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Abstract

Defining the in vivo DNA binding specificity of transcription factors (TFs) has relied nearly exclusively on chromatin immunoprecipitation (ChIP).
While ChIP reveals TF binding patterns, its resolution is low. Higher resolution methods employing nucleases such as ChIP-exo, chromatin
endogenous cleavage (ChEC-seq) and CUT&RUN resolve both TF occupancy and binding site protection. ChEC-seq, in which an endogenous
TF is fused to micrococcal nuclease, requires neither fixation nor antibodies. However, the specificity of DNA cleavage during ChEC has been
suggested to be lower than the specificity of the peaks identified by ChIP or ChIP-exo, perhaps reflecting non-specific binding of transcription
factors to DNA. We have simplified the ChEC-seq protocol to minimize nuclease digestion while increasing the yield of cleaved DNA. ChEC-
seq2 cleavage patterns were highly reproducible between replicates and with published ChEC-seq data. Combined with DoubleChEC, a new
bioinformatic pipeline that removes non-specific cleavage sites, ChEC-seq2 identified high-confidence cleavage sites for three different yeast
TFs that are strongly enriched for their known binding sites and adjacent to known target genes.

Introduction

Chromatin immunoprecipitation is a powerful and widely
used method that captures i vivo protein-DNA interac-
tions through formaldehyde fixation and immunoprecipita-
tion (1,2). When combined with next generation sequencing
(i.e. ChIP-seq), this method provides an unbiased approach
to identifying sites genome-wide and, in the case of sequence-
specific DNA binding proteins, to define their specificity (3).
However, the resolution of ChIP-seq is limited by the length
of the isolated DNA fragments - typically hundreds of base
pairs long and much longer than the size of transcription fac-
tor binding sites. An alternative approach, ChIP-exo, whereby
formaldehyde crosslinked chromatin is digested with exonu-
cleases to reveal protected regions, provides much higher res-
olution (4). Likewise, the CUT&RUN method, whereby Pro-
tein A is fused to micrococcal nuclease (MNase) and chro-
matin from purified nuclei is treated with a primary antibody
against the factor of interest and Protein A-MNase to digest
nearby DNA, followed by immunoprecipitation, greatly im-
proves the resolution of ChIP-seq (5). However, these latter
methods are technically challenging, produce small amounts
of material and are dependent on formaldehyde fixation and
antibody quality.

An alternative method to map protein-DNA interactions in
vivo is Chromatin Endogenous Cleavage (ChEC; (6,7)), which
utilizes micrococcal nuclease (MNase) fused to the protein
of interest. MNase activity is maximal at 10 mM Ca?*, far
greater than the ~150 nM concentration found in the nu-
cleus of budding yeast (8), so cells can tolerate the expres-
sion of MNase fusion proteins. However, upon permeabiliza-
tion of cells in the presence of millimolar calcium, MNase

rapidly cleaves DNA nearby (7). This method was adapted
for next generation sequencing (ChEC-seq; (6)) by isolating
small DNA fragments through negative selection with AM-
Pure Beads, repairing DNA ends, and ligation of Illumina
TruSeq adapters for sequencing (Figure 1A). Small DNA frag-
ments arise from DNA that was cleaved at two adjacent sites,
which are enriched for the binding site of the protein of in-
terest (6). However, these small DNA fragments are low in
abundance and therefore difficult to reproducibly purify, and
their abundance is strongly influenced by the number of bind-
ing sites and the concentration of the protein of interest. Pro-
teins that sparsely interact with the genome yield relatively
few small DNA fragments, making ChEC-seq less feasible.
Extending the cleavage time seems to increase non-specific
cleavage rather than increasing the yield of specifically cleaved
fragments (6,9).

To address this issue, we have developed ChEC-seq2, which
accepts all of the digested genomic DNA as input, marks free
ends through the ligation of a custom adapter, followed by
Tn5 transposase-mediated library construction (Figure 1A).
Library amplification with Nextera index primers amplifies
DNA fragments flanked by heterologous adapters, and the fi-
nal product is a DNA library compatible with Illumina se-
quencing. This method generates a much higher yield of DNA,
minimizing the amplification needed to generate the library.
This is particularly true for transcription factors that bind
fewer sites. The cleavage patterns are highly reproducible and
agree well with data from the original ChEC-seq method.

