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Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is widely used to study the genomic localization of
DNA-associated proteins. However, conventional protocols include multiple manual steps that can introduce inconsistency
and limit scalability, thereby restricting the inclusion of appropriate replicates and controls. Although the introduction of
liquid handling platforms has improved reproducibility, most existing efforts have automated only a subset of the workflow,
and extending automation to efficiently map nonhistone proteins, such as chromatin regulators, remains challenging. Here,
we present a fully automated implementation of our previously developed single-pot ChIP-seq protocol, named spa-ChlP-
seq, which enables scalable processing of eight to 96 ChIP-seq samples from cross-linked cells to a sequencing-ready library
in approximately 3 days with an estimated cost of $70 per sample. Benchmarking spa-ChlP-seq against manual ChIP-seq per-
formed in parallel demonstrates a comparable signal-to-noise ratio between the two workflows. Using spa-ChIP-seq, we sys-
tematically evaluate multiple parameters including shearing and cross-linking conditions, buffer compositions, and the ratio
of antibody to cell number. We find, for the first time to our knowledge, that weaker genomic localization signals are sen-
sitive to changing the antibody-to—cell-number ratio, whereas the stronger signals remain unaffected. This finding under-
scores the importance of maintaining consistent antibody-to—cell-number ratio for comparative studies, such as treatment
responses or chromatin-QTL mapping. The spa-ChlP-seq protocol is publicly available, including deck setups, operational
parameters, and scripts. We envision that this robust, cost-efficient protocol will facilitate high-throughput, reproducible
ChIP-seq analyses, supporting large-scale studies of antibody validation, compound screening, population genomics, and

diagnostic frameworks.
[Supplemental material is available for this article.]

Chromatin immunoprecipitation followed by sequencing (ChIP-
seq) is a well-established method for studying the genomic locali-
zation of DNA-associated proteins. ChIP-seq is widely used to
study histone modifications, chromatin regulators (CRs), tran-
scription factors (TFs), and other DNA-associated proteins (Barski
et al. 2007; Johnson et al. 2007; Mikkelsen et al. 2007; Furey
2012). The commonly used ChIP-seq method has led to significant
insights about principles of gene regulation and function of the
epigenome in both normal and disease conditions (Park 2009;
Mundade et al. 2014). Although ChIP-seq is useful, the overall ex-
perimental workflow involves multiple steps that increase the risk
of introducing inconsistency within experiments and between
groups, making analysis across ChIP-seq data sets challenging.
These challenges were partially addressed by the incorporation
of automated liquid handling platforms to improve the robustness
of the process (Garber et al. 2012; Aldridge et al. 2013; Blecher-
Gonen et al. 2013; Gasper et al. 2014; Busby et al. 2016). Yet,
most of the previous efforts (Garber et al. 2012; Blecher-Gonen
et al. 2013; Gasper et al. 2014) have automated only a subset of
the ChIP-seq steps (for details, see below). Additionally, the major-
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ity of current automated ChIP-seq protocols are limited in their
ability to efficiently map nonhistone proteins, such as CRs that
may interact only indirectly with DNA (e.g., by being associated
with modified histones or histone variants).

Commonly, ChIP-seq cross-linking involves a single step of
formaldehyde (FA) to create covalent bonds between proteins
and DNA. However, FA is a small molecule and only captures inter-
actions in the range of 2.3 A-2.7 A, which limits the distance of
protein interactions captured (Sutherland et al. 2008). Thus, to en-
able detection of protein interactions occurring between mole-
cules that are further apart, larger FA-compatible cross-linkers,
such as disuccinimidyl glutarate (DSG), that can form cross-links
of ~7.7 A, can be combined with FA. Double cross-linking was
shown to be a highly effective and reproducible method for captur-
ing the binding of protein complexes or TFs (e.g., NF-kB and
STAT3) and identifying genomic targets for protein-DNA binding
with high signal-to-noise ratios (SNRs) (Nowak et al. 2005; Tian
et al. 2012).
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Moreover, effective chromatin solubilization is also critical in
the ChIP-seq workflow as it directly influences the immunoprecip-
itation performance, sonication efficiency, and experiment repro-
ducibility. A wide range of lysis buffers using different detergents
have been developed to facilitate nuclear disruption and the
release of cross-linked chromatin. These lysis buffers help to gener-
ate soluble chromatin preparation, balancing effective lysis and
nuclear disruption with the preservation of chromatin-protein
interactions.

Another important aspect of ChIP-seq workflow is the ratio of
antibody to cell number, as this ratio can influence enrichment ef-
ficiency during immunoprecipitation. Usually, the vendor experi-
mentally validates and titrates the antibody to yield an optimal
titer for each antibody, yet different vendors may have different
validation methods, and the available recommendations may
not be suitable for all applications (Marx 2019). Using fixed
amounts of antibody when cell numbers differ across samples or
conditions can lead to suboptimal enrichment, increased back-
ground, and variability in ChIP-seq quality (Caride et al. 2023).

