA was 10 M bio-ASA
(Figure 4B). Next, we wished to determine whether the same
approach could retrieve this protein—RNA interaction in an
unbiased manner. We performed larger scale IPL on cells
expressing mSA—SNRNP70 and FH—SNRNP70, confirmed
the specific self-labeling of the mSA—tagged bait (Figure S4),
and then purified the RNA biotinylated in trans with
streptavidin-coupled beads. The RNA was eluted from the
beads using TRIzol and constructed into libraries. Deep
sequencing of two biological replicates revealed that Ul
RNAs were specifically enriched in libraries from mSA—
SNRNP70 cells compared to U2 RNAs as negative control
(Figure 4C—D).

Together, these results show that IPL can be used for
detection not only of protein—protein but also protein—RNA
interactions in an unbiased manner.

B DISCUSSION

Using chemical biology, genetic tagging, and high-throughput
proteomics and sequencing strategies, we have developed and
validated IPL as a technology that identifies presumptive
protein—protein and protein—RNA interactions by converting
information about their in vivo proximity into irreversible
chemical modifications.

The need for alternative methods to detect macromolecular
interactions in vivo is particularly pressing in the study of
chromatin regulation and other nuclear processes, as they often
take place in cellular compartments that are impervious to
conventional biochemical approaches. It is estimated that 10%
of total nuclear protein remains insoluble even after harsh
extraction with 2 M salt, 1% Triton X-100, and nucleases.>> An
even larger portion of the nuclear proteome remains insoluble
under the mild conditions typically used for nuclear
extraction.*® Even those proteins that are extracted with these
procedures are likely to lose weak and transient binding
partners during the in vitro manipulations required for affinity
or conventional purifications. Due to these limitations,
fluorescence resonance energy transfer and yeast two-hybrid
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have been utilized to detect novel interactions in vivo, but the
former is suitable only for candidate-based approaches, when
both binding partners are already known, and the latter tests for
interactions in a non-physiological molecular context, as protein
fragments are artificially tethered to the yeast transcription
apparatus to test for interactions.®”

Even more pressing is the need to develop strategies for
detection of weak and transient protein—RNA interactions in
vivo. This need originates from the recent realization that
various classes of noncoding RNAs play fundamental roles in a
variety of biological processes and in particular in targeting and
regulating chromatin-associated complexes that in turn
modulate gene expression.**® However, many of these
ncRNA—protein interactions in chromatin-associated com-
plexes display considerable promiscuity when probed with
affinity-based approaches.””'® Although it is possible that this
promiscuity reflects true in vivo diversity in protein—RNA
interactions, we argue that some of it may be a consequence of
the in vitro RIP procedure.

We have shown that IPL offers an alternative to affinity-based
and cross-linking-based approaches, and, as a proof of concept,
we identified de novo known protein—protein and protein—
RNA interactions. We utilized biotin—streptavidin interactions
to both target a commercial photoactivatable probe, bio-ASA,
and to isolate the labeled macromolecules. As a protein tag, we
chose a monomeric mutant of streptavidin to avoid artificial
multimerization of the bait,'* which would have interfered with
protein localization and complex formation. The interaction of
biotin with mSA has the additional benefit of lower affinity and
faster reversibility compared to its interaction with wild-type
streptavidin, which facilitates subsequent purification steps.

Our results with EZH2 confirm that the presence of the 15
kDa mSA tag does not impair the formation of the PRC2
complex in vivo. Similarly, mSA—SNRNP70 bound to its
physiological RNA partner, Ul, is unaffected by the presence of
the tag.

The idea of utilizing spatial proximity to detect interacting
partners was pioneered with the DamID approach for the
detection of protein—DNA interactions®® and was recently
extended to protein—protein interactions using a promiscuous
biotin ligase, in a technology called BioID,**~** and fusions to a
peroxidase enzyme, in a technology named APEX.** However,
the chemical nature of our approach has features that
differentiate it from other strategies.

First, the chemical flexibility of IPL probes allowed us to
detect not only protein—protein interactions but also protein—
RNA interactions, which are garnering considerable interest,
especially in the field of chromatin function and gene
regulation.7’8’29 Furthermore, although currently untested, IPL
may also have the potential to identify protein—DNA
interactions, further expanding its utility.

Second, by using a brief UV irradiation to activate the
labeling chemistry, IPL allows for very fine time resolution,
resulting in a snapshot of macromolecular interactions as they
exist in the cell at a particular time point. In contrast, DamID
deposits methyl groups on DNA continuously from the time
the fusion protein is produced to when the cells are harvested.”®
BioID allows for some degree of time resolution by
manipulating the intracellular levels of biotin available for the
reaction, but labeling still occurs continuously during the 6—24
h required to achieve optimal biotin concentrations.” By using
UV irradiation, IPL uncouples the time required for the probe
to reach equilibrium inside the cell (2 h at 37 °C) from the
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labeling phase, which remains exceedingly short. Thus, only
proteins and RNAs that are in the vicinity of the POI for the 5
min of UV irradiation are labeled and detected as interactors,
limiting the number of false positives. The peroxidase-based
technique, APEX, also offers a tight temporal resolution but not
the same degree of spatial resolution as that of IPL, and it has
not been shown to label RNA.*

Third, the chemical nature of the IPL approach and the
modularity of potential IPL probes will allow further
optimization of both the photolabeling reaction to preferen-
tially target certain macromolecular species and the targeting
step by exploring other high-affinity and high-specificity
interactions between small protein tags and small organic
molecules. We have begun exploring these additional
possibilities by developing second-generation probes that
contain click chemistry handles, facilitating subsequent in
vitro manipulations.

Fourth, the use of a chemically synthesized molecular probe
allows for a high degree of spatial resolution, as the distance of
labeled interactors from the POI can be easily controlled by
changing the size of the linker that connects the photo-
activatable group to the affinity tag. This fine tuning is not
possible with BioID or APEX given that they rely on the free
diffusion of activated biotin from the catalytic site of the
enzyme tag.41’43

To our knowledge, IPL is the first proximity-based trans-
labeling approach that can identify both protein—protein and
protein—RNA interactions. IPL-compatible probes are com-
mercially available, and the approach can be implemented in
any biological laboratory. Thus, IPL offers unmatched
flexibility, temporal resolution, and spatial control, which
make it useful to identify protein—protein and protein—RNA
interactions that remain undetectable by conventional means.
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