A significant concern with ChEC-seq is the specificity of the
cleavage pattern. ChEC-seq with transcription factors (TFs)
identifies cleavage both at specific sites with recognizable
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Figure 1. An improved method for chromatin endogenous cleavage (ChEC-seqg2). (A) Schematic of modifications of ChEC-seq method. Left: a
DNA-bound protein fused with micrococcal nuclease (MNase; pink). Upon permeabilization of the cells and addition of calcium, MNase cleaves adjacent
DNA. Right: whereas the original method requires size-selection of small quantities of small fragments that have been cleaved twice, the current work
uses mild digestion to generate large, cleaved fragments (Supplementary Figure 1). These large fragments are repaired and ligated to Read adapter 1
(green). Treatment with Tn5 transposase loaded with Read adapter 2 (red) results in small fragments that are amplified for single-end sequencing from
adapter 1. (B) CPM-normalized read coverage from ChEC-seq experiments with Gen4, Ino2, Rap1, soluble MNase (sMNase), and no MNase over S.
cerevisiae Chromosome 1. The average of 3-biological replicates is shown. For ChEC-seq data, mapped reads were trimmed to the first base pair
adjacent to the cleaved DNA. Published Rap1 ChEC-seq and Rap1 ChlIP-seq datasets are included for comparison in the bottom two panels. (C)
Representative targets of each transcription factor displayed as in (B) with soluble MNase (grey) for comparison, along with Rap1 ChIP-seq data (bottom
panel).
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motifs as well as many more non-specific sites (6), although
cleavage of specific sites was observed preferentially at shorter
cleavage times. This was interpreted to represent cleavage by
both specifically bound TFs and non-specifically scanning TFs,
although that conclusion has been challenged (10). Further-
more, non-specific cleavage of unprotected DNA is a source
of background that must be accounted for to interpret ChEC
data (11). We have developed a bioinformatic filtering ap-
proach called DoubleChEC that identifies high-confidence tar-
gets based on (i) the enrichment of cleavage compared with a
negative control that evaluates chromatin accessibility (similar
to previous work; (9,12-14), (ii) the structure of the cleavage
pattern and (iii) the protection of the binding site. This filter-
ing produces very robust identification of TF binding motifs
and target genes and is not affected by the abundance or type
of transcription factor. ChEC-seq2 with three different TFs
identified known binding sites and target genes and agrees
well with published ChIP-seq and ChIP-exo datasets. This
method and bioinformatic pipeline provide a simple and ro-
bust method for mapping protein—-DNA interactions iz vivo.

Materials and methods

Yeast strains

All yeast strains were derived from BY4741 and are listed in
Supplementary Table 2. A C-terminal MNase fusion was in-
troduced to the protein of interest through transformation and
homologous recombination of PCR-amplified DNA. Primers
were designed with 50-bp of homology to the 3’ end of the
coding sequence of interest. The 3x FLAG-MNase with a
Kan® marker was amplified from pGZ108 (6) and trans-
formed into BY4741 as previously described. Successful trans-
formation was confirmed by immunoblotting and PCR, fol-
lowed by sequencing.

Lyophilized DNA oligonucleotides were resuspended
in molecular-grade water to a concentration of 100
uM. For ligation, the following pair of oligonucleotides
were annealed to produce the Y-adapter: TnSME-A (5'-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3')
and Y-Adapt-i5 R (5-CTGTCTCTTATACACATCTTCAT
AGTAATCATC-3'). For Tn5 Tagmentation, the following
i7 oligonucleotides were annealed: TnSME-B (5'-GTCTC
GTGGGCTCGGAGATGTGTATAAGAGACAG-3') and
TnSMErev, (5'-PO4-CTGTCTCTTATACACATCT-3'). Pairs
of oligonucleotides were annealed as follows: 45 pl of each
oligo (100 uM) was combined with 10 ul of 1 M potassium
acetate, 300 mM HEPES, pH 7.5 in a 0.2 ml PCR tube. In
a thermocycler, the mixture was heated to 95°C for 4 min,
cooled 1°C/min until 50°C, incubated at 50°C for 5 min, and
then cooled 1°C/minute until 4°C. Hybridized oligos were
stored in 15 pl aliquots at =20°C.