We recently developed and published a detailed single-pot
ChIP-seq protocol that incorporates an on-bead library prepara-
tion step (Texari et al. 2021). Here, we adapted this single-pot
ChlIP-seq protocol to a liquid handler operation and created an
end-to-end fully automated version that uses a 96-well sonicator.
We first benchmarked our single-pot automated ChlIP-seq (spa-
ChIP-seq) against manual ChIP-seq to ensure high-quality data
are produced. The spa-ChIP-seq protocol enables simultaneous
processing of a maximum of 96 samples (a full 96-well plate) in a
time- and cost-effective manner that would not be feasible with
manual ChIP-seq. It allowed us to evaluate multiple parameters,
including double cross-linking, shearing conditions, lysis buffer
compositions, and antibody-to—cell-number ratios. We demon-
strated the utility of our automated method by identifying optimal
ChlIP-seq conditions for both histone and nonhistone proteins.
We have streamlined the automation process, made the protocols
generalizable, tailored the deck settings, and packaged the individ-
ual protocols into a user-friendly interface. Our automated ChlIP-
seq protocol is publicly available, including the specific deck set-
ups, software files, and parameters (see Data access). We envision
that our robust, cost-efficient protocol can advance research efforts
via multiple fronts. These include (1) allowing the scaling up the
number of replicates and conditions tested in each experiment,
(2) improving quantification precision when using spike-in nor-
malization in ChIP-seq experiments (Patel et al. 2024, 2025), (3)
enabling core facilities to provide high-throughput ChIP-seq as a
service, and (4) being incorporated into antibody evaluation pro-
cedures (Landt et al. 2012; Wardle and Tan 2015; Mendoza-Parra
et al. 2016), compound screening (Zou et al. 2022), population ge-
nomics (Waszak et al. 2015), and diagnostic frameworks (Yan et al.
2016).

Results

Establishment and evaluation of a spa-ChlP-seq protocol

We built on our previous automated ChIP-seq setup with a liquid
handling robot (Busby et al. 2016) and modified the parameters to
accommodate our recent single-pot ChIP-seq protocol (Texari et al.
2021) to establish spa-ChlIP-seq. Both the manual and automated
workflows take ~3 days (starting from fixed cells) to produce se-
quencing-ready indexed libraries. Differing from previously estab-
lished methods (Table 1), spa-ChIP-seq workflow automates all

steps of the ChIP-seq process with a liquid handler, although it
does require the manual preparation of master mixes and buffers
prior to the run (Fig. 1). Although both workflows can process a
similar number of samples within a similar time frame, the incor-
poration of a liquid handler substantially reduces pipetting and
handling errors, minimizing experimental variability, especially
in larger-scale experiments. Our automated process is scalable,
and can accommodate between 8 and 96 ChIP-seq reactions (ide-
ally in increments of eight), at a cost of approximately $70 per
sample (Supplemental Table S1). We first identified multiple ex-
perimental variables that could be optimized and tested (Fig. 1).
We then assessed the performance of our automated ChIP-seq pro-
tocol by benchmarking it against the manual ChIP-seq using the
exact same input material. To conduct this initial benchmarking,
we focused on both H3K27ac, a histone modification that is asso-
ciated with open chromatin, and H3K27me3, a histone mark that
is linked to repressive heterochromatin. The ChIP-seq SNRs
for H3K27ac and H3K27me3 were highly concordant between
the manual and automated ChIP-seq workflows and between the
automated replicates, validating the liquid handler settings we
optimized and the reproducibility of our automated protocol
(Fig. 2A,B).

Identification of optimal shearing conditions, buffer composition,
and cross-linking using spa-ChIP-seq

Most of the initial automation efforts (Garber et al. 2012; Aldridge
et al. 2013; Blecher-Gonen et al. 2013) has focused on using a
probe sonicator such as Branson, which is limited to shearing
one sample at a time. Here, we aimed to use a 96-well format son-
icator. In previous work (Busby et al. 2016), we used the Covaris
E220 device that allows shearing of up to 96 samples. However,
as the Covaris E220 sonicates only one sample at a time, shearing
of 96 samples requires ~10 h. This limitation leads to the samples
being kept for a long time within the Covaris E220 before the
addition of antibodies and extends the time it takes to perform
the protocol. A recently introduced sonication device, PIXUL
(Bomsztyk et al. 2019), enables the shearing of 96 samples in
only 1-2 h and also reduces the costs of the plate used for sonica-
tion by 30-fold (Supplemental Table S1). We decided to evaluate
the ability of PIXUL to reproducibly shear samples in a manner
that is at least comparable to the Covaris E220. For both devices,
we additionally tested the impact of placing samples at different
locations within the 96-well plate (Supplemental Fig. S1A).
Although the samples sheared by the different devices had distinct
size distributions (~250 bp for Covaris E220 and ~350 bp for
PIXUL), both were within the range of 200-600 bp, which is nor-
mally used for ChIP-seq (Supplemental Fig. S1A). As the PIXUL
machine was significantly faster and about 30-fold lower in costs
per plate, we proceeded to use this device for shearing in our tests
of subsequent variables using our spa-ChIP-seq.

