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ABSTRACT

Genome-wide localization of chromatin and tran-
scription regulators can be detected by a variety
of techniques. Here, we describe a novel method
‘greenCUT&RUN’ for genome-wide profiling of tran-
scription regulators, which has a very high sensitiv-
ity, resolution, accuracy and reproducibility, whilst
assuring specificity. Our strategy begins with tag-
ging of the protein of interest with GFP and uti-
lizes a GFP-specific nanobody fused to MNase to
profile genome-wide binding events. By using a
GFP-nanobody the greenCUT&RUN approach elim-
inates antibody dependency and variability. Ro-
bust genomic profiles were obtained with green-
CUT&RUN, which are accurate and unbiased towards
open chromatin. By integrating greenCUT&RUN with
nanobody-based affinity purification mass spectrom-
etry, ‘piggy-back’ DNA binding events can be iden-
tified on a genomic scale. The unique design of
greenCUT&RUN grants target protein flexibility and
yields high resolution footprints. In addition, green-
CUT&RUN allows rapid profiling of mutants of chro-
matin and transcription proteins. In conclusion,
greenCUT&RUN is a widely applicable and versatile
genome-mapping technique.

INTRODUCTION

Gene expression programs are regulated by the combina-
torial action of many chromatin and transcription reg-
ulatory factors through the combined binding of tran-
scription factors or cofactors to chromatin and by hi-
stone modifications serving as binding platforms. Mis-
regulation of transcription programs is associated with
a broad range of human pathologies, for example, can-
cer and cardiovascular diseases (1–3). Several techniques
have been developed for the genome-wide profiling of reg-
ulatory factors including ChIPseq (chromatin immuno-
precipitation), ChECseq (chromatin endogenous cleavage),
CUT&TAG (cleavage under targets and tagmentation) and
CUT&RUN (cleavage under targets and release using nu-
clease) (4–7). Of these, CUT&RUN is a recently developed
experimental approach for the high resolution mapping of
DNA binding sites for transcription factors and chromatin
proteins, and for the profiling of histone modifications
across eukaryotic genomes in situ (6). The CUT&RUN
profiling approach utilizes antibody targeting of micro-
coccal nuclease (MNase) fused to an immunoglobulin-
binding protein (protein A or protein A/G) using un-
fixed permeabilized cells. Compared to traditional genome-
mapping approaches like ChIPseq (chromatin immunopre-
cipitation followed by high-throughput DNA sequencing),
CUT&RUN is independent from formaldehyde crosslink-
ing and is characterized by low backgrounds, high spa-
tial resolution, high reproducibility and requirement of low
cell numbers (6,8). Several other techniques, for example,
CUT&Tag/iACT-seq also perform well with low cell num-
bers (7,9). The increased signal-to-noise ratio means that
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CUT&RUN profiling requires only ∼10% of the read num-
bers in comparison with a typical ChIPseq experiment (6).
Nevertheless, both ChIPseq and CUT&RUN still depend
on high specificity and high affinity antibodies, which are
not available for all proteins from all species. In addition,
interaction of the target protein with DNA, other proteins
and post-translational modifications may occlude the epi-
tope recognized by the antibody. Both issues are circum-
vented by the tagging of proteins with epitopes for which
high affinity reagents are available.

Using cell lines expressing transcription factors tagged by
green fluorescence protein (GFP), we explored the use of
a GFP single-domain antibody (nanobody) of high affinity
and high specificity fused to the catalytic domain of MNase.
This approach not only circumvents antibody issues, but it
also reduces CUT&RUN handling time and technical vari-
ation as steps involving binding of antibody and protein A-
MNase are combined. GFP-tagged cell lines were subjected
to our CUT&RUN-based approach for GFP proteins,
which we name greenCUT&RUN. With greenCUT&RUN,
we have developed a versatile genome profiling tool for
gene-specific and basal transcription factors, which is inde-
pendent of antibody availability or quality, whilst still insur-
ing high specificity of measurements. Compared to ChIPseq
and standard CUT&RUN, the greenCUT&RUN approach
displays a remarkable sensitivity, resolution, accuracy and
reproducibility. GreenCUT&RUN documents the experi-
mental advantages of directly fusing MNase to single do-
main antibodies against epitope tags like GFP and this ap-
proach can be extended to other protein ligands. We show
that greenCUT&RUN can be combined directly with quan-
titative mass spectrometry to achieve an integrated platform
for the study of proteins regulating transcription programs
and chromatin function in mammalian cells.

MATERIALS AND METHODS

Plasmid construction

The ORFs for the human NFYA, FOS, JUN and TBP pro-
teins were obtained by PCR using the appropriate cDNA
constructs followed by BP-mediated GATEWAY recombi-
nation into pDONR221 according to instructions by the
manufacturer (ThermoFisher, USA). The ENTRY clones
were verified by DNA sequencing and they correspond
to Uniprot sequences: #P23511 for NFYA, #P01100 for
FOS, #P05412 for JUN and #P62380 for TBP. The cDNAs
were transferred into the pCDNA5-FRT-TO-N-GFP des-
tination clones (pCDNA5-FRT-TO N-GFP �-globin for
NFYA, FOS and JUN, and pCDNA5-FRT-TO N-GFP
for TBP) by LR-mediated GATEWAY recombination. We
found that insertion of �-globin-intron II sequences be-
tween the GFP moiety and the cDNA leads to an increase
in fusion protein expression of about three-fold. Again, the
obtained constructs were verified by DNA sequencing.

The ORFs of the GFP nanobody and the catalytic do-
main of micrococcal nuclease (MNase) are based on stud-
ies by Kubala et al. (10) and Zentner et al. (11). ORFs were
amplified by PCR with appropriate primers containing a
linker region (Asp-Asp-Asp-Lys-Glu-Phe) connecting the
nanobody and MNase coding regions. The PCR products
were purified after agarose gel electrophoresis and fused

via overlapping PCR. This nanobody-MNase fragment was
cloned into the NcoI and BamHI sites of the pGEX2T-
derived vector, pRP265NB, for bacterial expression. Cloned
regions of this construct, pRPN265NB-enh-MNase, were
verified by DNA sequencing.

Protein purification and activity assay

The GST-nanobody-MNase fusion protein was expressed
in BL21(DE3) bacteria by induction with 1 mM IPTG for
3.5 h at 37◦C. Bacterial cells where collected via centrifu-
gation at 3500 g for 10 min at 4◦C. The cell pellet was re-
suspended in lysis buffer (50 mM Tris–HCl pH 8.0, 20% su-
crose, 300 mM KCl, 2 mM EDTA, 0.1% Triton X-100, 1
mM DTT and protease inhibitors (Complete, Roche) fol-
lowed by three freeze-thaw cycles at -80◦C and three cy-
cles in a French press. The lysate was cleared by centrifu-
gation at 83,000 g for 30 min at 4◦C. The fusion protein was
captured by glutathione-sepharose affinity chromatography
(GE Healthcare) using an ÄKTA prime purification system
(GE Healthcare) in lysis buffer. The column was washed
with wash buffer I (50 mM Tris–HCl pH 8, 20% sucrose,
300 mM KCl, 2 mM EDTA, 1 mM DTT and protease in-
hibitors) followed with wash buffer II (50 mM K.PO4 pH
7.0, 100 mM KCl, 1 mM EDTA, 1 mM DTT). Bound pro-
teins were eluted with elution buffer (wash buffer II with
50 mM reduced glutathione). Peak fractions were com-
bined and the GST fusion protein was cleaved by throm-
bin (Sigma) at 3 units/mg of total protein for 3 h at 37◦C.
PMSF was added for 15 min at 37◦C to a final concen-
tration of 0.5 mM to inactivate thrombin. Thrombin was
removed by batch binding to benzamidine-sepharose (GE
Healthcare) for 2.5 h at 4◦C. Sepharose beads were removed
by passage over a 0.45 �m filter. The cleaved proteins were
concentrated by ultracentrifugation using Amicon10K fil-
ters and passed over a Superdex-75 HiLoad 16/600 gel-
filtration column (GE Healthcare) in buffer A150 (20 mM
K.HPO4 pH7.0, 150 mM KCl, 1 mM DTT). Peak fractions
still contained free GST and these fractions were further
purified via cation exchange chromatography using HiTrap
SP column (GE Healthcare) with a linear gradient from 80
to 1000 mM KCl in buffer B (20 mM K.HPO4 pH 7.0, 0.5
mM EDTA, 1 mM DTT, 0.1 mM PMSF). The nanobody-
MNase protein displayed a broad elution pattern and the
peak fractions were concentrated by ultracentrifugation us-
ing Amicon 10K filters. Protein purity was determined by
Coomassie staining of 15% polyacrylamide/SDS gels and
protein concentrations were determined via Bradford mea-
surement (BioRad Protein Assay) using BSA as a standard.
Glycerol was added to 50% for storage at −80◦C until use.

