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Abstract
Mapping proteomic composition at distinct genomic loci and subnuclear landmarks in living cells has
been a long-standing challenge. Here we report that dCas9-APEX2 Biotinylation at genomic Elements by
Restricted Spatial Tagging \(C-BERST) allows the unbiased mapping of proteomes near de�ned genomic
loci, as demonstrated for telomeres and centromeres. C-BERST enables the high-throughput identi�cation
of proteins associated with speci�c sequences, facilitating annotation of these factors and their roles in
nuclear and chromosome biology.

Introduction
Genome organization and subnuclear protein localization are essential for normal cellular function. The
nuclear proteome has been implicated in immensely important roles related to gene expression,
replication, epigenetic silencing, and genome stability. Several diseases that result from aberrant gene
expression, such as cancer, exhibit dysregulated interactions between the genome and its associated
proteome. Therefore, identi�cation of the subnuclear proteome is of great deal of interest for therapeutic
purposes as well as nuclear and chromosome biology. A number of approaches have been developed
over past few years that aim to identify the proteome associated with speci�c genomic elements in a
high-throughput manner. Examples include PICh, enChIP, CasID, and CAPTURE. However, these
approaches are often challenging due to cost, amount of material required, and length of time required
for labeling. To address these issues, we developed a novel method for mapping the proteomic
composition at distinct genomic loci called dCas9-APEX2 Biotinylation at genomic Elements by
Restricted Spatial Tagging \(C-BERST). It combines the rapid, spatially restricted enzymatic tagging
enabled by APEX2 with programmable DNA targeting by dCas9. We have successfully validated C-BERST
at two genomic elements: telomeres and centromeres. Below we provide the protocol that we have
optimized for C-BERST \(Figure 1).

Reagents
DMEM \(Thermo Fisher 11995065) FBS \(Sigma Aldrich #F4135-500ML) Penn/Strep \(Thermo Fisher
#15140-122) TrypLE Express \(Thermo Fisher #12605010) DMEM de�cient in L-arginine and L-lysine \
(Thermo Fisher Scienti�c, #89985) Dialyzed FBS \(Sigma Aldrich #F0392-500ML) D-\(+)-Glucose
solution \(Sigma Aldrich #G8644) L-Arginine-13C6,15N4 hydrochloride \(Sigma Aldrich #608033) L-
Lysine-13C6,15N2 hydrochloride \(Sigma Aldrich #608041) L-Arginine-13C6 hydrochloride \(Sigma
Aldrich #643440) L-Lysine-4,4,5,5-d4 hydrochloride \(Sigma Aldrich #616192) L-Arginine reagent grade,
≥98% \(Sigma Aldrich #A5006-100G) L-Lysine ≥98% \(TLC) \(Sigma Aldrich #L5501-5G) Doxycycline \
(Sigma #D3072-1ML) Shield1 \(Takara Bio #632189) SDS 10% Solution \(Bio-Rad #1610416) Sodium
deoxycholate \(#D7650-10G) Triton X-100 \(Boston Products #p-924) NaCl \(Sigma #S3014) Halt
Protease Inhibitor \(Thermo Fisher #78429) Sucrose \(Sigma Aldrich #S0389-5KG) Biotinyl tyramide \
(AdipoGen #CDX-B0270-M500) H2O2 \(Sigma #H1009-100ML) Trolox \(Santa Cruz Biotechnology #sc-
200810) Sodium L-Ascorbate \(Sigma #A4034-100G) Sodium Azide \(Sigma #S002-100G) Dynabeads



Page 3/9

MyOne Streptavidin T1 \(Life Technologies # 65602) Biotin \(Sigma #B4501) DTT \(Fisher Scienti�c
#NC9428342) 4%-12% SDS-PAGE gel \(Bio-Rad #456-1094) Bio-Safe Coomassie Stain \(BioRad
#1610786) Mass-spectrometry Ammonium bicarbonate DTT iodoacetamide acetonitrile sequencing
grade Trypsin \(Sigma) ProteaseMAX Surfactant \(Promega) Formic acid Tri�uoroacetic Magic C18AQ
particles \(Bruker-Michrom)