Next, we compared the ChIP-seq results of the histone
modifications H3K27ac and H3K27me3 under single and double
cross-linking conditions as well as two different lysis buffer compo-
sitions, EBB and LB3 (Methods) (Fig. 2C,D; Supplemental Fig. S2).
We used PIXUL to shear about 1 million cross-linked HeLa-S3 cells
per well; to reduce variation, following the shearing step, we
merged the sheared chromatin from all wells. Next, we split the
pool of sheared chromatin between the two conditions (manual
or automated ChlIP-seq). In total, for this initial evaluation, we per-
formed 32 ChlIP-seq experiments, comparing 16 different condi-
tions, each in duplicates.
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Table 1. Comparison of spa-ChlIP-seq protocol to other automated ChlIP-seq approaches
Method Automated steps Sonication Cross-linking Library prep Protocol availability
HT-ChIP (Garber Uses Agilent Bravo for library Branson sonifier  Single cross- Requires Automated protocols are available
etal. 2012; construction and DNA cleanup (probe linking with purification as a written text in the
Blecher-Gonen steps; the rest of the protocol is sonicator) 1% FA beforehand Supplemental Experimental
et al. 2013) not automated Procedures of Garber et al. (2012).
AHT-ChIP-seq Uses Agilent Bravo NGS for ChIP Misonix Single cross- Requires Agilent Vworks automated ChIP
(Aldridge et al. process, Beckman FxP dual arm sonicator 3000 linking with purification protocol files and Beckman library
2013) instrument for pre-PCR library (probe 1% FA beforehand prep are available in the additional
construction, and Caliper Zephyr sonicator) files of their manuscript.
liquid handler for PCR cleanup
R-ChIP (Gasper Uses Tecan Freedom EVO 200 for ~ Probe sonicator  Single cross- Requires Automated protocols are available
etal. 2014) ChIP process; library construction linking with purification as text in the Methods and
and DNA cleanup are not 1% FA beforehand Supplemental Information of their
automated manuscript.
FloChIP (Dainese Uses an “in house” custom built Covaris E220 Single cross- Requires Automated protocols are available
et al. 2020) microfluidic device linking with purification as text in the Supplemental
(noncommercial) for ChIP process; 1% PFA beforehand Information of their manuscript.
library construction and DNA
cleanup are not automated
spa-ChlIP-seq Uses Agilent Bravo NGS for entire  Active motif Double cross- On-bead library  User-friendly spa-ChIP-seq Agilent
(this study) ChlIP-seq process including PIXUL linking with 2 preparation Vworks form and protocol files are
sequencing-ready library mM DSG and available in the Supplemental Files
construction 1% FA of the current manuscript.

For each liquid handler based ChlP-seq method, the table shows the automated steps and the methods for sonication, cross-linking, and library prep, as
well as protocol availability, noting the potential shortcomings that limits the high-throughput ability of these approaches: First, most of the methods
shown only automated a subset of the entire ChIP-seq process, but spa-ChlIP-seq (highlighted in gray) is fully automated from cross-linked cells to se-
quencing ready libraries. Second, for sonication, a probe sonicator shears one tube at a time and thus limits throughput. The Covaris E220 machine is
costly and time consuming. Our method uses the PIXUL device (Bomsztyk et al. 2019), which is low cost ($19/plate vs. $640/plate for Covaris E220) and
has a short turnaround (~60-108 min/96 samples vs. ~9.5-10 h [~600 min] for Covaris E220). Third, the methods shown in the table are optimized for
single cross-linking and does not include an option for double cross-linking. Fourth, all of these methods do not include on-bead library preparation and
require reverse-cross-linking and DNA purification after immunoprecipitation prior to sequencing library construction. This leads to an increase in process
time and cell loss. Note that we do not discuss here several variations of ChIP-seq (e.g., AutoRELACS) or other approaches for mapping DNA-associated
proteins (e.g., AutoCUT&RUN, AutoCUT&Tag) owing to key the differences between the experimental protocols.

We observed that the samples treated with the additional
cross-linker required longer sonication time in LB3, the lysis buff-
er we routinely use (Supplemental Fig. S1B). We evaluated the
ability of EBB buffer to assist the shearing process. Sonication
of the double cross-linked samples in EBB for 60 min provided
optimal fragmentation patterns. This fits with prior work
(Métivier et al. 2003). We overcame the inefficient fragmentation
of double cross-linked samples in LB3 buffer (Supplemental Fig.
S1B) by increasing the sonication time to 90-120 min. The longer
shearing time provided optimal shearing patterns. Thus, both
buffers were able to generate fragment sizes of 200-600 bp and
were subsequently used to determine their performance in
ChlIP-seq.

Next, we used the double cross-linked samples and per-
formed ChlIP-seq of H3K27ac and H3K27me3, lysed with either
EBB or LB3. Overall, we observed that the samples sheared in
EBB had lower SNR compared with the ones sonicated in LB3, po-
tentially owing to the high SDS levels in the EBB buffer (1% SDS;
Methods) (Fig. 2C,D; Supplemental Fig. S2A-D, S2G,H). Given
the lower SNR we obtained when using EBB, we conducted the
rest of the experiments only with LB3 buffer and sonicated the
double cross-linked samples for 108-120 min. Using these condi-
tions, the H3K27me3 and H3K27ac ChIP-seq results from
the double cross-linked samples were mostly indistinguishable
from the single cross-linked ones, providing evidence that the
additional cross-linker or longer shearing time did not introduce
bias in either active or repressive chromatin environments (Fig.
2C,D; Supplemental Fig. S2A-F). Because double cross-linking

with DSG and FA extends the range of captured interactions in
ChIP-seq of DNA-associated proteins and does not negatively
impact histone modification ChIP-seq results, using double
cross-linked cells for both target types offers a feasible and
consistent protocol for experiments involving CRs, TFs, and his-
tone marks.