MNase activity assay

HeLa genomic DNA (1.25 �g) was incubated in reaction
buffer (50 mM Tris–HCl pH 7.8, 5 mM CaCl2, 100 �g/ml
BSA) with the indicated amounts of nanobody-MNase and
compared to commercial MNase (New England Biolabs).
A control with the highest amount of enzyme tested but
lacking CaCl2 was performed to control for contaminat-
ing nuclease activities. Reactions were incubated 15 min at
37◦C and terminated by addition of 20 mM EGTA and 10

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/9/e49/6125667 by U

niversiteitsbibliotheek U
trecht user on 17 N

ovem
ber 2021



PAGE 3 OF 18 Nucleic Acids Research, 2021, Vol. 49, No. 9 e49

mM EDTA. DNA products analyzed on agarose gel elec-
trophoresis in TBE and stained with 0.5 �g/ml ethidium-
bromide. MNase activity assay was conducted at five differ-
ent concentrations of nanobody-MNase (30, 10, 3, 1, 0.3
ng), protA-MNase (30, 10, 3, 1, 0.3 ng) and commercial
MNase (20, 6, 2, 0.6, 0.2 U).

Cell lines generation

HeLaFlp-In/T-REx cells, containing the Flp Recombina-
tion Target site and expressing the Tet Repressor (12)
were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM), 4.5 g/l glucose, supplemented with 10% (v/v)
fetal bovine serum, 10 mM L-glutamine and 100 U/ml
penicillin/streptomycin (all purchased from Lonza), to-
gether with 5 �g/ml blasticidin S (InvivoGen, San Diego,
CA, USA) and 200 �g/ml zeocin (Invitrogen, Carls-
bad, CA) as selection drugs for the FRT site and the
Tet repressor, respectively. To create dox-inducible ex-
pression cell lines the GFP-fusion destination vectors
were co-transfected with pOG44 plasmid encoding for
the Flp recombinase into HeLaFlp-In/T-REx cells us-
ing polyethyleneimine (PEI) transfection to generate sta-
ble Dox-inducible expression cell lines (12). Recombineered
cells were selected by replacing zeocin by 250 �g/ml hy-
gromycin B (Roche Diagnostics, Mannheim, Germany) 48
h after PEI transfection. Expression of GFP-tagged pro-
tein was induced by addition of 1 �g/ml doxycycline for
16–20 h.

Immunoblotting procedures

Cells were seeded in six-well dishes at 30,000 cells per well
and induced with doxycycline for 22 h prior to harvest-
ing. Cell lysates were prepared in 1× sample buffer (120
mM Tris–HCl pH 6.8, 4% SDS, 20% glycerol, 0.05% bro-
mophenol blue). Equal amounts of cell lysates were sep-
arated by 10% SDS-PAGE and transferred onto nitrocel-
lulase membrane. These immunoblots were developed with
the appropriate antibodies and Clarity ECL reagents (Bio-
Rad). Immunoblots were analyzed using ChemiDoc imag-
ing system (BioRad). The images were subjected to lin-
ear contrast/brightness enhancement in Photoshop (CS6,
13.0.6 × 64, extended) when needed for data representation
purposes. The used antibodies were directed against GFP
(JL-8, Clontech), TBP (20C7, in house monoclonal) or vin-
culin (7F9, SantaCruz) and diluted to the appropriate con-
centration.

Extract preparation and GFP-tagged protein purification

Cells were seeded in 15-cm dishes (Greiner Cellstar) and
grown to 70–80% confluence prior to induction with 1
�g/ml doxycycline for 22 h. GFP-protein expression was
verified using ZOE fluorescence microscopy (BioRad).
Next, induced cells were harvested and nuclear and cyto-
plasmic extracts were obtained using a modified version of
the Dignam procedure (13). Protein concentrations were de-
termined by Bradford assay (BioRad). 1 mg of nuclear ex-
tract was used for GFP-affinity purification as described
(14). In short, protein lysates were incubated in binding

buffer (20 mM HEPES–KOH pH 7.9, 300 mM NaCl, 20%
glycerol, 2 mM MgCl2, 0.2 mM EDTA, 0.1% NP-40, 0.5
mM DTT and 1× Roche protease inhibitor cocktail) on a
rotating wheel for 1 h at 4◦C in triplicates with GBP-coated
agarose beads (Chromotek) or control agarose beads (Chro-
motek). The beads were washed two times with binding
buffer containing 0.5% NP-40, two times with PBS contain-
ing 0.5% NP-40, and two times with PBS. On-bead diges-
tion of bound proteins was performed overnight in elution
buffer (100 mM Tris–HCl pH 7.5, 2 M urea, 10 mM DTT)
with 0.1 �g/ml of trypsin at RT and eluted tryptic peptides
were bound to C18 stage tips (ThermoFischer, USA) prior
to mass spectrometry analysis.

Mass spectrometry and data analysis

Tryptic peptides were eluted from the C18 stage tips in
H2O:acetonitril (35:65) and dried prior to resuspension
in 10% formic acid. A third of this elution was analyzed
by nanoflow-LC–MS/MS with an Orbitrap Fusion Lu-
mos mass spectrometer coupled to an Easy nano-LC 1200
HPLC (Thermo Fisher Scientific). The flow rate was 300
nl/min, buffer A was 0.1% (v/v) formic acid and buffer B
was 0.1% formic acid in 80% acetonitrile. A gradient of in-
creasing organic proportion was used in combination with
a reversed phase C18 separating column (2 �m particle size,
100 Å pore size, 25 cm length, 50 �m i.d., Thermo Fisher
Scientific). Each MS can was followed by a maximum of 10
MS/MS scans in the data dependent mode with 90 min total
analysis time. Blank samples consisting of 10% formic acid
were run for 45 min between GFP and non-GFP samples,
to avoid carry-over between runs.

The raw data files were analyzed with MaxQuant soft-
ware (version 1.5.3.30) using Uniprot human FASTA
database (14,15). Label-free quantification values (LFQ)
and match between run options were selected. Intensity
based absolute quantification (iBAQ) algorithm was also
activated for subsequent relative protein abundance esti-
mation (16). The obtained protein files were analyzed by
Perseus software (MQ package, version 1.5.4.0 for NFYA,
version 1.6.12 for FOS), in which contaminants and reverse
hits were filtered out (15). Protein identification based on
non-unique peptides as well as proteins identified by only
one peptide in the different triplicates were excluded to in-
crease protein prediction accuracy.

For identification of the bait interactors LFQ intensity-
based values were transformed on the logarithmic scale
(log2) to generate Gaussian distribution of the data. This
allows for imputation of missing values based on the nor-
mal distribution of the overall data (in Perseus, width =
0.3; shift = 1.8). The normalized LFQ intensities were com-
pared between grouped GFP triplicates and non-GFP trip-
licates, using 1% and 5% in permutation-based false discov-
ery rate (FDR) in a two-tailed t-test for NFYA and FOS, re-
spectively. The threshold for significance (S0), based on the
FDR and the ratio between GFP and non-GFP, samples
was kept at the constant value of 3 and 1 for comparison
purposes for NFYA and FOS, respectively. Relative abun-
dance plots were obtained by comparison of the iBAQ val-
ues of GFP interactors. The values of the non-GFP iBAQ
values were subtracted from the corresponding proteins in
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the GFP pull-down and were next normalized on a cho-
sen co-purifying protein for scaling and data representation
purposes. All mass spectrometry data have been deposited
to the ProteomeXchange Consortium via the PRIDE part-
ner repository under the dataset identifier PXD021089.

Standard and greenCUT&RUN protocol

The standard antibody-based CUT&RUN protocol for en-
dogenous and GFP-tagged proteins was performed essen-
tially as described by Skene et al (6). The protocol of
greenCUT&RUN is summarized in Figure 1A. In brief,
the greenCUT&RUN protocol is as follows. Initially, con-
canavalin A–coated (ConA) magnetic beads per samples
(10 �l for 0.25 million cells, 20 �l ConA beads were used
for 1 million cells) were incubated with 1.5 ml of binding
buffer (20 mM HEPES–KOH (pH 7.9), 10 mM KCl, 1 mM
CaCl2 and 1 mM MnCl2) on magnetic stand for 2 min and
centrifuged at <100 g for 1 s. Supernatant was removed
and same step is repeated again. Further, ConA-beads were
stored in 10 �l of binding buffer on ice. In total, 1 million
cells (0.25 million in case of NFYA and FOS) were freshly
harvested by centrifugation at 600 g for 3 min. After re-
moving supernatant, cells were washed with wash buffer (20
mM HEPES–KOH (pH 7.5), 150 mM NaCl and 0.5 mM
spermidine and EDTA-free complete protease inhibitor).
Washing was performed two times and supernatant was re-
moved after centrifugation at 600 g for 3 min. After this,
cells were resuspended in 1 ml of wash buffer and incubated
with ConA-beads for 5 to 10 min. Further, ConA bound
cells were permeabilized with buffer (2 mM EDTA, 0.05%
digitonin wash buffer) for 4 min. To minimize cell stress,
all experiments were performed at room temperature up to
this stage. In the next step, cells were treated with 0.4 �g of
nanobody-MNase in 100 �l digitonin buffer (0.05% digi-
tonin in wash buffer) for 30 min at 4◦C. Cells were washed
2 times and resuspended in 150 �l of digitonin buffer. Cells
were kept on ice and chromatin digestion was started after
adding CaCl2 to 3 mM on ice. After 30 min, MNase diges-
tions were stopped by adding 100 �l of 2× stop buffer (340
mM NaCl, 20 mM EDTA, 10 mM EGTA, 0.02% digitonin,
100 �g/ml of RNase A and 50 mg/ml glycogen). 20 pg of
Drosophila spike-in controls were added in the reactions.
Reaction mixtures were incubated for 10 min at 37◦C to
release DNA fragments from insoluble nuclear chromatin
to the supernatant and centrifuged for 5 min at 16,000 g
and 4◦C. Supernatants (100 �l) were removed on magnetic
stand and treated with 2 �l of 10% (wt/vol) SDS and 1.5
�l of proteinase K (20 mg/ml) for 10 minute at 70◦C. DNA
was extracted using phenol–chloroform, precipitated with
100% ethanol and dissolved in 1 mM Tris–HCl pH 8.0/0.1
mM EDTA. For the negative controls, Ca2+ was omitted.