Equipment
Eppendorf Centrifuge 5424R MaxQ 2000 Benchtop Orbital Shakers \(Thermo Fisher) Labquake Tube
Rotator \(Thermo Fisher) Diagenode Bioruptor Tissue grind pestle \(MedSupply Partners #KI-885301-
0015) Tissue grind tube \(Fisher Scienti�c #K8853030015) Leica DMi8 microscope equipped with a
Hamamatsu camera \(C11440-22CU), a 63x oil objective lens, and Microsystems software \(LASX) Mass-
spectrometry Speed Vac \(Savant Instrument, Inc.) NanoAcquity \(Waters) Q Exactive hybrid mass
spectrometer \(Thermo Fisher) Proteome Discover \(Thermo, version 2.1.1.21) Mascot \(Matrix Science,
version 2.6) Scaffold \(Proteome Software Inc., version 4.8.4)

Procedure
Cell preparation and Stable Isotope Labeling by Amino Acids \(SILAC) 1. Culture human U2OS cells in
Dulbecco-modi�ed Eagle’s Minimum Essential Medium \(DMEM) supplemented with 10% \(vol/vol) Fetal
Bovine Serum \(FBS) and Penicillin-Streptomycin \(1X). Perform lentiviral transduction as described
previously1. Grow stably transduced cells under the same conditions as the parental U2OS cells. 2.
Transduce mCherry-positive cells \[collected by �uorescence-activated cell sorting \(FACS)] with a
separate lentiviral vector that encodes a U6-driven sgRNA, a blue �uorescent protein \(BFP), and a TetR
repressor \(Figure 2A). After 21h of dox and Shield1 induction, use FACS to sort four distinct
BFP/mCherry double-positive cell populations \(P1-P4) that correlate with different expression levels of
dSpyCas9-mCherry-APEX2 and BFP \(as a surrogate for sgRNA and TetR) \(Figure 2B). Use P1 cell
population in the subsequent experiments \(with the lowest amount of nucleolar or diffuse
nucleoplasmic background2). 3. Plate FACS-selected stable sgTelo or sgAlpha U2OS cells in heavy SILAC
media, which contains L-arginine-13C6, 15N4 \(Arg10) and L-lysine-13C6, 15N2 \(Lys8). Plate FACS-
selected stable sgNS cells in medium SILAC media, which contains L-arginine-13C6 \(Arg6) and L-lysine-
4,4,5,5-d4 \(Lys4). Plate untransduced U2OS cells in light SILAC media, which contains L-arginine \(Arg0)
and L-lysine \(Lys0). 4. Grow and expand cells for more than 10 days \(>5 passages) to allow for
su�cient incorporation of the isotopes. Drug-induction of DD-dCas9-mCherry-AEPX2 expression 5. 21
hours before biotinylation \(biotin-phenol addtion to cell culture and H2O2 treatment), add dox \(2 µg/ml)

and Shield1 \(250 nM) to four 15cm plates of cells \(~6 x 106 per plate) \(drug-induced dCas9-mCherry-
APEX2 expression can be examined by anti-mCherry western blotting). Biotin-labeling 6. Incubate cells
with 500 µM biotin-phenol \(BP) for 30 minutes at 37°C. 7. Add 1 mM H2O2 to initiate biotinylation for 1
minute on a horizontal shaker at room temperature. 8. Discard the media and add quencher solution
quickly \(5 mM trolox, 10 mM sodium ascorbate, and 10 mM sodium azide) to stop the reaction for a few