Identification of optimal conditions for genomic mapping
of nonhistone DN A-associated proteins

Next, we used the ChIP-seq conditions identified above to map
nonhistone proteins in double cross-linked (DSG+FA) HeLa-S3
cells. As a proof of concept, we focused on five DNA-associated pro-
teins (CTCF, HAT1, HDAC3, RPB1 [POLR2A], and YAP1) to per-
form ChIP-seq, each in two technical replicates (Fig. 3A-E;
Supplemental Fig. S3). Following our previous efforts to increase
ChIP-seq standardization (Busby et al. 2016), we aimed to mainly
focus on monoclonal antibodies and used our automated ap-
proach to evaluate between two and four different antibodies for
each target protein. Technical replicates had highly reproducible
SNRs across six of the seven samples, and the variability observed
in the remaining sample was within the expected range of experi-
mental variability (Fig. 3A-C). To further assess antibody perfor-
mance, we profiled signal enrichment around transcription start
sites (TSSs) and known CTCF peaks. Each antibody produced
characteristic and biologically consistent enrichment profiles, sup-
porting the specificity and validity of the corresponding ChIP-seq
data sets (Fig. 3D,E; Supplemental Fig. S3). Together, these results
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Figure 1.

Overview of the spa-ChlP-seq workflow and evaluated ChlIP-seq experimental conditions. The automated steps of the ChIP-seq workflow are

highlighted in the gray boxes of the flowchart on the /eft and the evaluated experimental conditions in the yellow boxes. The green box shows the required
manual preparations of master mixes prior to the start of each automated step. The cross-linking reagent formaldehyde (FA) is represented as a small blue

dot, and disuccinimidyl glutarate (DSG) is represented as a large red dot.

demonstrate that we successfully mapped all the DNA-associated
proteins tested, although a subset of antibodies yielded compara-
tively weaker enrichment under the conditions evaluated
(Supplemental Table S2).

The antibody-to-cell-number ratio may impact
ChlIP-seq results

Another important, yet often overlooked, aspect of ChIP-seq is
the ratio between the amount of antibody used for immunopre-
cipitation and the number of cells (or amount of chromatin) in
the reaction. Our automated ChIP-seq protocol significantly sim-
plifies the task of performing multiple antibody titrations, which
could be tedious otherwise. We first titrated H3K9ac antibody in
HeLa-S3 cells with four different amounts of the antibody, each
in replicates. Initial evaluation of the genome browser tracks
on the Integrative Genomics Viewer (IGV) and FRiP scores shows
that different amounts of antibodies had minimal impact on the
global ChIP-seq signal, and the overall trend is that higher
amounts of antibodies may lead to only slightly higher ChIP en-
richment (Supplemental Fig. S4). However, when we equally di-
vided the ChlIP-seq peaks into four quartiles based on the
normalized read counts at the peaks, we found that the amount
of antibody had a greater impact on ChIP-seq peaks with weaker
enrichment, whereas the enrichment signal is constant for the
strongest peaks in the experiment (Fig. 4A).

We hypothesized that the weaker signals are more sensitive to
the amount of antibody, and to investigate this further, we incor-

porated a cell line with a knock-in that allows an inducible degra-
dation of the BRD4 protein (HEK293T-BRD4-FKBP12F3¢V-2xHA
(Nabet et al. 2018)). Upon treatment of dTAG-13, the amount of
BRD4 epitopes is greatly reduced (Nabet et al. 2018). We performed
titration experiments for four different amounts of antibodies tar-
geting HA-tag and BRD4 in both dTAG-13- and DMSO-treated
cells. Regardless of the amounts of antibody used, the ChIP-seq sig-
nal is reduced in dTAG-13-treated cells for both the HA-tag and
BRD4 antibodies (Fig. 4B; Supplemental Fig. SS5). When the
DMSO peaks for each antibody were separated by quartiles based
by their DMSO enrichment, the dTAG-13-treated samples showed
an increasing higher signal as the ratio of antibody to cell number
increased in all four quartiles regardless of the trend in the DMSO
samples (Fig. 4C).