Tnb purification and adapter loading

TnS5 E54K L372P was purified as previously described (15).
We found that Tn5 was sufficiently pure following purifica-
tion on Ni?*-chromatography and we therefore omitted the
final gel filtration step. Purified Tn5 was aliquoted and stored
at —80°C. Optimal Tn5 activity was determined by cleaving
genomic DNA and assessing fragmentation using the Femto
Pulse (Figure S2d) and resulting DNA libraries were confirmed
to be of appropriate length for Illumina Sequencing by TapeS-
tation (Figure S2e).

Tn35 was thawed on ice and 100 pl TnS was added to 10
uli7 (45 uM) in a 1.7 ml tube and mixed by gently pipetting.
The mixture was incubated at 23°C, mixing at 350 rpm for
45 min. Adapter-loaded Tn5 was stored at —20°C and used
within 24 h.

Chromatin endogenous cleavage and library
preparation

Chromatin cleavage, DNA purification, end-repair, ligation,
Tagmentation and library amplification was performed as
described in the detailed protocol in the Supplementary
Materials. Libraries were sequenced on an Illumina Hiseq and
the Northwestern NUSeq core facility using the 50-bp, single-
end option.

Bioinformatic analysis

Quality control, trimming and mapping

Read quality and sequencer performance was evaluated with
FASTQC. Reads were adapter and quality trimmed with Trim-
momatic (16) using single-end settings. Bases at either end of
a read were trimmed if base-call quality was <30, and only
reads of length >25 bp were retained. Trimmed reads were
mapped to the Saccharomyces cerevisiae genome (17), ver-
sion R64-4-1 with Bowtie2 (18) and mapped reads with a
MAPQ <10 were removed with Samtools (19).

DoubleChEC identification of high-confidence TF binding
sites

For peak calling analysis, BAM files for three or more bio-
logical replicates of the TF-MNase and soluble MNase were
read and trimmed to the first base pair. Unnormalized counts
and normalized counts per million (CPMn) were tallied for
each base pair in the yeast genome and the average CPMn val-
ues among replicates were calculated for each position. Next,
mean CPMn values were smoothed using a sliding window
of 3 and a step size of 2. Windows with CPMn values less
than three times the genome average were filtered out. Af-
ter this filtering, local maxima (windows with values greater
than their immediate neighbors) were identified. Unnormal-
ized reads were smoothed, retaining positions that were iden-
tified as local maxima, and inputted them in DESeq2 (version
1.36.0) to identify windows with values significantly higher
than those in the soluble MNase control. Only TF-MNase
peaks with a greater log,-fold change of 1.7 and an adjusted
P-value <0.0001 over soluble MNase were retained. Finally,
the peaks were filtered again to identify doublet peaks that
are between 15 and 50 bp apart, which were merged to single
peaks.

Gene Ontology term analysis

A list of genes whose 700 bp upstream regions overlap with
peaks identified by the peak finder was input to enrichGO (20)
to generate GO term plots based on biological functions. The
10 most significant GO terms with adjusted P-values <0.05
were plotted.

MEME analyses

The MEME Suite (version 5.5.1) was installed onto the local
computer and two custom wrapper functions were written in
R for the local bed2fasta and meme programs. These func-
tions were then used to convert bed files, generated from peak
calling, into FASTA files. These FASTA files were subsequently
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to generate motif logos. Both bed2fasta and meme programs
were run using their default parameter values.