Page 4/9

minutes. Wash cells for �ve times \(three quencher washes and two DPBS washes) for continuing the
quench and removing excess BP. Nuclei isolation and cell lysis 9. Scrape the cells off the plates, transfer
them to 15ml Falcon tube, and pellet the cells by centrifugation at 300g for 5 minutes. 10. Aspirate and
resuspend cells with 10ml PBS. Centrifuge them down again at 300g for another 5 minutes. 11. Use
nuclei buffer to resuspend the cell pellet and homogenizer to dounce the cells. Collect the nuclei pellet by
centrifugation in sucrose solution \(details described in Nagano et al. Nature 20133). 12. Wash nuclei
with DPBS and add 500 µl lysis buffer \(50 mM Tris-HCl \(pH 7.5), 150 mM NaCl, 0.125% SDS, 0.125%
sodium deoxycholate and 1% Triton X-100 in Millipore water) with 1x freshly supplemented Halt Protease
Inhibitor to lyse the cells on ice for 10 minutes. 13. Sonicate cell lysates in 1.5 ml Eppendorf tubes for 15
minutes with a Diagenode Bioruptor with 30s on/off cycles at high intensity. 14. Clarify the cell lysates by
benchtop centrifugation at 13000 rpm for 10 minutes at 4 °C. Measure protein concentration by BCA
protein assay kit. Mix each isotope samples \(~1mg each) in a 1:1:1 ratio \(H:M:L) \(save some protein
lysates before mixing for quality control by western blot later). Streptavidin a�nity puri�cation of
biotinylated proteins 15. Incubate the mixed lysates with ~800 µl equilibrated streptavidin beads on the
rotator overnight at 4 °C. 16. Wash the beads with a series of buffers to remove non-speci�cally bound
proteins: twice with RIPA lysis buffer, once with 1 M KCl, once with 0.1 M Na2CO3, once with 2 M urea in
10mM Tris-HCl, pH 8.0, and twice with RIPA lysis buffer4. 17. Elute proteins in ~60 µl 3x protein loading
buffer supplemented with 2 mM biotin and 20 mM DTT with heating for 10 minutes at 65˚C. 18. Run ~50
µl eluents on a 4-12% SDS-PAGE gel and run the front approximately halfway down the gel. 19. Fix the
proteins in the gel, stain with coomassie staining solution, and then cut the lane protein bands to 5
fractions. Mass-spectrometry 20. Plate gel slices in 1.5 mL eppendorf tubes with 1mL of water for 30
min. Remove water and add 250 mM ammonium bicarbonate. For reduction, add 20 µl of a 45 mM
solution of 1,4-dithiothreitol \(DTT) and incubate the samples at 50˚C for 30 min. 21. Cool the samples to
room temperature and then, for alkylation, add 20 µl of a 100 mM iodoacetamide solution \(allow to react
for 30 min). 22. Wash the gel slices twice with 1 mL water. Remove the water and place 1mL of 50:50 \
(50 mM ammonium bicarbonate:acetonitrile) in each tube. Incubate samples at room temperature for 1h.
Then remove the solution and add 200 µl of acetonitrile to each tube \(the gels slices turn opaque white).
23. Remove the acetonitrile and dry gel slices further in a Speed Vac. Rehydrate gel slices in 100 µl of 4
ng/µl of sequencing-grade trypsin in 0.01% ProteaseMAX Surfactant:50 mM ammonium bicarbonate.
Add additional bicarbonate buffer to ensure complete submersion of the gel slices. Incubate the samples
at 37˚C for 18 hrs. 24. Remove the supernatant of each sample and place it in a separate 1.5 mL
eppendorf tube. Extract gel slices further with 200 µl of 80:20 \(acetonitrile:1% formic acid). Combine the
extracts with the supernatants of each sample. Then dry the samples completely in a Speed Vac. 25.
Reconstitute tryptic peptide digests in 25 µL 5% acetonitrile containing 0.1% \(v/v) tri�uoroacetic acid
and separated on a NanoAcquity \(Waters) UPLC. In brief, a 3.0 µL injection is loaded in 5% acetonitrile
containing 0.1% formic acid at 4.0 µL/min onto a 100 µm I.D. fused-silica pre-column packed with 2 cm
of 5 µm \(200Å) Magic C18AQ \(Bruker-Michrom) and eluted using a gradient at 300 nL/min onto a 75
µm I.D. analytical column packed with 25 cm of 3 µm \(100Å) Magic C18AQ particles to a gravity-pulled
tip. The solvents are A, water \(0.1% formic acid); and B, acetonitrile \(0.1% formic acid). A linear gradient
is developed from 5% solvent A to 35% solvent B in 60 minutes. Ions are introduced by positive
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electrospray ionization via liquid junction into a Q Exactive hybrid mass spectrometer. Mass spectra are
acquired over m/z 300-1750 at 70,000 resolution \(m/z 200) and data-dependent acquisition selected the
top 10 most abundant precursor ions for tandem mass spectrometry by HCD fragmentation using an
isolation width of 1.6 Da, collision energy of 27, and a resolution of 17,500. 26. Process the raw data �les
with Mascot Distiller \(Matrix Science, version 2.6) prior to database searching with Mascot Server \
(version 2.6) against the Uniprot_Human database. Search parameters include trypsin speci�city with two
missed cleavages. The variable modi�cations of oxidized methionine, pyroglutamic acid for N-terminal
glutamine, N-terminal acetylation of the protein, biotin-phenol on tyrosine and a �xed modi�cation for
carbamidomethyl cysteine are considered. For SILAC labels, the medium samples are labeled with Lys4
and Arg6 and the heavy samples are labeled with Lys8 and Arg10. The mass tolerances are 10 ppm for
the precursor and 0.05 Da for the fragments. SILAC ratio quantitation is accomplished using Mascot
Distiller and the results from Mascot Distiller are loaded into the Scaffold Viewer for peptide/protein
validation and SILAC label quantitation. For SILAC experiments, protein identi�cation is subject to a two-
peptide cut-off. For proteins detectable in the H sample but that lack an empirical H/L ratio value \(due to
low background detection in the L sample), peak areas of all the identi�ed peptides in the Distiller �le are
used to calculate H/L ratios. \[optional approach: work�ow of label-free quanti�cation \(LFQ) proteomic
approach is similar].
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Figure 1