Next, to further study our hypothesis regarding the weaker
signals being more sensitive to the antibody-to-cell-number ratio,
we focused on EP300, which binds strongly to nonpromoter cis-
regulatory elements and is weakly associated with promoter re-
gions (Heintzman et al. 2007; Mendenhall and Bernstein 2008).
Using spa-ChlIP-seq, we conducted a comprehensive antibody ti-
tration experiment in which we varied both the number of cells
and the amounts of EP300 antibody (Fig. 5A). In particular, we ti-
trated 0.05 pg, 0.5 pg, 2.5 pg, and 5 pg of EP300 antibody with
20,000, 200,000, and 2 million HEK293T cells. To minimize vari-
ability, we used the same chromatin preparation that was split
across the different conditions. We observed that, in general, the
higher amount of antibody and higher number of cells tended to
generate better ChIP-seq SNRs (Supplemental Fig. S6A). Yet,
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Figure 2. Systematic evaluation of spa-ChIP-seq with comparison to manual workflow, cross-linking conditions, and buffer compositions. (4,B)
Scatterplots comparing normalized read counts (log,) between automated and manual ChIP-seq samples (A) and automated replicates (B) at H3K27ac
or H3K27me3 shared peaks. (C,D) Scatterplots of read counts (log,) on shared peaks, IGV (Robinson et al. 2011) tracks, and heatmaps of +5 kb from
the center of transcription start sites (TSSs) or peaks showing the automated ChlP-seq results of H3K27ac (C) and H3K27me3 (D) for evaluating cross-link-
ing conditions, DSG+FA versus FA only (top), and buffer compositions, EBB versus LB3 (bottom). The Pearson r correlation coefficients are reported on the
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Figure 3. Mapping of DNA-associated proteins using spa-ChlIP-seq. (A) IGV tracks showing the ChIP-seq of DNA-associated proteins: CTCF, HATT,
HDACS3, RPB1, and YAP1. The ChIP-seq experiments for CTCF and HDAC3 were performed with two antibodies from two different vendors. Each antibody
condition has two technical replicates (labeled as #1 and #2), with a total of 14 ChIP-seq samples. (B) Scatterplots showing the comparison of the two
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associated proteins. For each antibody, both technical replicates (labeled as #1 and #2) are plotted. (D) Histograms showing the average normalized
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licates at +2 kb from the center of TSSs (top) and CTCF peaks (bottom). CTCF peaks were obtained from ENCODE (file accession ENCFF502CZS).
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Figure 4. Antibody titration with spa-ChlIP-seq reveals that weaker signals are more sensitive to the amount of antibody. (A) Relative total coverage of
H3K9ac signal with 0.04 pg, 0.2 ug, 0.4 ug, and 1 ug of antibody for H3K9ac peaks separated into quartiles based on normalized read counts at the peaks
(the values are relative to the minimum, which is set to one). Each condition has two technical replicates, with a total of eight ChIP-seq samples. Each plot is
fitted with a linear regression line, and the corresponding slope of fitted line is shown in the bar plot on the left. (B) IGV tracks for HA-tag and BRD4 ChlP-seq
in dTAG-13- and DMSO-treated HEK293T-BRD4-FKBP1273¢"-2xHA cells with 0.5 pL, 1 pL, 2.5 pL, and 5 L of the HA-tag and BRD4 antibodies, with each
amount of antibody performed in replicates for a total of 32 ChIP-seq samples. The tracks of two replicates for each condition are overlaid on one another.
(C) Histograms of normalized read coverage for HA-tag and BRD4 antibody titration ChIP-seq signals centered on peaks obtained by using the DMSO
samples. The peaks are separated into quartiles according to normalized read counts at the peaks. Relative total coverage of HA-tag and BRD4 signals
with 0.5 pL, 1 pL, 2.5 pL, and 5 pL of antibody for each quartile of DMSO peaks shown in the histogram above. The orange and blue triangles represent
the increase in the ratio of antibody to cell number in HA-tag and BRD4, respectively. Each condition has two technical replicates.

Genome Research 135
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on August 10, 2026 . Published by Cold Spring Harbor Laboratory Press

Cao et al.

when comparing the normalized read counts on shared EP300
peaks for the different combinations of antibody-to-cell-number
ratios with each other, we noticed that samples with distinct ratios
did not share similar set of peaks, and the Pearson r correlation co-
efficients varied across the combinations (Fig. 5A). Thus, given
that the same original chromatin extract was used for all condi-
tions, the ratio of EP300 antibody to cell number appears to cause
a discrepancy in the ChlP-seq results.

We conducted a similar antibody titration experiment using
a different cell line, HeLa-S3. Here, we only varied the amount of
antibody (ranging between 0.5 pg, 1 pg, 2.5 pg, and 5 pg of
EP300 antibody) with 1 million HeLa-S3 cells (Supplemental
Fig. S6B,C), splitting the exact same chromatin extract across
the different antibody amounts to minimize variability, as de-
scribed above. In a similar manner to our observations in
HEK293T cells, we noticed a discrepancy between the genomic
patterns between the different ratios of antibody to cell number
(Supplemental Fig. S6B).

In both experiments, when we used either HEK293T or
HeLa-S3, we noticed that the major discrepancy between anti-
body-to—cell-number ratios was observed in the regions with
the higher EP300 read counts, in particular when comparing
the lowest versus the highest ratios (0.5 pg vs. 5 ng EP300 anti-
body per 1 million HeLa-S3 cells, respectively) (Fig. 5B). To fur-
ther study this discrepancy, we focused on the top 10th
quantile and compared the normalized read counts between
the highest and lowest antibody-to-cell-number ratios. This anal-
ysis revealed a subset of peaks with stronger enrichment in the
higher antibody-to-cell-number ratio (Fig. 5C). Then, we used
principal component analysis (PCA) to separate out the subset
of peaks that showed an increased signal in samples with higher
ratio of antibody to cell number in both cell lines (Supplemental
Fig. S6D,E). Annotation of the loci associated with the subset of
peaks impacted by the antibody-to—cell-number ratio showed
that these regions are predominantly present at promoter-TSS re-
gions with 90% in HEK293T cells and 85% in HeLa-S3 cells,
whereas the annotation of the entire set of EP300 peaks showed
high localization at nonpromoter intergenic or intron regions,
and only 27% (HEK293T) and 16% (HeLa-S3) in promoter regions
(Fig. 5B,C). Next, to better define the subset of peaks most im-
pacted by the antibody-to-cell-number ratio, we conducted mo-
tif analysis, which identified a GFY motif commonly associated
with some active promoter regions. Moreover, in both cell lines,
this subset of EP300 peaks was enriched for the same top known
motifs (Fig. 5C), further supporting the notion that the weaker or
less frequent localization of EP300 at promoter regions leads to
the higher sensitivity of these peaks to the ratio of antibody to
cell number.