Spike-in controls were prepared from the nuclear pellet
of Drosophila S2 cells. Briefly, S2 cells were grown to con-
fluence and harvested by trypsin digestion. After washing
with PBS, cell extracts were prepared by the Dignam proto-
col (17). After nuclear extraction the chromatin pellet was
obtained by centrifugation at 3200 g for 30 min at 4◦C.
This pellet was homogenized in HS buffer (20 mM HEPES–
KOH pH 7.9, 150 mM NaCl, 1 mM EDTA, 0.34 M sucrose,

1 mM DTT, 0.5 mM PMSF) using a Turrox Tissue homoge-
nizer at 12 krpm for 1 min on ice. The washed chromatin was
obtained by centrifugation at 259,000 g for 30 min at 4◦C.
This pellet was homogenized in NI buffer (20 mM HEPES–
KOH pH 7.8, 10 mM MgCl2, 0.25 M sucrose, 0.1 Triton
X-100 EDTA, 1 mM DTT, 0.5 mM PMSF) using a Tur-
rox Tissue Homogenizer at 6 krpm for 1 min on ice. CaCl2
was added to 3 mM and the suspension was warmed to
37◦C. Micrococcal Nuclease (New England BioLabs) was
added to 4 �l/ml and the digestion was allowed to pro-
ceed for 10 min at 37◦C. After this, EGTA was added 10
mM and NaCl to 150 mM and the suspension was cen-
trifuged at 260,000 g for 30 min at 4◦C. The supernatant
contained purified mononucleosomes, which was confirmed
by Coomassie staining of 15% polyacrylamide/SDS gels
and by DNA analysis of ∼150 bp fragments by agarose
gel electrophoresis in TBE and staining with ethidium-
bromide. To find enh-MNase hypersensitive regions in
genome, greenCUT&RUN was performed using 0.25 mil-
lion HeLa cells lacking GFP-tagged proteins. Here, 10
pg of Drosophila spike-in were added in the solution and
only 50% of the leached out DNA were utilized in library
preparation.

ChIPseq protocol

HeLa Flp-In/T-REx cells were induced for 17–24 h with
1 �g/ml doxycycline for GFP-tagged protein expression,
crosslinked for 8 min using 1% formaldehyde and the re-
action quenched with 125 mM glycine for 5 min. GFP-TBP
and GFP-NFYA expressing cells were used for NFYA ChIP
(Endo-ChIPseq) and GFP ChIP (GFP-ChIPseq), respec-
tively. Cells were lysed in cell lysis buffer (5 mM PIPES pH
8.0, 85 mM KCl, 0.5% NP40) and centrifuged at 3200 g for
5 min at 4◦C. The pellet was lysed in nuclei lysis buffer (50
mM Tris–HCl pH 8.1, 10 mM EDTA pH 8.0) containing
0.5% SDS. The DNA was sonicated to 200–600 bp using
a Covaris S220 instrument (settings: 12 min, PIP = 140;
duty factor = 5%; CPB = 200; T = 2.2◦C). The 40 �g of
chromatin were incubated with either 2 �g of NFYA an-
tibody (Santa Cruz, sc11753) or 5 �g of GFP antibody
(GenScript, A01704) in IP buffer (16.7 mM Tris–HCl pH
8.1, 83.5 mM NaCl, 83.5 mM LiCl, 0.01% SDS, 1.10% Tri-
ton X-100, 1.2 mM EDTA pH 8.0) overnight at 4◦C. In-
put (pre-IP) samples were prepared in parallel. All lysis and
IP buffers were supplemented with EDTA-free protease in-
hibitors (Roche complete, 11873580001). Immunoprecipi-
tated complexes were recovered using blocked (100 �g/ml
BSA) protein-A agarose or magnetic beads for 1–4 h at 4◦C
and washed 2–5 times using IP wash buffer 1 (20 mM Tris–
HCl pH 8.1, 50 mM NaCl, 2 mM EDTA pH 8.0, 0.1% SDS,
1% Triton X-100), one time with IP wash buffer 2 (10 mM
Tris–HCl pH 8.1, 250 mM LiCl, 1 mM EDTA pH 8.0, 1%
NP-40, 1% Na-deoxycholate), and two times with TE buffer
(10 mM Tris–HCl pH 8.1, 1 mM EDTA pH 8.0). Sam-
ples were eluted in elution buffer (100 mM NaHCO3, 1%
SDS), RNase A-treated and reverse-crosslinked overnight
at 65◦C. DNA was de-proteinized for 1.5 h at 45◦C using
proteinase K and purified with the NucleoSpin Extract II
kit (Machery-Nagel).
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Figure 1. Experimental approach of greenCUT&RUN. Panels (A and B): Schematic of experimental strategy for greenCUT&RUN (A) and CUT&RUN
(B). GreenCUT&RUN is rapid and easy protocol, which involves only three steps to complete. Panel (C): The GST protein fused to the GFP nanobody and
MNase (nanobody-MNase) was expressed and purified from bacteria. A single band of nanobody-MNase and protA-MNase were observed by coomassie
staining of protein gels (panel C). Panel (D): To access activity genomic DNA was treated with purified nanobody-MNase at different concentrations and
compared with standard MNase and protA-MNase preparations. In panel D, lane 1 shows uncut genomic DNA, while lanes 2, 8 and 14 shows DNA after
adding MNase in solution lacking Ca2+. Lanes 3–7, 9–13 and 15–19 shows DNA fragments after activating MNase with Ca2+. From lanes 3–7, 9–13 and
15–19, decreasing amount of MNases were used to access activity. Similar expression levels of endogenous and GFP-tagged TBP were observed. Panel (E):
Expression of GFP-tagged NFYA, JUN, FOS and TBP after doxycycline induction as detected by GFP antibodies (left). Comparison of expression levels
of GFP-tagged TBP with endogenous TBP (right). Panel (F): Volcano plot of GFP-tagged NFYA. Panel (G): Relative stoichiometries of top 20 proteins.
In the stoichiometry calculation, NFYC is used for normalization.

Library preparation and sequencing

For CUT&RUN, purified DNA fragments were subjected
to library preparation with NEB Next Ultra II and NEB
Multiplex Oligo Set I/II as per manufacturer (New England
Biolabs) protocol without size selection. In case of TBP, we
followed the library preparation protocol of Skene et al. (6).
For each library, DNA concentration was determined us-
ing using a Qubit instrument (Invitrogen, USA) and size
distribution was analyzed on Agilent Bioanalyzer (DNA

high sensitivity assay) or Agilent 4200 TapeStation (D5000
Screentape). Libraries were pooled according to desired
molarity with 1% PhiX controls for run on the MiniSeq (Il-
lumina) or without PhiX for runs on the MiSeq (2 × 75
paired end, Illumina). All NGS data have been deposited to
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.
gov/sra) under the accession number SRP278136.

For ChIPseq, 5 ng input and less than 500 pg of ChIP pu-
rified DNA were used to prepare paired-end sequencing li-
braries using the NEBNext Ultra II DNA Library Prep Kit
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for Illumina (New England Biolabs, E7645L) without size
selection. The 75-nucleotide paired-end sequencing reads
were generated (Illumina, HiSeq 3000) with 20–23 M reads
per sample.

Datasets used for comparison

To compare the performance of greenCUT&RUN,
ChIPseq data were downloaded from ENCODE
(https://www.encodeproject.org/) for human genome
version hg38 (18). Complete details are given in Supple-
mentary Table S1.

Quality control, alignment and normalization

Initially, reads were passed through quality control fil-
tering using Trim-galore (v0.6.3) with default param-
eters (http://www.bioinformatics.babraham.ac.uk/projects/
trim galore/) and further aligned using bowtie2 (v2.3.4.1)
with option: –dovetail –local –very-sensitive-local –no-unal
–no-mixed –no-discordant -I 10 -X 700(19). Reads for HeLa
cells were aligned on hg38/GRCh38.p13 version of genome
(https://www.gencodegenes.org/human/) while spike-in was
aligned on BDGP5 version of Drosophila genome sequence
(EnsEMBL v.75, www.ensembl.org) (20,21). Only in case
of ChIPseq, duplicate reads were filtered out using Picard
(v2.18.14) with default parameters (http://broadinstitute.
github.io/picard). Flagstat program of samtools was used
to calculate total number of aligned reads, corresponding
to human and spike-in (22). To compare the performance of
the different protocol, equal number of reads was selected
randomly using sambamaba (23) and tag directories were
generated using makeTagDirectory program of Homer with
option: -totalReads (24). Here, spike-in normalized total
number of read was used for option ‘-totalReads’. Suppose,
total human and spike-in reads in experiment are Eh and
ES while in control are Ch and CS, total spike-in normal-
ized reads for experiment (ET) and control (CT) will be:

CT = Ch

Es
× Cs and ET = Eh

Moreover, in case of ChIPseq where spike-in controls
were not present, total number of uniquely aligned reads
was used as such. These tag-directories were further used
for computing coverage and peak calling.