Results

A detailed ChEC-seq2 protocol is provided as a
Supplementary file. Partial MNase digestion was opti-
mized for each fusion protein to produce large fragments (>3
kb; mean size ~15 kb; Figures S2a—c). DNA was purified
from cells, cleaved ends were repaired and ligated to an
P5-compatible Y-adapter (containing the Read 1 adapter
sequence; Figure 1A). Repaired DNA fragments were then
fragmented with recombinant Tn5 transposase (15) loaded
with Read 2 adapter (i.e. “Tagmented’, Figure 1A). As with
Tagmentation in Nextera Library Preparation, this yielded
a mixture of small DNA fragments flanked by adapter se-
quences (<1 kb; Figure S2d). DNA fragments bearing both
Read 1 and Read 2 adapter regions were enriched by 15
cycles of PCR amplification using Nextera XT primers. The
indexed libraries were pooled and sequenced using Illumina
HiSeq 4000 single-end 50 bp reads. The reads are from the
Read 1 direction, which represents the bases adjacent to the
cleavage site.

ChEC-seq2 is highly reproducible and recapitulates
the patterns produced by ChEC-seq

To evaluate ChEC-seq2, we fused MNase to three well-
characterized budding yeast transcription factors, Rapl,
Gen4, and Ino2 at their endogenous loci. Rap1, Gen4 and
Ino2 represent a good test of the robustness of ChEC-seq2
because they bind to distinct, well-defined sequences (https:
/ljaspar.elixir.no/; Figure S1; (21)) and have well-understood
biological functions. Furthermore, they differ in abundance
(Rapl ~4400 molecules per cell; Gen4 <100 molecules per
cell; Ino2 ~784 molecules per cell (22)); and regulate differ-
ent numbers of target genes (Rap1, 906 targets; Gen4, 1257
targets, Ino2, 86 targets; Saccharomyces Genome Database).
ChEC-seq2 was also performed with a strain expressing solu-
ble, nuclear MNase (sMNase) expressed from the CYC1 pro-
moter to control for chromatin accessibility and the sequence
bias of MNase digestion (23). Each TF cleaved at a differ-
ent rate, likely reflecting its abundance and number of DNA-
binding sites. Time points that produce clear, partial digestion
were selected for both the TFs and sMNase from cells grown
under matching conditions (Figure S2).

The first base of each sequencing read corresponds to the
genomic location adjacent to a MNase cleavage event. There-
fore, following read-mapping, genome-coverage data was cal-
culated from only the first base of each read, which facili-
tates resolution of the fine structure of the cleavage peaks
(Figure S3). Genome coverage data was then normalized to
the library size (counts per million reads, CPM) and aver-
aged from three biological replicates. The pattern of cleav-
age across chromosome I revealed patterns for each transcrip-
tion factor (Figure 1b) that were distinct from each other and
from libraries made from a strain lacking MNase (represent-
ing mechanical shearing) or expressing sMNase (Figure 1B).
Comparison to previously published Rap1 ChEC-seq data re-
vealed that ChEC-seq2 produces a highly similar cleavage
pattern (Figure 1B). A high-quality Rap1 ChIP-seq dataset
(24) showed a similar, but not identical, pattern of peaks to
the ChEC-seq or ChEC-seq2 datasets (Figure 1B). Finally, the
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peaks of cleavage from ChEC are much narrower than those
produced by ChIP-seq (Figure 1C).

DoubleChEC: a filtering approach to identify
high-confidence transcription factor binding sites