C-BERST work�ow There are six major steps of C-BERST based proteomic analysis of genomic elements
associated protein factors: 1) cell preparation 2) doxycycline and Shield1 drug induction of dCas9-
mCherry-APEX2 protein expression; 3) biotinylation of endogenous proteins in proximity to the genomic
element target; 4) nuclei isolation and cell lysis; 5) streptavidin a�nity puri�cation of biotinylated
proteins; 6) LC-MS/MS proteomic analysis.
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Figure 2

Schematic diagram of plasmid constructs and FACS 1a. The dSpyCas9-mCherry-APEX2 and sgRNA
lentiviral expression constructs. Top: dSpyCas9-mCherry-APEX2 under the control of the pCMV_TetO
inducible promoter. The mCherry fusion is included to enable quanti�cation of dSpyCas9 expression level
as well as its subcellular localization. NLS, nuclear localization signal; LTR, long terminal repeat; DD,
Shield1-repressible degradation domain. Bottom: sgRNA/TetR/BFP expression construct. pU6, U6
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promoter; pPGK, PGK promoter; sgTelo, telomere-targeting sgRNA; sgNS, non-speci�c sgRNA; tetR, tet
repressor; P2A, 2A self-cleaving peptide; BFP, blue �uorescent protein. 1b. FACS sorting transduced U2OS
cells. The P1 population corresponds to high BFP (as a surrogate for sgRNA and TetR) and low mCherry
expression, providing optimal signal-to-noise ratio to maximize the fraction of telomere-localized
dSpyCas9-mCherry-APEX2.

Figure 3
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Figure 1 C-BERST work�ow

Figure 4

Figure 2 Schematic diagram of plasmid constructs and FACS