Coverage calculation

Coverage was calculated around 2000 bp from centre of
motifs (in the case of NFYA and FOS) or ATAC peaks
(in the case of TBP). Initially, whole human genome was
scanned and genomic coordinates of putative functional
binding sites (motifs) of NFY and FOS were identified us-
ing scanMotifGenomeWide.pl program of HOMER. Mo-
tifs present in chrY were filtered out from further analysis,
and coverage (per base-pair per motifs) was computed using
annotatePeaks.pl. In case of TBP, coverage was calculated
around ATAC peaks (accession ID: GSE121840), as deter-
mined by Oomen et al. (25). Genomic coordinate of this
data-set was lifted to hg38 from hg19, using UCSC genome
browser utility program liftover (26). Base package of R was
used to generate graphs (27).

Reproducibility among replicates

To explore reproducibility among replicates, coverage was
calculated within 10kb non-overlapping genome-wide bins,
with multiBamSummary program of deepTools (v2.0) (28).
Further, Pearson correlation coefficient was calculated us-
ing plotCorrelation with option: –removeOutliers.

Peak calling

Different peak calling algorithms (HOMER, MACS and
SEACR) were compared using their default parameters.
As HOMER performed best in terms of the number of
peaks and peaks with motifs it was selected for all our
analyses (Supplementary Table S2). Peaks were called us-
ing findPeaks program of HOMER with default parame-
ters, which considers both local background and the reads
present in the control. The no Ca2+ dataset was used as
a control for peak calling. In case of green and standard-
CUT&RUN, a high frequency of fragments with identi-
cal ends can arise from different cells. Therefore, peak fil-
tering based on clonal signals was disabled using –C 0 in
findPeaks. To identify peaks in ENCODE ChIPseq data-
sets (NFYA, FOS and TBP), irreproducibility discovery
rate (IDR) analysis was performed against replicated sam-
ples using homer-idr package (https://github.com/karmel/
homer-idr). In case of TBP greenCUT&RUN, we gener-
ated ∼1/3 reads in control compared to experiment and
could not identify peaks using HOMER. Therefore, two
steps were followed to call peaks. In first step, peak were
called without filtering it against control and clonal signals
were kept off, using –F 0 –C 0. In second step, getDiffer-
entialPeaks was used to filter peaks in experiment against
control (fold changes ≥4 and P-value < 10−4). In all ex-
periments, peaks present within black-listed regions of EN-
CODE (https://github.com/Boyle-Lab/Blacklist/) were ex-
cluded using intersectBed program of bedtools (v2.27.1–5)
(29,30). In-house R script was developed to plot coverage
tracks around peaks using bigwig files returned from bam-
Coverage. To identify the peaks in GROseq, the R package
groHMM was used (31).

Signal intensity around peaks: Heatmap

To visualize signal intensity around peaks, heatmaps were
generated. Initially, spike-in normalized coverage in exper-
iment was computed against control, using bamCompare
program with option –scaleFactors 1: S, were S is equal to
ratio of spike-in in control versus experiment. In the case
of ChIPseq, default parameters of bamCompare were used.
Next, coverage was extracted within 2000 bps from center of
peaks using computeMatrix and plotted with plotHeatmap
program of deeptools (28). In ATACseq, control groups are
not typically run. Therefore, signal intensity was calculated
without control, using bamCoverage.

Cut frequency

In-house script (https://github.com/snizam001/
cutfrequency) was generated to calculate spike-in normal-
ized cut frequency against control at base-pair resolution.
Initially, motifs present near to each other within 1000 bp
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were removed and coordinates of read ends were identified
using bamtobed around 100 bps around motifs. For each
pair-end reads, either 3′ or 5′ end which is near to motif is
considered in computing cut frequency. Cut frequency (Cf)
at jth position from centre of motif is defined as follows:

C fj = 106 1
Nmoti f s

×
i = Nmoti f s∑

i = 1

{(
Rexpri

Nexpr

)
−

(
Rctrli

Nctrl
× Es

Cs

)}

where (i) Nmoti f s is total number of whole-genome motifs, (ii)
Nexpr and Nctrl are total number of reads in experiment and
control, (iii) Rexpri and Rctrli are number of read ends at jth

position from ith motif and (4) Es and Cs are total number
of spike-in reads in experiment and control, respectively.

Comparison and annotation of peaks

Unique and overlapping peaks among protocols were iden-
tified using mergePeaks program of Homer with option:
-d 200 (24). To identify real unique peaks, coverage in
one protocol was compared with another using getDif-
ferentialPeaks (24). In the current study, peaks with log2
of fold changes ≥2 and P-value ≤ 10−4 in one protocol
compared to other, were considered as real unique peaks.
FindMotifsGenome.pl was used to find enriched motifs in
peaks (24). Moreover, peaks were annotated using anno-
tatePeaks.pl and coordinates of motifs respective to center
of peak were identified. An In-house pipeline in the perl lan-
guage was developed to annotate peaks lacking consensus
motifs as illustrated in Supplementary Figure S1. FindMo-
tifsGenome.pl of homer package was used to find known
motifs in those peaks lacking either consensus motifs. Ge-
nomic coordinates of histone marks were obtained from
ENCODE repository data-sets and windowBed of bedtools
was used to classify peaks having histone marks within 400
bps from the centre of the peak (18,30).

Docking analysis

Initially, PDB files with accession IDs 4AWL and 1FOS
were downloaded from https://www.rcsb.org/ for NFY-
DNA, FOS/JUN-DNA complex, respectively. For both
crystallographic structures, the DNA was extended on both
sides taking a standard B-DNA conformation. The result-
ing DNA lengths were 108 and 85 bps for the NFY and
FOS DNA complexes. For the MNase, we used PDB ID
2SNS, removing the bound nucleotide and keeping the cal-
cium ion. The docking was performed using HADDOCK
(version 2.4) (32) using two ambiguous distance restraints
with an upper limit of 5 Å defined between the guanidium
group of Arginie 35 and 87, respectively (those are coordi-
nating the phosphate of the bound nucleotide in PDB ID:
2SNS), and any phosphate atom of the DNA, excluding the
first and last three based pairs (to avoid end effects). In order
to only sample the accessibility of the DNA to the MNase,
a repulsion function (repel option in CNS (Crystallographic
and NMR System) (33) with a van der Waals scaling of
0.89 was used to avoid steric clashes instead of the default

electrostatics and van der Waals energy functions. Hundred
thousand rigid-body docking models were generated (the
flexible refinement stages of HADDOCK were skipped).
Those were analyzed by extracting all contacts within a 7.5
Å distance cut off between any phosphate atom of the DNA
and Arginine 35 of MNase. Based on the presence of such
contacts the accessible DNA bases were identified.

RESULTS

Experimental design of greenCUT&RUN

Camelids have single chain antibodies, also known as
nanobodies. Several nanobodies have been isolated against
green fluorescence protein (GFP), which display a higher
binding affinity compared to standard antibodies. These
GFP-nanobodies have been successfully utilized in many
techniques including affinity purification for quantitative
proteomic profiling (10). We exploited this property in
developing greenCUT&RUN (Figure 1A). In brief, un-
fixed cells were immobilized on magnetic Concanavalin A
(ConA)-coated beads and permeabilized with digitonin.
Next, the immobilized cells were incubated with nanobody-
MNase (monococcal nuclease) and after washing, the cleav-
age reaction was initiated by adding 3 mM CaCl2. The
reaction was stopped by adding a Ca2+-specific chelating
agent and Drosophila mononucleosomal DNA was added
as a spike-in control for later normalization. Released
DNA fragments were extracted using phenol-chloroform
followed by ethanol precipitation to be used for next gener-
ation sequencing (NGS) DNA libraries. Parallel reactions
lacking Ca2+ activation of MNase were used as negative
controls. In comparison to CUT&RUN (Figure 1B), green-
CUT&RUN requires only a single incubation step instead
of separate incubations with primary antibody and with
ProtA/G-MNase (6).

To generate the nanobody-MNase fusion protein, the
variable domain of a GFP-specific nanobody (VH) was
linked to the catalytic domain of micrococcal nuclease
(MNase) with Asp-Asp-Asp-Lys-Glu-Phe as a linker to
provide flexibility. This fusion protein was linked to glu-
tathione S-transferase (GST) for expression in bacteria and
subsequent protein purification. The nanobody-MNase
was purified in three steps using glutathione-affinity chro-
matography followed by thrombin cleavage of the GST
moiety and chromatography by gel filtration and cation-
exchange. Purity of the nanobody-MNase preparation was
assessed by coomassie staining of protein gels, which in-
dicated a pure protein with the expected size of ∼29 kDa
(Figure 1C). For comparison a protein A-MNase (protA-
MNase) preparation (kindly provided by the Henikoff lab)
was analyzed in parallel (6). The activity of nanobody-
MNase preparation was assessed by digestion of genomic
DNA of HeLa cells and compared with commercial MNase
(from New England Biolabs) and protA-MNase. Staining
of agarose gels indicate similar specific activities of all three
MNases (Figure 1D).