ChEC-seq and ChEC-seq2 reveal cleavage peaks of different
intensity and only a fraction of these sites are bona fide bind-
ing sites that resemble the consensus motif (6). The biological
significance of such ‘off-target’ cleavage events is unclear. They
may represent transcription factor scanning or chromatin ac-
cessibility to randomly diffusing DNA binding proteins. Re-
gardless, identifying sites with high occupancy is critical to
define the sequence specificity and biological role of DNA
binding proteins. Previous work distinguished between high
occupancy and low occupancy sites based on relative peak
height and how rapidly the peaks appeared in time course
experiments (6,9). Consistent with previous studies (9,12—
14), we reasoned that true binding sites should be associated
with peaks that are significantly larger than those produced
by soluble MNase, which controls for DNA accessibility and
MNase bias (23), and that such peaks should be found in
pairs, flanking protected binding sites. To test this hypoth-
esis, we measured the mean Rap1-MN or sMNase cleavage
patterns over putative Rap1 binding sites (2366 instances of
5’-GNNNGGGTG-3'; Figure 2A). Indeed, Rap1-MN cleav-
age frequency produced strong peaks immediately adjacent to
the binding site with a protected region of 8-10 bp over the
query sequence (Figure 2A). The cleavage frequency of sM-
Nase was generally low adjacent to these sequences but also
showed protection of the query sequence (Figure 2A). Thus,
bona fide TF binding sites should produce pairs of peaks flank-
ing a protected sequence.

To identify high-confidence binding sites, we developed
a workflow in R (https://www.r-project.org/) called Dou-
bleChEC that: (i) smoothes the ChEC cleavage frequency us-
ing a sliding window of 3 bp, step size of 2 bp, (ii) identifies all
local maxima, (iii) compares the cleavage of the protein of in-
terest to sMNase over every peak using DESeq2 (parameters:
>1.7 log,-fold change, adjusted P-value <le-4; (25)) and (iv)
identifies pairs of peaks (flowchart in Figure S4a). The opti-
mal distance between pairs of peaks was determined by plot-
ting the frequency of distances between adjacent TF peaks
for Rapl, Gen4 and Ino2. The distances between neighbor-
ing local maxima are dominated by peaks that are adjacent
to each other (i.e. the peak is in the next neighboring slid-
ing window; Figure S4b). However, for peaks that are signif-
icantly enriched over sMNase, a clear secondary maximum
between 15 and 50 bp is evident (Figure 2B). Therefore, we se-
lected pairs of peaks with local maxima between 15 and 50 bp
apart (DoubleChEC is available at Github (https:/github.
com/jasonbrickner/DoubleChEC.git) and Dryad (https://doi.
org/10.5061/dryad.c866t1gd5)).

For Rap1-MN, 178 843 local maxima were identified from
ChEC cleavage frequencies. Filtering for those that were sig-
nificantly enriched over sMNase reduced this number to 3352
peaks (Figure S4¢) and increased average peak height by ap-
proximately 10-fold (Figure 2C). Finally, selecting adjacent
peaks flanking a protected region produced 896 doublet peaks
(Figure 2C), each of which was merged into a single high-
confidence site. MEME analysis (26,27) revealed that nei-
ther the initial local maxima nor the sMNase filtered peaks
were enriched for the Rap1 binding site (Figure 2C, bottom
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Figure 2. Improved analysis pipeline to identify high-confidence binding sites from ChEC-seq?2 data.(A) Mean Rap1 ChEC-seq?2 cleavage (red) and
soluble MNase cleavage (black) over all 5-GNNNGGGTG-3’ sites in the yeast genome. The average of three biological replicates is displayed. The dashed
lines flank an 8bp protected region over the sequence. (B) Distribution of distances between adjacent peaks that were significantly enriched over
sMNase. A secondary peak between 15bp and 50bp is highlighted with the dashed box. (C) Mean cleavage by Rap1 (red) and soluble MNase (black)
over local maxima (left), peaks enriched over soluble MNase (middle) or for doublets (right). Each set of peaks (21 bp windows; overlapping peaks were
merged) or peak pairs (merged) was analyzed for motif enrichment using MEME and the most enriched motif from each set is shown below. For the
motif identified by the doublet peaks, 555 of 896 sites (62%) contained the motif. (D) High confidence sites for Gen4 and Ino2 from ChEC-seq2 data
were identified as in (B). Doublet peaks were analyzed by MEME and the top motifs for each Gen4 (top) and Ino2 (bottom) are shown. For Gen4, 430 of
627 sites (69%) contained the motif and for Ino2, 167 of 194 sites (86%) contained the motif.

panels). However, doublet peaks gave a strong enrichment for
the consensus Rap1 binding site (Figure 2C). Furthermore,
this approach identified 627 doublet peaks for Gen4 (during
histidine starvation) and 194 doublet peaks for Ino2 (dur-
ing inositol starvation) that were strongly enriched for their
respective consensus binding sites (Figure 2D). In contrast,
MEME analysis of peaks (£ 50 bp) identified from enrichment
of cleavage by Gen4-MN or Ino2-MN over sMNase alone did
not identify these sequences (Figure S4d).