Discussion

We presented here spa-ChlIP-seq, a single-pot automated protocol
for chromatin profiling. We benchmarked spa-ChIP-seq by per-
forming parallel manual ChIP-seq reactions and demonstrated a
high reproducibility and nearly indistinguishable SNR between
the manual and automated workflows. We then used spa-ChlIP-
seq to systematically evaluate several aspects of the ChIP-seq pro-
cess, including shearing conditions, cross-linking methods, and
buffer compositions.

In our hands, the optimal conditions included (1) shearing
with the Active Motif PIXUL device (Bomsztyk et al. 2019), which

provides a short incubation time and low cost per sample; (2) lys-
ing the cells with LB3, a buffer that requires longer sonication time
compared with EBB (potentially owing to the weaker reagent), but
the ChIP-seq results had higher SNR than EBB; and (3) using DSG
+FA double cross-linking for all ChIP-seq profiling to allow a con-
sistent the experimental procedure regardless of the target epitope.
We demonstrated that for histone modifications the SNR was
indistinguishable between single (FA) and double (DSG+FA)
cross-linking. As nonhistone DNA-associated proteins such as
CRs may be less amenable to get cross-linked to the DNA, double
cross-linking by DSG and FA can yield ChIP-seq results with robust
SNRs. Although FA only forms cross-links of 2.3 A-2.7 A, DSG can
form cross-links of 7.7 A, thus potentially capturing longer interac-
tions (Sutherland et al. 2008). In the combination of DSG and FA,
DSG first stabilizes the longer protein—protein interactions, and
then FA cross-links shorter DNA-protein interactions (Nowak
et al. 2005; Tian et al. 2012).

Using spa-ChlIP-seq and our optimal set of conditions, we
identified a set of mostly monoclonal antibodies for an array of
nonhistone DNA-associated proteins, including CTCF, BRD4,
HA-tag, HDAC3, HAT1, and YAP1. As we discussed in our previous
work (Busby et al. 2016), the use of monoclonal antibodies is crit-
ical to allow reproducibility of studies, for example, between
groups or over time, as polyclonal reagents are nonrenewable,
and each batch may differ from the other. We thus envision that
the validation of this set of antibodies and conditions allows repro-
ducible studies with these targets.

A key observation of our study relates to the impact of anti-
body-to-cell-number ratio in chromatin profiling. Using spa-
ChIP-seq, we conducted a set of comprehensive experiments to
systematically interrogate the effect of this ratio. For each experi-
ment, we used the exact same chromatin prep, thus only varying
the ratios of the antibodies or the number of cells. First, we demon-
strated that only the weaker quartiles of H3K9ac peaks are impact-
ed by the antibody-to—cell-number ratio, whereas the upper
quartile is not. We then used a BRD4 HA-tagged perturbation sys-
tem to reduce the amount of epitope by degrading HA-tagged
BRD4 and showed that when we titrated either the HA-tag or
BRD4 antibodies following depletion of the target, the normalized
ChIP enrichment signal was impacted by the antibody-to—cell-
number ratio much more than prior to depletion. Lastly, we fo-
cused on EP300, which has both strong (enhancer/cis-regulatory
elements) and weak (promoter) binding sites (Heintzman et al.
2007; Mendenhall and Bernstein 2008), and systematically titrated
both the number of cells and the amount of antibody in two cell
lines. This allowed us to identify a subset of the peaks that show
enhanced sensitivity to the antibody-to-cell-number ratio and
to show that they are highly enriched for promoter signatures.
Thus, our results highlight the importance of maintaining the ra-
tio of antibody to cell number as constant as possible, in particular
in chromatin profiling experiments aimed at studying the impact
of perturbations (e.g., by small molecules or CRISPRi) to allow
proper comparisons.

Altogether, our study highlights the usefulness of spa-ChlIP-
seq in conducting comprehensive, systematic studies. The method
reduces hands-on time and cost per sample, and the increased
throughput (up to 96 samples) was a key component in our ability
to conduct our systematic studies. We anticipate that spa-ChIP-seq
will allow the scaling up of ChIP-seq studies to improve statistical
power and facilitate novel experimental work, including assaying
entire population cohorts and large compound libraries, as well
as potentially to advance diagnostic approaches.
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Figure 5. EP300 antibody titration shows that higher antibody-to-cell-number ratio better captures weaker promoter signals. (A) A matrix of scatterplots