To develop the CUT&RUN protocol for GFP-tagged
proteins, we employed stable HeLa cell lines expressing
GFP-fusion proteins in a doxycyclin (dox)-inducible man-
ner (12). We focused on three DNA sequence specific tran-
scription factors (TFs), the alpha subunit (NFYA) of nu-
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clear transcription factor Y, the FOS proto-oncoprotein
(FOS) of the AP-1 transcription factor and the basal tran-
scription factor TATA-box binding protein (TBP). Fu-
sion proteins of the expected size were detected after dox-
treatment (Figure 1E). Similar expression levels of GFP-
tagged and endogenous TBP were observed. While all three
subnits of NFY are expressed in our HeLa cells, FOS is not
expressed in HeLa cells under normal growth condition.
To validate NFY complex formation, we examine the in-
teractome of the GFP-NFYA protein by quantitative mass
spectrometry (12). As expected, GFP-NFYA interacts with
NFYB and NFYC (Figure 1F). The stoichiometry plot in-
dicates that a significant part of the GFP-NFYA protein is
not in a complex with NFYB and NFYC, but this should
not result in spurious DNA binding as NFY complex binds
to DNA as an obligate heterotrimer (34,35). Free GFP-
NFYA is probably bound by protein chaperones as HSPB1,
HSPA6/7 and HSPA8/9 are amongst the top interactors.
Transcription factor SP1 is also amongst the top 20 inter-
actors (Figure 1G) (36,37), which will become relevant later.

Performance of greenCUT&RUN: NFYA

To evaluate the performance of greenCUT&RUN, the
results were compared with data obtained by standard
CUT&RUN using antibodies against endogenous NFYA
(hereafter, abbreviated as (Endo)-CUT&RUN) or against
GFP for tagged NFYA (hereafter, abbreviated as (GFP)-
CUT&RUN). The different CUT&RUN protocols were
also compared to three independent ChIPseq experiments.
The (Endo)-CUT&RUN was performed on endogenous
NFYA using naive HeLa cells. The other techniques: green-
CUT&RUN, (GFP)-CUT&RUN and ChIPseq, were per-
formed on HeLa cells expressing GFP-tagged NFYA.
CUT&RUN-based datasets were normalized to ∼2.1 mil-
lion reads to compare their performance, whereas 7–14 mil-
lion reads of the ChIPseq datasets were used (Supplemen-
tary Table S1).

The datasets were compared in different ways. First,
we determined the sensitivity of detecting NFYA binding
events at cognate binding sites by calculating the whole
genome coverage of 1 109 981 putative NFY binding
sites (AGC[CCAAT]CGG). The highest coverage was ob-
tained with the greenCUT&RUN and (Endo)-CUT&RUN
approaches (Figure 2A). CUT&RUN protocols generate
shorter DNA fragments compared to sonication-based
fragmentation, which may produce a higher frequency of
fragments with identical ends. For this reason, we removed
duplicate reads from ChIPseq, but not from CUT&RUN
datasets. When ChIPseq coverage was calculated without
removing duplicates, the greenCUT&RUN protocol still
had a higher coverage (Supplementary Figure S2A). The
(GFP)-CUT&RUN did not perform as well as compared
to green and (Endo)-CUT&RUN. Hence, we performed
(GFP)-CUT&RUN with other two GFP-specific antibod-
ies ((GFP)-CUT&RUN-2 and -3), but they all showed a
lower coverage of NFY binding sites (Supplementary Fig-
ure S2B). Reproducibility of greenCUT&RUN was evalu-
ated by correlating coverage within 10-kb bins among repli-
cates. We observed a high reproducibility (Pearson cor-
relation coefficient r2≥0.97) with greenCUT&RUN sim-

ilar to CUT&RUN (r2 ≥ 0.95) (Figure 2B) (7). Cover-
age around NFYA peaks exclusively identified by green-
CUT&RUN is illustrated by genomic tracks (Supplemen-
tary Figure S3), which show that unique peaks identified
by greenCUT&RUN are highly reproducible. Peak calling
of greenCUT&RUN identified highest number of peaks
(7433) (Figure 2C). In comparison to greenCUT&RUN,
∼24%, ∼57% and ∼33% fewer peaks were identified in
(Endo)-CUT&RUN, (GFP)-CUT&RUN and ChIPseq, re-
spectively. All three (GFP)-CUT&RUN experiments per-
formed poorly compared to greenCUT&RUN (Supplemen-
tary Figure S4). As shown by the heatmaps of Figure 2C
greenCUT&RUN provides the most robust NFYA occu-
pancy compared to the other protocols. Previous stud-
ies showed that open chromatin regions are hypersensi-
tive to sonication-based fragmentation (38). To examine
a potential bias for open chromatin, we performed green-
CUT&RUN on naive HeLa cells lacking the expression of
any GFP-tagged protein. Coverage analysis did not show
any enrichment of reads at NFYA peaks obtained by any
genome mapping protocol (last column of Figure 2C). This
supports the conclusion that the peaks correspond to bona
fide NFYA binding events.

High resolution of NFYA binding as detected by green-
CUT&RUN

To examine the resolution of greenCUT&RUN mapping
the closest MNase cleavage site relative to the CCAAT-
box was determined from the paired-end reads and the cut
frequency was calculated (39). We examined whether this
could reveal unique footprints of transcription factor bind-
ing at single base-pair resolution. For this analysis, 629
213 putative NFY binding sites were excluded as they map
within 1000 bps of second CCAAT sequence. The ending
of each paired-end read (either 3′ or 5′) near to the ‘A’
nucleotide of NFYA consensus motif (AG[CCAAT]CGG)
was identified and used to calculate normalized cut fre-
quency. This indicated that 31 bps (13 bp at the 5′- and
17 bps at the 3′-end from centre of motif) were well pro-
tected (Figure 2D). This result is reproduced in all three
independent greenCUT&RUN replicates (Supplementary
Figure S5). Of note, fragments were generated by MNase di-
gestion and steric hindrance between MNase and the DNA-
binding factors will result in a larger DNA footprint than
the actual DNA sequence contacted by the binding factors
(see also Discussion). The end mapping result indicates that
<31 bp are protected by the NFY complex. We noted an el-
evated cut frequency at the motif centre, which is unique
to green- and (GFP)-CUT&RUN (Figure 2D and Supple-
mentary Figure S5). NFYA induces ∼80◦ bend at the DNA
binding site which exposes its centre from one side (Supple-
mentary Figure S6) (40). In the (Endo)-CUT&RUN only
one flexible hinge is present between MNase and protein A
moieties. In both green and (GFP)-CUT&RUN two flexi-
ble hinges are present in one between the GFP and the pro-
tein of interest, and one between the MNase and nanobody
or protein A moieties (6). This may allow sufficient flexibil-
ity for the MNase to reach the exposed part of the DNA
motif and cleave DNA at the centre of the motif in green-
CUT&RUN. Moreover, the MNase can access a larger se-
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Figure 2. Performance of greenCUT&RUN for NFYA compared with other genome-mapping approaches. Panel (A): Coverage was calculated separately
around all putative genomic binding sites of NFYA (1,109,981). Maximum coverage was obtained with the greenCUT&RUN and (Endo)-CUT&RUN
protocols. Panel (B) shows that greenCUT&RUN data displays high reproducibility among replicates. Values represent Pearson correlations of coverage
calculated for 10-kb bins. Panel (C): Signal intensity of genome-wide peaks in different protocols shown in the form of heatmaps. In all experiments except
ChIPseq ∼2 million reads were analyzed (details are given in Supplementary Table S1). The numbers of identified peaks are given in brackets on the left.
The highest number of peaks was identified by greenCUT&RUN. Panel (D): Normalized cut frequency of MNase around 480,768 putative binding sites
of NFYA. In both green and (Endo)-CUT&RUN, 31 nucleotides are protected from MNase digestion. Numbering is relative to the central basepair of the
recognition site, CCAAT. Grey area in the graph represents the width of motif.

quence around the binding sites due to the additional search
space generated by tagging the protein with GFP.

Sensitivity and specificity of greenCUT&RUN for NFYA

To evaluate the detection sensitivity of binding events,
NFYA peaks were compared between different protocols.
In total, 3171 peaks were uniquely identified by green-
CUT&RUN, which is the highest of all protocols (Fig-
ure 3A). However, it is possible that the protocols re-
spond differently to the stringency of the criteria used for
peak-calling (false discovery rate ≤ 0.001, fold changes

≥4 and P-value of fold change ≤1 × 10−4). For exam-
ple, a peak at chr1:206503584–206503784 was clearly de-
tected by greenCUT&RUN, but other protocols only de-
tected weak NFY binding (Figure 3B). This region contains
multiple NFY consensus sites. By setting, FDR (false dis-
covery rate) threshold at 50% and disabling filtering, the
same peak was observed with other protocols. Therefore,
we compared coverage of peaks between protocols and con-
sidered only those peaks as ‘unique’, which had a signifi-
cantly higher coverage in one protocol compared to other.
In total, 1965 (26.43%), true-positive unique peaks were
identified in greenCUT&RUN versus (Endo)-CUT&RUN.
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Figure 3. Sensitivity and accuracy of greenCUT&RUN for NFYA. Panel (A): A Venn diagram represents overlapping and unique peaks identified by the
different protocols. Of which, the maximum number of unique peaks were identified with greenCUT&RUN. Panel (B) displays coverage around peaks. Due
to the stringent criteria of the peak calling algorithm this peak was only detected in greenCUT&RUN. Panel (C): Coverage of unique peaks was compared
among protocols and real number of unique peaks is shown in the upper left corner. Panel (D): Distribution of transcription factor motifs. Outer and inner
circles represent motif distribution in total and unique peaks, respectively.