To confirm that sMNase cleavage reflects non-specific
cleavage, we also mapped the cleavage of chromatin by two
chromatin-associated proteins, H2A.Z and Prp20. H2A.Z is
enriched in nucleosomes near promoters (28,29) and Prp20
is a general nucleosome binding protein (30). The pattern of
cleavage by H2A.Z and Prp20 was qualitatively very similar
to that produced by sMNase (Figure S5). Using either Prp20 or
H2A.Z as a control instead of sMNase also identified strongly
enriched motifs (Figure S5). Therefore, sMNase or chromatin-
associated proteins adequately control for non-specific cleav-
age in ChEC-seq2.

To assess the ability of DoubleChEC to identify tar-
get genes, genes with high-confidence sites identified by
ChEC-seq2 within 700 bp upstream were identified for
Rap1-MN (691 genes), Gen4-MN (487 genes) and Ino2-

MN (203 genes). Gene ontology analysis (31) of these
genes revealed that the top 10 most significantly enriched
terms for each set matched the known biological func-
tions of Rapl (regulator of ribosome biosynthesis), Gcn4
(regulator of amino acid biosynthesis) and Ino2 (regulator
of phospholipid biosynthesis). These genes were also com-
pared with TF targets reported for 133 transcription fac-
tors by the Saccharomyces Genome Database (SGD; https:/
yeastmine.yeastgenome.org/yeastmine/begin.do; downloaded
09-25-2023; Supplementary Table S1; (32). Enrichment was
assessed by Fisher’s Exact test (Bonferroni corrected P-value).
For Rap1-MN and Gcn4-MN, the overlap was most sig-
nificant with their respective target sets from SGD (Figure
3b). Furthermore, Rap1-MN ChEC-seq2 target genes were
strongly enriched for Fhll and Ifh1, transcription factors
that co-regulate Rapl targets (33). In contrast, Ino2 tar-
gets were only modestly enriched among the genes near
Ino2-MN ChEC-seq? sites (adjusted P-value = 0.03). How-
ever, the genes near Ino2-MN sites were enriched for tar-
gets of Ino4 (with which Ino2 heterodimerizes; adjusted p-
value = 3 x 1073) and Opil (to which Ino2 binds directly;
adjusted P-value = 7 x 10~%; (34,35)). This suggests that the
list of 86 targets on SGD is incomplete. Indeed, comparison
of genes near Ino2-MN sites with genes near Ino2 ChIP-exo
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Figure 3. Target gene enrichment.(A) Genes with high-confidence sites from Rap1-MN (left; 691 genes), Gend-MN (middle; 487 genes), and Ino2-MN
(right; 527) ChEC-seq2 within 700bp upstream of their start codon were analyzed for gene ontology (GO) term enrichment. The top 10 GO terms and
their adjusted p-values are shown. (B) Genes adjacent to high-confidence sites from Rap1-MN, Gen4-MN or Ino2-MN ChECseq2 were compared with
reported target genes from 133 yeast transcription factors (www.yeastgenome.org; Supplementary Table S1). The significance of the overlap was
assessed using a Fisher Exact test and the —logqo(Bonferroni-adjusted P-value) for each comparison was plotted. The dashed line represents an adjusted
P-value of 1 x 1078. The identities of the top three TFs with an adjusted P-value <1 x 1078 is shown.

peaks (36), revealed highly significant overlap (adjusted P-
value =4 x 10~%; labeled INO2* in Figure 3B). Thus, ChEC-
seq2 is an efficient and robust method for identifying TF bind-
ing sites, sequence motifs and target genes.