showing normalized read counts (log,) at EP300 peaks and heatmaps showing Pearson r correlation coefficients for EP300 antibody titrations in HEK293T
cells with various antibody-to—cell-number ratios. We conducted a comprehensive comparison of conditions using 0.05 pg, 0.5 pg, 2.5 pg, and 5 pg of
EP300 antibody (green shades) and 20,000, 200,000, and 2 million HEK293T cells (pink/purple shades), resulting in a total of 12 ChIP-seq samples. The
scatterplot outlined in bold corresponds to the HEK293T sample shown in B. Note that a similar matrix for HeLa-S3 cells is presented in Supplemental Figure
S6B. For HelLa-S3 samples, each antibody amount was tested in replicates, yielding a total of eight ChIP-seq samples, and the replicates for each amount
were merged for subsequent analysis. (B) Scatterplot of normalized read counts (log) at all EP300 peaks comparing 0.5 pg and 5 pg of antibody in 2 million
HEK293T cells (top) and 1 million HelLa-S3 cells (bottom). The pie chart on the right shows the genomic annotations for all EP300 peaks. The peaks are
annotated with HOMER, and the annotations include promoter-TSS, noncoding, intron, intergenic, exon, UTR (5" UTR and 3’ UTR), and TTS (see legend
below the pie chart). (C) Scatterplot of normalized read counts (log,) at the top 10% of EP300 ChlIP-seq peaks comparing 0.5 ug and 5 ug of antibody in
2 million HEK293T cells (top) and 1 million HeLa-S3 cells (bottom). The subset of peaks that has higher signal in 5 ug of antibody than in 0.5 pg of antibody is
highlighted in red. The pie chart shows the distribution of peak annotations in the red subset highlighted in the scatterplot to the /eft. IGV tracks show two
peak loci, one in the black subset and one in the red subset. HOMER motif analysis identified the same top enriched known motifs in the red subset of peaks
for both the Hela-S3 and HEK293T cells. The motif enrichments are shown in the bar plot as —log P-values.
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Methods

Cell culture and fixation (cross-linking)

HeLa-S3 (ATCC CCL-2.2), HEK293T (CRL-3216), and HEK293T-
BRD4-FKBP12™%V.2xHA adherent cells were cultured in
Dulbecco’s Modified Eagle Medium (Gibco DMEM, high glucose,
GlutaMAX supplement, with 4.5 g/L D-glucose), supplemented
with 10% fetal bovine serum (FBS), 110 mg/L sodium pyruvate,
2 mM L-glutamine, and 1% antibiotic-antimycotic. Cells were in-
cubated at 37°C with 5% CO, and 95% air. HEK293T-BRD4-
FKBP12M°V.2xHA cells were treated with 500 nM of dTAG-13
(Tocris 6605) or DMSO for 24 h. When the cells were grown to
confluency, they were either single or double cross-linked. For
single cross-linking, cells were incubated with 1% FA solution for
10 min at room temperature. For double cross-linking, cells were
incubated first with 2 mM DSG solution for 30 min and then
with 1% FA solution for 10 min at room temperature. The cross-
linking reaction was quenched by 2.625 M glycine to a final con-
centration of 0.125 M. The cell pellets were washed with PBS and
stored in —80°C.

Chromatin shearing

Cells were lysed with either the LB3 lysis buffer (10 mM Tris-HCl at
pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1% deoxycholate, 0.5% N-
lauroylsarcosine, 1x protease inhibitor cocktail) or the EBB lysis
buffer (0.5% Empigen BB [Sigma-Aldrich 30326], 1% SDS, 50
mM Tris-HCl at pH 7.5, 10 mM EDTA, 1x protease inhibitor cock-
tail) (Métivier et al. 2003). Cells were sonicated either on the Active
Motif PIXUL sonicator for 60-120 min per plate or on the Covaris
E220 sonicator for 6 min per well. After sonication, lysates in EBB
lysis buffer were diluted 2.5-fold in EBB dilution buffer (20 mM
Tris-HCI at pH 7.5, 100 mM NacCl, 0.5% Triton X-100, 2 mM
EDTA, 1x protease inhibitor cocktail).

Analysis of sheared chromatin/input preparation

Manual workflow

Per input sample, a reaction mix (0.5% SDS, 18.75 mM EDTA, 280
mM NacCl, 250 pg/mL Proteinase K, 125 pg/mL RNase A) was add-
ed and incubated in a thermocycler for 1 h at 55°C and then for at
least 2 h at 65°C. To clean up the input sample, SpeedBead master-
mix (2 uL SpeedBeads [Cytiva 65152105050250], 12% PEG8000 fi-
nal, 1 M NacCl final) was added to each input and incubated for 10
min at room temperature. Then, the input sample was washed
twice with 80% EtOH, and the SpeedBead pellet was air-dried.
Lastly, the input sample was eluted with TT buffer (0.05% Tween
20, 10 mM Tris at pH 8.0).

Bravo workflow

A reaction mix plate was prepared by equally distributing the total
required amount of reaction mix to each well in the first column
and placed on Bravo deck 6. After running the Bravo protocol
la_Input_Prep, the input plate was incubated in a thermocycler
for 1 h at 55°C and then for at least 2 h at 65°C. A SpeedBead
mastermix plate was prepared by equally distributing the total
required amount of SpeedBead mastermix to each well in the first
column and placed on Bravo deck 5. After incubation, the input
plate was placed back on Bravo deck 4, and Bravo protocol
1b_Input_PEG was run. An ethanol reservoir was placed on deck
9, and a TT buffer reservoir was placed on deck 3. Immediately after
incubation with SpeedBead mastermix, Bravo protocol 1c_Input_
Speedbead_Cleanup was run to clean up the input samples. At the

end of the protocols, the input plate should contain input samples
eluted in TT buffer.