Only 37 (1.16% of total peaks), 581 (10.29%) and 295
(5.93%) peaks were unique in (GFP)-CUT&RUN, (Endo)-
CUT&RUN and ChIPseq, respectively, when compared to
greenCUT&RUN (Figure 3C). In the other two (GFP)-
CUT&RUN experiments using different GFP antibodies,
only 1.09% and 0.54% peaks were unique compared to
greenCUT&RUN (Supplementary Figure S4C). This sug-
gests that greenCUT&RUN is highly sensitive even at a cov-
erage of only ∼2.1 million reads. It is interesting to note
that >90% peaks could be captured with greenCUT&RUN
with less stringent peak definitions, while this is not ob-
served in other methods. These observations are consis-
tent with the heatmaps of Figure 2C, which indicate that
greenCUT&RUN covers >90% peaks of the other pro-
tocols. Next, the distribution of histone marks associated
with active/inactive promoter and enhancer regions around
NFYA peaks obtained in the different protocols was ex-
plored. In all cases the majority of peaks were associated
with histone marks indicative of active promoter and en-
hancer regions (Supplementary Figure S7).

Next, the distribution of the NFY motif was explored
to evaluate the specificity of protocols (Supplementary
Figure S1). In total, 6453 (86.81%), 4935 (87.6%), 2721
(85.4%) and 3631 (72.99%) peaks with motif were iden-
tified by greenCUT&RUN, (Endo)-CUT&RUN, (GFP)-
CUT&RUN and ChIPseq, respectively (Figure 3D and

Supplementary Table S3). In the other two (GFP)-
CUT&RUN experiments, ∼88% of the peaks contain
the NFY motif (Supplementary Figure S4D). Of these,
ChIPseq had significantly lower number of peaks with motif
(� 2 proportion test; P-value < 2.2 × 10−16), while green-
CUT&RUN was not significantly different from (Endo)-
or (GFP)-CUT&RUN (P-value = 0.192 and 0.056 respec-
tively). In the remaining peaks, we identified CCAAT se-
quence within 424 (5.7% of total peaks), 372 (6.6%), 227
(7.1%) and 439 (8.8%) of the peaks of greenCUT&RUN,
(Endo)-CUT&RUN, (GFP)-CUT&RUN and ChIPseq, re-
spectively. We examined cooperative DNA binding events
between NFY and other transcription factors. To in-
vestigate such binding events in peaks without NFY-
motifs, the enrichment of 414 transcription factor mo-
tifs was determined (Supplementary Table S5). The con-
sensus motif for transcription factor SP1 was signifi-
cantly enriched. SP1 motifs were present in 143 (1.9%
of the total peaks), 132 (2.3%), 80 (2.5%) and 285
(5.7%) peaks in greenCUT&RUN, (Endo)-CUT&RUN,
(GFP)-CUT&RUN and ChIPseq, respectively (Supple-
mentary Table S3). In total, 2051, 1740, 1312 and 1545
Peaks with both NFY and SP1-motifs were also found
in the green-CUT&RUN, (Endo)-CUT&RUN, (GFP)-
CUT&RUN and ChIPseq. Interestingly, by quantitative
mass spectrometry for NFYA (Figure 1F and G) we iden-
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tified SP1 as the top interacting transcription factor. Only
a minority of peaks cannot be explained by the presence
of an NFY or SP1 motif, which is the highest (12.44%)
for ChIPseq (Figure 3D). These observations suggest that
SP1 can mediate NFY binding at genomic locations lack-
ing the NFY binding sequence. The ENCODE consortium
generated ChIPseq datasets for NFYA and for SP1 in the
HepG2 cell line (Supplementary Table S1). We examined
these datasets for NFYA binding events at regions lack-
ing CCAAT consensus motifs. Out of these 143 peaks de-
tected by greenCUT&RUN, ninety NFYA peaks were also
detected by NFYA ChIPseq in HepG2 and 82 of these over-
lap with the SP1 peaks (Supplementary Figure S8). This
provides independent evidence for NFY piggy-backing on
SP1 to selected genomic regions.

The distribution of motifs in unique peaks can be a good
indicator for specificity. Therefore, we also explored the
NFY consensus sequences and SP1 motif in the unique
peaks of the different NFY mapping approaches. In com-
parison to greenCUT&RUN (1507: 76.69%), NFYA mo-
tif distribution in (Endo)-CUT&RUN (446: 76.76%) was
not significantly different (P-value ∼1), while in (GFP)-
CUT&RUN (20: 54.05%) and ChIPseq (64: 22.69%) was
significantly lower (� 2 proportion test; P-value = 2.596
× 10−3 and <2.2 × 10−16). In (Endo)-CUT&RUN, the
proportion of SP1 motif containing unique peaks (6.19%)
was higher compared to greenCUT&RUN (3.36%) and
ChIP (6.10%). The highest proportion of SP1 motif con-
taining peaks (8.1%) was observed in (GFP)-CUT&RUN.
Moreover, ChIPseq had the highest proportion of unex-
plained peaks (161: 54.58%) (Figure 3D and Supplemen-
tary Table S3). This suggests that greenCUT&RUN is as
specific as (Endo)-CUT&RUN and that it is more spe-
cific compared to (GFP)-CUT&RUN and ChIPseq. Of
note, we did not observe any spurious signal due to the
overexpression of GFP-tagged NFYA (Figure 1F) in both
green and (GFP)-CUT&RUN, which is consistent with the
observation that NFY only binds to DNA as a trimeric
complex (34,35).

Genome-wide profiling of DNA sequence specific transcrip-
tion factor FOS

The performance of greenCUT&RUN was further evalu-
ated for the FOS protein, which forms DNA binding com-
plexes with JUN and ATF family members (41,42). In total,
∼4 million reads of greenCUT&RUN were used to com-
pare with ∼6 and 25–30 million reads of ChIPseq (FOS)
and ChIPseq (Jun), respectively (Supplementary Table S1).
Initially, 856,556 putative AP1 binding sites were identi-
fied in the whole human genome and coverage was com-
puted around the centre of motif (underlined in this se-
quence: NDA[TGASTCA]YN). Higher coverage was ob-
tained with greenCUT&RUN protocol in comparison to
ChIPseq (without and with duplicate reads) (Figure 4A and
Supplementary Figure S9, respectively).

As noticed for NFYA, the reproducibility for FOS is
higher for the greenCUT&RUN protocol (Pearson corre-
lation coefficient ∼1) compared to ChIPseq (Pearson cor-
relation coefficient = 0.86) (Figure 4B). This is also illus-

trated in Supplementary Supplementary Figure S10, which
shows unique peaks identified by greenCUT&RUN in both
replicates. In total, two-fold more peaks were identified in
greenCUT&RUN (39,971) compared to ChIPseq (19,881)
(Figure 4C). GreenCUT&RUN provides robust occupancy
maps of FOS transcription factor compared to ChIPseq as
indicated by the heatmaps (Figure 4C). Similar to NFYA,
a biased enrichment of reads to open chromatin region was
not observed as shown by the HeLa control (Figure 4C).

Next, we explored the FOS specific MNase footprint
around the AP1 motif. To exclude interference by MNase
bound to near-by AP1 sites, 397 387 motifs were removed,
which were present within 1000 bp of each other. After map-
ping end of the reads and computing cut frequency, we ob-
served that 17bps (8 bp at both 5′- and 3′-end from the motif
centre) are protected by the FOS-complex, which is similar
for both replicates (Figure 4D). In comparison to NFYA,
MNase digestion at FOS binding sites generated a symmet-
rical pattern of protection, which is reminiscent of the sym-
metrical nature of AP1 binding sites.

Sensitivity and specificity of greenCUT&RUN: FOS

The sensitivity of greenCUT&RUN for FOS was evalu-
ated in terms of unique peaks. In total, 26 729 (66.9%)
unique peaks were identified by greenCUT&RUN com-
pared to 6552 (33%) in ChIPseq (Figure 5A). As predicted
previously, 9020 and 3122 unique peaks were not signif-
icantly different between protocols. Due to the stringent
definition these peaks were not called in any of the proto-
cols (Figure 5B). By comparing coverage, higher percent-
age (17 709: 44.31%) of real unique peaks were identified
in greenCUT&RUN compared to ChIPseq (3430: 17.25%)
(Figure 5B) suggesting that greenCUT&RUN is highly
sensitive.