Unlike Rap1, the Gen4 and Ino2 TFs function conditionally.
Gcen4 protein levels are upregulated by starvation for amino
acids (37). Ino2 is regulated by a repressor protein (Opil),
which dissociates upon starvation for inositol (34,35). How-
ever, Ino2 expression is also induced by inositol starvation,
and the occupancy of Ino2 increases under activating con-
ditions (38). The ChEC cleavage over high-confidence Gen4
and Ino2 sites increased under inducing conditions, particu-
larly for Gen4 (Supplementary Figure S6). This suggests that
TF occupancy impacts the amount of cleavage detected by
ChEC-seq2.

Comparison of ChEC-seq2 with other methods

The high-confidence peaks identified for Rap1-MN by ChEC-
seq2 were first compared with the Rap1-MN peaks identi-
fied using the original ChEC-seq protocol (6). The 7260 peaks
identified from those data included nearly all of the 896 peaks
identified by ChEC-seq2 (Figure 4A). However, the Rap1 mo-
tif (Figure 3A) was not enriched in this larger set of peaks, pre-
sumably because they include many non-specific peaks. When
the data from 30 s of cleavage with Rap1-MN from Zent-
ner et al. were filtered using the sMNase data presented here,
followed by selection of doublet peaks, the non-overlapping
peaks were largely removed (Figure 4B). The filtered set of
1667 high-confidence sites included 713 peaks from ChEC-
seq2 reported here (P = 3.5 x 107132, Fisher’s Exact test)
and were strongly enriched for the Rap1l motif (Figure 4b).
Thus, ChEC-seq and ChEC-seq2 produce highly concordant
data and applying our analysis pipeline to published ChEC-
seq data identifies high-confidence sites enriched for the Rap1
sequence motif.

Finally, we compared the 896 high confidence Rap1 peak
doublets identified by ChEC-seq2 with 1253 peaks identified
by ChIP-seq (24) or 576 peaks identified by ChIP-exo (4). The
Rap1 motif is strongly enriched in all three sets of Rap1 sites
(Figure 4C), although the degree of enrichment (i.e. E-value)
was best for the ChEC-seq2 peaks (Figure 4A). Mean cleav-
age by Rap1-MN from our ChEC-seq2 data peaked over both

sites identified by ChIP-seq and sites identified by ChIP-exo
(Figure 4D). The protection over the center of these peaks was
greater for the peaks identified by ChIP-exo, suggesting that
the precision of the sites identified by ChEC and ChIP-exo is
higher than that of the peaks identified by ChIP-seq (Figure
4D). Genes near each of these sites (7 = 691 for ChEC-seq2;
n = 1070 for ChIP-seq and n = 525 for ChIP-exo0) were com-
pared for enrichment of the targets of 133 yeast TFs. All three
sets showed strong enrichment for Rap1 as well as Fhl1/Ifh1
(Figure 4E). The target genes were strongly overlapping (Fig-
ure 4F). Of the 691 Rapl targets identified by ChEC-seq2,
83% were also identified by ChIP-seq (P = 3 x 107!, Fisher’s
Exact test, Bonferroni corrected) and 54% were identified by
ChIP-exo (P = 7 x 10789),

Discussion

Here we present a modified ChEC-seq protocol and analysis
pipeline that provides excellent mapping of i1 vivo transcrip-
tion factor binding sites. Similar to ChIP-seq and ChIP-exo,
ChEC-seq?2 identified consensus sequence motifs, target genes
and biological roles for three different transcription factors in
budding yeast that have distinct protein levels, regulation and
DNA binding domains.

As an alternative to ChIP-seq or ChIP-exo, ChEC-seq2 has
several advantages. ChEC-seq2 avoids fixation, which can af-
fect chromatin solubility and may not be uniform for all bind-
ing sites. Also, ChEC-seq2 does not require antibody-based
affinity purification, greatly increasing the yield of starting ma-
terial and avoiding problems associated with variable acces-
sibility of the epitope. Like ChIP-exo, ChEC-seq2 produces
high resolution footprints of DNA binding, but unlike ChIP-
exo, cleavage occurs in permeabilized cells, rather than after
affinity purification, requires neither fixation nor antibodies
and the downstream processing is simpler.