To evaluate specificity, the distribution of AP1 motifs was
explored. Similar to NFYA we examined whether peaks
lacking the AP1 motif can be explained by cooperative
binding events between FOS and other transcription fac-
tors. Quantitative mass spectrometry revealed known inter-
actors of the JUN family (JUN, JUNB and JUND) and of
the ATF family (ATF1 and ATF7) (Figure 5C and D). Of
all peaks 35 556 (88.95%) contained the AP1 motif and were
identified in greenCUT&RUN, which is significantly higher
(� 2 proportion test; P-value <2.2 × 10−16) compared to
ChIPseq (15 506: 77.87%) (Figure 5E and Supplementary
Table S4). In the remaining peaks, 865 and 519 peaks with
TGANTCA sequence were identified, which represented
2.16% and 2.61% of the total. To further investigate binding
events in the remaining peaks enrichment of 414 transcrip-
tion factors motifs was computed, which showed enrich-
ment of ATF7 motifs in a significant proportion (Supple-
mentary Table S6). ATF7 motifs were observed in 802 (2%)
and 603 (3.03%) peaks of greenCUT&RUN and ChIPseq,
respectively. In the remaining peaks (2748 and 3278) we ob-
served the ATF [TGANNTCA] consensus sequence in 292
(0.73%) and 343 (1.73%) peaks. In total, 14.76% of ChIPseq
peaks did not contain AP1 or ATF motifs, which was sig-
nificantly higher (� 2 proportion test; P-value <2.2 × 10−16)
compared to greenCUT&RUN (Supplementary Table S4).
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Figure 4. Performance of greenCUT&RUN for FOS. Panel (A): Coverage centered around the 856,556 putative AP1 binding sites. Panel (B): Repro-
ducibility of biological replicates of greenCUT&RUN as determined by Pearson correlation coefficients. Panel (C): Signal intensity of genome-wide peaks
in different protocols shown by heatmap. Panel (D): Normalized cut frequency of MNase around 459,169 putative AP1 binding sites. In total, 17 nucleotides
are protected from MNase digestion. Gray area in the graph represents the width of motif.

Comparison of FOS binding events with histone modifica-
tions indicated that majority of the peaks were associated
with histone marks of active promoter and enhancer regions
(Supplementary Figure S11).

We also explored the FOS-motif, TGANTCA-sequence,
ATF7-motif and TGANNTCA-sequence in the unique
peaks. In comparison to ChIPseq (1233: 35.94%), these
peaks obtained by the greenCUT&RUN (16 137: 91.12%)
protocol had a significantly higher proportion (� 2 test; P-
value <2.2 × 10−16) of AP1 motifs. Similar to NFYA,
ChIPseq for FOS displays the highest proportion of unex-
plained peaks (1619: 47.2%) (Figure 5E and Supplementary
Table S4).

Genome-wide profiling of the basal transcription factor TBP

To complement the analysis of greenCUT&RUN with com-
ponents of the basal transcription machinery for RNA
polymerase II (pol II), HeLa cells expressing GFP-tagged
TBP were analyzed. The DNA-library preparation protocol
was modified to include shorter fragments and a nonspecific
IgG-based control for (Endo)-CUT&RUN was generated.
To evaluate the performance of greenCUT&RUN for TBP,
the coverage was computed around 89,069 open chromatin
regions, identified earlier in HeLa cells by ATAC-seq (25).
In total, ∼4.0 million reads of greenCUT&RUN and of
(Endo)-CUT&RUN were compared against ∼12.5 million
reads of ChIPseq. We observed that both greenCUT&RUN
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Figure 5. Sensitivity of greenCUT&RUN for FOS. Panel (A): A Venn diagram representing overlapping and unique peaks identified by the different
protocols. Panel (B): Real number of unique peaks are shown in upper right part. Panel (C): Known and unique interactors of FOS were identified
using quantitative mass spectrometry. Interestingly, ATF2/7 was identified, which binds to the TGANNTCA motif as a heterodimer with FOS. Panel (D)
represents the stoichiometry of top 20 proteins relative to FOS. Panel (E): Distribution of transcription factor motifs. Outer and inner circle represents
motif distribution in total and unique peaks, respectively. A large proportion of unique ChIPseq peaks were without AP1 or ATF consensus motifs.

and (Endo)-CUT&RUN performed equally well but better
than ChIPseq (Figure 6A). In the controls peaks were de-
tected in the open chromatin region both by ChIPseq and
(Endo)-CUT&RUN, but not by greenCUT&RUN (Figure
6A). A high reproducibility was observed between green-
CUT&RUN replicates (Figure 6B).

For TBP, 21 108, 16 165 and 16 943 peaks were identified
by greenCUT&RUN, (Endo)-CUT&RUN and ChIPseq,
respectively (Figure 6C). Examples of peaks unique to a
specific protocol are shown as browser tracks in Supple-
mentary Supplementary Figure S12. Analysis of heatmaps
indicate that greenCUT&RUN provides the most robust
occupancy of TBP compared to other protocols (Figure
6C). We observed similar coverage around transcription
start sites (TSSs) for both greenCUT&RUN and (Endo)-
CUT&RUN. in contrast, a lower coverage was observed
by ChIPseq (Figure 6D). In the case of NFYA and FOS,
the maximum number of binding events can be explained
on basis of its respective DNA motifs, but this is difficult
for TBP as only small fraction of TBP binding to pol II
promoters can be explained by the TATA-box (43). Other
factors e.g. H3K4me3 have been involved in the recruit-
ment of transcriptional initiation complexes specifically for
TATA-less promoters (44). It has been reported that eRNA
expressing enhancers are also enriched for TBP and the

basal transcription factors characteristic of cognate pol II
promoters (45). Moreover, TBP can also binds to cryp-
tic promoter sites (46). Therefore, we used multiple factors
to examine TBP binding events including enhancers and
promoters marked by H3K27ac, active promoters marked
by H3K4me3, open chromatin regions, TATA-box and re-
gions where active transcription occurring (POLR2A and
GROseq peaks) in HeLa cells. The logo of TATA-box used
is given in Supplementary Figure S13. Of the 67,008 TSSs,
this TATA-box was present in 15,978 (23.85%) as reported
earlier (47). Using all these factors, we found that 20 110
(95.27%), 15 324 (94.24%) and 16 786 (99.07%) peaks from
greenCUT&RUN, (Endo)-CUT&RUN and ChIPseq, re-
spectively, can be explained (Figure 6E).

Sensitivity and specificity of greenCUT&RUN: TBP

To explore the sensitivity of greenCUT&RUN to identify
TBP binding events, peaks were compared to the other
protocols. In total, 9486 (44.9%), 5450 (33.7%) and 8679
(51.12%) unique peaks were identified in greenCUT&RUN,
(Endo)-CUT&RUN and ChIPseq, respectively (Figure
7A). Of the unique peaks observed in greenCUT&RUN
versus (Endo)-CUT&RUN and greenCUT&RUN versus
ChIPseq respectively, we identified 2814 (13.3% of the total)
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Figure 6. Performance of greenCUT&RUN for TBP. Panel (A): Coverage around open chromatin region (ATAC-peaks of HeLa) for each protocol.
Peaks are observed around open chromatin region in IgG-based control of ChIPseq and (Endo)-CUT&RUN compared to the no Ca2+ control of green-
CUT&RUN. Panel (B) shows that greenCUT&RUN data displays high reproducibility among replicates, compared to ChIPseq. Values represent Pearson
correlation of coverage calculated for 10 kb bins. Panel (C): Signal intensity of genome-wide peaks in different protocols shown by heatmaps. In total,
∼25% more peaks were identified in greenCUT&RUN compared to ChIPseq. Replicate 2 (R2) of ChIPseq displays similar intensity compared to R1 (data
not shown) and it is excluded. Panel (D): Metagene plot of TBP for all three techniques. Panel (E) displays TBP peaks overlapping with active promot-
ers (H3K4me3) and promoters/enhancers (H3K27ac), open chromatin regions (ATAC), TATA-box and transcriptionally active regions (POLR2A and
GROseq). On the right side, a staircase plot represents the number of factors overlapping with peaks.

and 10 987 (52.05%) as truly unique peaks (Figure 7B). On
the other hand, only 3004 (18.58%) and 1968 (11.62%) truly
unique peaks were identified in (Endo)-CUT&RUN versus
greenCUT&RUN and ChIPseq versus greenCUT&RUN.
This indicates that greenCUT&RUN is more sensitive for
TBP than ChIPseq and similar to (Endo)-CUT&RUN. It
is interesting to note that almost all ChIPseq peaks can be
captured with greenCUT&RUN using a less stringent peak

definition, while this is not observed for ChIPseq. This con-
clusion is also evident from the heatmap (Figure 6C). By an-
alyzing the unique peaks similarly to Figure 6E, we found
2602 (92.47%), 10 003 (91.04%), 2675 (89.05%) and 1919
(97.51%) in respectively greenCUT&RUN versus (Endo)-
CUT&RUN, greenCUT&RUN versus ChIPseq, Endo)-
CUT&RUN versus greenCUT&RUN and ChIPseq versus
greenCUT&RUN can be explained (Figure 7C).
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Figure 7. Sensitivity of greenCUT&RUN for TBP. Panel (A): A Venn diagram representing overlapping and unique peaks. Panel (B): The real number
of unique peaks is shown. Panel (C): Real unique TBP peaks overlapping with active promoter (H3K4me3) and enhancers (H3K27ac), open chromatin
regions (ATAC), TATA-box and transcriptionally active regions (POLR2A and GROseq). On the right side, a staircase plot represents the number of
factors overlapping with peaks.