ChEC-seq2 has a disadvantage over ChIP-seq and ChIP-
exo: non-specific cleavage of DNA at ‘off-target’ sites
throughout the genome. Such sites tend to be quite repro-
ducible, enriched in nucleosome-depleted regions upstream
and downstream of genes. Including these cleavage sites iden-
tifies a large number of non-biological sites (i.e., sites with-
out an obvious DNA motif and that are not adjacent to
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Figure 4. Comparison of ChEC-seq2 to other methods.(A) Overlap between 7260 Rap1 sites identified in Zentner et al. and 896 sites identified in the
current work. Results of MEME analysis against all 7260, all 896 or the overlapping sites are shown. (B) High confidence Rap1 sites identified from 30s
cleavage from Zentner et al. data, filtered using our peak finder (sMNase control from the current study). The top motif from the 1667 sites is shown. (C)
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plotted and the top three TFs with an adjusted P-value <1e-6 were labeled. (F) Overlap between genes adjacent to ChEC-seq?2 sites, ChIP-seq peaks

and ChIP-exo peaks.

known target genes). Selecting larger cleavage peaks or fa-
voring sites that are produced more rapidly only partially
addresses this issue (6,9). However, consistent with previous
studies (9,12-14,39), the cleavage pattern by soluble nuclear
MNase or other chromatin-associated proteins controls for
this artifact, allowing these sites to be removed. And together
with selecting pairs of peaks flanking protected DNA, ChEC-
seq2 identifies high-confidence sites enriched for consensus
motifs.

While the sites and target genes identified by ChEC and
ChIP are quite similar, some differences are apparent. The
source of these differences may be biological (i.e. differences
between strains or growth conditions) or technical (i.e. the

ability to recover a particular site by ChIP or ChEC). It seems
unlikely that variability of ChEC accounts for these differ-
ences; the agreement between ChEC replicates is very high.
But it is possible that ChEC fails to recover some sites because
of local DNA accessibility. For example, if one of the two dou-
blet peaks is very small because of adjacent nucleosomes or
DNA binding proteins, or if the mode of DNA binding by a
TF favors cleavage on one side of the binding site, it is possible
such sites will be removed during filtering by Double ChEC. In-
deed, it is possible that the expectation of doublet peaks may
not be appropriate for some transcription factors. Likewise,
it is possible that differences in fixation efficiency or epitope
availability could reduce recovery of particular sites by ChIP.
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The two techniques together seem to capture the most com-
plete set of target sites for each transcription factor.

TFs represent an excellent test case for techniques such as
ChIP and ChEC because they bind directly to well-defined
DNA sequences in enhancer regions. However, many proteins
occupy the genome less specifically. For example, co-activators
or co-repressors frequently associate indirectly with enhancers
through diverse TFs. This creates a challenge for cross-linking
based methods because the antigen is unlikely to be directly
cross-linked to DNA. ChEC-seq has been used to map such
factors (14,39,40). It seems likely that such factors will en-
hance the cleavage of nearby DNA and that the significance
of this cleavage can be assessed by comparison to sMNase. Al-
though pairs of peaks are expected, the precise nature of the
cleavage pattern, in terms of the distance between peaks and
the degree of foot-printing, may differ from TFs. Therefore, it
will be important to validate the analytical pipeline using ge-
netics to ensure that binding sites are biologically meaningful.

Data availability

Sequencing data has been deposited in the Gene Expres-
sion Omnibus at the National Center for Biotechnology
Information and can be retrieved with accession num-
ber GSE246951. The DoubleChEC peak finder R scripts
are available at Github (https://github.com/jasonbrickner/
DoubleChEC.git) and Dryad (https://doi.org/10.5061/dryad.
c866t1gds).

Supplementary data
Supplementary Data are available at NARGAB Online.
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