DISCUSSION

ChIPseq has been the standard technique to profile tran-
scription factors and histone modification in a genome-
wide manner. Recently, ‘CUT&RUN’ was developed, which
does not rely on crosslinking and requires only ∼10% of
the reads compared to ChIPseq (6). Both ChIPseq and
CUT&RUN protocols depend on antibodies of high speci-
ficity and high affinity, which are not available for each pro-
tein in each organism. We designed ‘greenCUT&RUN’ to
address this issue. The protocol starts by tagging the protein
of interest with GFP and uses a GFP nanobody-MNase fu-
sion protein to profile genome-wide binding events. Since
the nanobody targets GFP, greenCUT&RUN eliminates
the dependency on high quality antibodies. It is impor-
tant to note that formaldehyde crosslinking required for
ChIPseq obstructs GFP recognition by camelids nanobod-
ies (unpublished observations). By quantitative mass spec-
trometry we showed that GFP-tagging did not interfere in
the formation of active transcription complexes of the pro-
teins tested.

GreenCUT&RUN reduces handling time and technical
variations as steps involving binding of antibody and of
protA-MNase are combined in one step. The performance
of greenCUT&RUN was evaluated with three transcription

factors: NFYA, FOS and TBP. In all cases the maximum
number of peaks was identified with greenCUT&RUN.
The accuracy of peak detection was indicated by presence
of known consensus motifs. Analysis of genomic cover-
age indicates that greenCUT&RUN covers ∼90% of peaks
obtained in other protocols, whilst this is not true with
other protocols. Many techniques are biased towards chro-
matin accessibility and generate more reads in open chro-
matin regions (48). We tested this by performing green-
CUT&RUN on cells lacking GFP-tagged proteins, which
indicated that the nanobody-MNase has no preference for
open chromatin by itself. A small proportion of the NFYA
peaks determined by greenCUT&RUN lacks NFY con-
sensus motifs. By integrating greenCUT&RUN with affin-
ity purification mass spectrometry we identified ‘piggy-
back’ binding events of NFYA via SP1 binding to DNA.
Previous studies already showed that NFY complex can
physically interact with SP1 (36,37). Our experiments in-
dicate that SP1 can bring NFYA to promoter/enhancer
sequences lacking a CCAAT-box, which was confirmed
by examining ENCODE ChIPseq datasets. FOS interacts
with both JUN and ATF family members, which results
in the binding to TGANTCA and TGANNTCA, respec-
tively. GreenCUT&RUN identified FOS binding events on
both the AP1 (TGANTCA) and ATF (TGANNTCA) con-
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sensus motifs. A large proportion of unique peaks iden-
tified in ChIPseq lack the consensus motif for the tran-
scription factor in question. These unique peaks are not
replicated by other techniques, which indicate that these
peaks are false-positives having originated from spurious
cross-linking or antibody cross-reactivity. In both green
and (Endo)-CUT&RUN a small proportion of TBP peaks
only coincide with the TATA-box and they do not carry
other promoter or enhancer characteristics. Interestingly,
18 of such peaks from greenCUT&RUN but not from the
other datasets overlap with pol III-transcribed genes (data
not shown). The other peaks in the subsets of both green
and (Endo)-CUT&RUN peaks may represent cryptic pol II
promoters (49–51). This would imply that both green and
(Endo)-CUT&RUN are sensitive enough to capture such
TBP binding events. Further experiments including TBP
mutants and BTAF1 and NC2 complex genome-profiling
would be required to elucidate whether these peaks indeed
represent TBP binding to cryptic pol II promoters.

The unique design of greenCUT&RUN grants more
flexibility to MNase and increases its DNA accessibility
around genomic binding sites. In both greenCUT&RUN
and (GFP)-CUT&RUN two flexible hinges are present, one
between GFP and the protein of interest and other one in
between the nanobody and MNase, while CUT&RUN has
only a single flexible linker between protA/G and MNase.
This might explain detection of the MNase hypersensitive
site within the CCAAT-box by greenCUT&RUN method.
The NFY complex introduces an 80◦ bend in the DNA, ex-
posing center of the CCAAT-box from one side of the DNA
(40). Asymmetrical MNase peaks in cut frequency around
the CCAAT-box were obtained for NFYA (Figure 2C),
while for FOS symmetrical peaks were observed around the
TGANTCA consensus motif (Figure 4C). This is consistent
with the crystallographic structures for the NFY-DNA and
FOS/JUN-DNA complexes. In case of TBP no peaks in cut
frequency around TSS (transcription start site)-associated
TATA boxes were observed (data not shown), which may
be an indication of multiple promoter binding modes of
TBP. To explain the apparent protection from MNase diges-
tion around the CCAAT and TGANTCA/TGANNTCA
binding sites for NFYA and FOS, we applied a protein-
DNA docking approach to probe the DNA accessibil-
ity using the crystallographic structures of NFY-DNA,
FOS/JUN-DNA and MNase bound to a dinucleotide as
starting point. The docking was performed with HADD
OCK2.4 (32) using a single ambiguous distance restraint
between the active site residue of MNase and any phos-
phate on the DNA. The DNA in both complexes was ex-
tended on both ends to allow for broader sampling by the
MNase. Only a repulsive energy potential was used to pre-
vent steric clashes. In the analysis of resulting 100,000 rigid-
body docking models, only MNase accessible sites from
the 5′-end were considered (Supplementary Figures S6 and
S14). Docking of MNase unto the FOS/JUN-DNA struc-
ture revealed nuclease access to the eighth nucleotide rela-
tive to the center of binding. Bouallaga et al. (52) identi-
fied that 19 nucleotides including the AP1 site are protected
by an AP1 transcription factor from DNase-I digestion.
This study involved the JUNB/FRA2 heterodimer and the
non-canonical TtAGTCA DNA motif. Both MNase dock-

ing, DNaseI footprinting and the crystallographic struc-
tures are consistent with the cut frequency results for FOS,
which stress the high resolution of the greenCUT&RUN ap-
proach. In case of the NFY–DNA complex the hypersensi-
tive site at the center of the CCAAT sequence observed was
not observed by docking. This may relate to DNA bending,
which is not considered in our MNase docking approach.
The MNase docking results for the NFY-DNA complexes
indicate a protection of 6–9 bases around the CCAAT se-
quence, while cut frequencies indicated a protection of 13
bases upstream and 17 bases downstream of CCAAT (Fig-
ure 2D). This may indicate that parts of the NFY com-
plex, which are not in the crystallized form of NFY, may be
shielding flanking DNA from MNase digestion. Unfortu-
nately, it is not clear whether the MNase approaches DNA
from minor or major grooves or how MNase digestion is
influenced by the DNA curvatures, but it has a preference
for A/T-rich DNA. Indeed, we observe this preference in all
CUT&RUN-based data (Supplementary Figure S15).

Taken together, our results indicate that a very good per-
formance, sensitivity and specificity can be achieved for
genome mapping of any protein using greenCUT&RUN.
The greenCUT&RUN protocol overcomes major hur-
dles of existing methods like ChIPseq and standard
CUT&RUN, which require highly specific and sensitive an-
tibodies against the protein of interest. GreenCUT&RUN is
less time consuming and easy to process in standard molec-
ular biology laboratories allowing broad applications. Like
CUT&RUN the experimental protocol does not involve
crosslinking of protein or sonication steps, which avoids
common shortcomings of ChIPseq like epitope masking,
preferences for open chromatin and high percentages of
false-positive peaks. Similar to CUT&RUN robust and
reproducible genomic profiles, which are accurate as de-
fined by the presence of known consensus motifs, unbiased
towards open chromatin regions and obtained by green-
CUT&RUN at low read numbers (2–4 million). While we
tested transcription factors directly binding to DNA, we ex-
pect that greenCUT&RUN would also be applicable to ge-
nomic profiling of (subunits of) large transcription and/or
chromatin remodeling complexes. However, distance and
accessibility to DNA of the tethered MNase moiety could
affect efficient mapping in specific cases.

The GFP nanobody used in greenCUT&RUN has been
also utilized in quantitative mass spectrometry, which pro-
vides an integrated platform for both genomic and pro-
teomic profiling of target proteins. As such we identified
‘piggy-back’ DNA binding events. The greenCUT&RUN
protocol provides high resolution DNA footprinting com-
pared to other protocols, which may be due to more flex-
ibility and accessibility of MNase around binding sites. It
is important to note that greenCUT&RUN also provides
a platform for the rapid analysis of transcription factor
mutants. Moreover, large collections of GFP-tagged genes,
both N-terminal and C-terminal, have been constructed
in bacterial artificial chromosomes (53) and have been
used to generate transgenic human HeLa or mouse embry-
onic stem cell lines (53). In conclusion, greenCUT&RUN
is a widely applicable genome mapping technique with
the opportunity for combination with quantitative mass
spectrometry.
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DATA AVAILABILITY

All NGS data have been deposited to Sequence Read
Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) under
the accession number SRP278136 (Bioproject-ID: PR-
JNA658159) and mass spectrometry data have been de-
posited to the ProteomeXchange Consortium via the
PRIDE partner repository under the dataset identifier
PXD021089.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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