Chromatin immunoprecipitation

For all the antibodies used in the immunoprecipitation step, see
Supplemental Table S2.

Manual workflow

Dynabeads Protein A or G was resuspended either in LB3 and 1%
Triton X-100 for LB3 ChIP samples or in EBB dilution buffer for
EBB ChlIP samples. Resuspended beads were combined with each
antibody to make antibody/beads mix. Per each ChIP sample,
sheared chromatin was combined with the antibody/bead mix.

Bravo workflow

The antibody/bead mix was made the same way as the manual
workflow. The mix was transferred to tube strips, which were
then placed on deck 4. The PIXUL lysate plate was placed on
deck 5. Bravo protocol 2_Chromatin_Beads_Antibody_On_Mag was
run to combine the chromatin lysate with the antibody/bead mix.

The ChIP samples were incubated overnight, rotating over-
head on HulaMixer Sample Mixer in the cold room at 4°C.

ChIP washes

Manual workflow

After overnight incubation, the sample was washed three times
with WBI (20 mM Tris at pH7.5, 1% Triton X-100, 2 mM EDTA,
150 mM NacCl, 0.1% SDS, 1x protease inhibitor cocktail), three
times with WBIII (10 mM Tris at pH7.5, 0.7% DOC, 1 mM
EDTA, 250 mM LiCl, 1x protease inhibitor cocktail), and twice
with TET (10 mM Tris at pH7.5, 0.2% Tween-20, 1 mM EDTA, 1x
protease inhibitor cocktail). The Dynabeads loaded with each
ChIP sample were resuspended in 25 pL of TT buffer (10 mM
Tris-HCI at pH 8.0, 0.05% Tween 20).

Bravo workflow

Excessive amounts of wash buffers (WBI, WBIII, and TET) and TT
buffer were prepared. A waste reservoir was placed on deck 1; an
elution TT buffer reservoir was placed on deck 3; an empty ChIP
plate was placed on deck 4; IP tube strips were placed on deck 6;
and a wash buffer reservoir was placed on deck 9. Bravo protocol
3_ChIP_Wash_Elution_Off_Mag was run. At the end of the proto-
col, each well of the ChIP plate should contain 25 pL of ChIP sam-
ple/Dynabeads resuspended in TT buffer.

Library construction, reverse cross-linking, and library cleanup

For the IP and input samples, libraries were constructed with the
NEBNext Ultra II DNA library prep kit (Illumina E7645L).
Indexing adapters were from NEXTflex DNA barcodes 48
(NOVA-514104) and NEXTflex unique dual index barcodes (8NT
index, 97-192; NOVA-514151).

Manual workflow

End prep. End prep mastermix (NEBNext Ultra II end prep enzyme
mix and NEBNext Ultra II end prep reaction buffer) was added to
the ChIP and input samples and incubated for 30 min at 20°C
and then 30 min at 65°C in a thermal cycler.

Adapter ligation. We added 0.625 pM of indexing adapters and
ligation mastermix (NEBNext Ultra II ligation master mix and
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NEBNext ligation enhancer) to the ChIP and input samples, which
were then incubated for 15 min at 20°C.

Reverse cross-linking. Per sample, the ligation reaction was
stopped by adding 27 pL of ligation stop solution mastermix
(0.5% SDS, 18.75 mM EDTA, 250 pg/mL Proteinase K, 125 pg/
mL RNase A) and 285 mM NaCl. ChIP samples were incubated
for 1 h at 55°C and then for at least 2 h at 65°C.

Library cleanup. The supernatant of each sample was separated
from Dynabeads Protein A/G and incubated with SpeedBead mas-
termix (2 pL SpeedBeads, 8.6% PEGS8000 final, and 0.8 M NacCl fi-
nal) for 10 min at room temperature. Then, the input sample was
washed twice with 80% EtOH, and the SpeedBead pellet was air-
dried. Lastly, the input sample was eluted with TT buffer.

Bravo workflow

End prep. The end prep mastermix plate was prepared by equally
distributing the total required amount of the mastermix to
each well in the first column and placed on Bravo deck 6. The
ChIP sample plate was placed on deck 4. Bravo protocol 4_End_
Repair_MM_Dispense was run, and the ChIP plate was incubated
for 30 min at 20°C and then 30 min at 65°C in a thermal cycler.

Adapter ligation. The ligation mastermix plate was prepared by
equally distributing the total required amount of the mastermix to
each well in the first column and placed on Bravo deck 6. The ChIP
sample plate was placed on deck 4, and the index plate was placed
on deck 5. Bravo protocol 5_Adapter_Ligation_MM was run, and the
ChlIP plate was incubated for 15 min at 20°C.

Reverse cross-link. The ligation stop solution mastermix plate
was prepared by equally distributing the total required amount
of the mastermix to each well in the first column and placed on
Bravo deck 6. The ChIP sample plate was placed on deck 4, and
the 5 M NacCl reservoir was placed on deck 9. Bravo protocol
6_Ligation_Stop_Solution_Disp was run, and the sample was incu-
bated for 1 h at 55°C and then for at least 2 h at 65°C.

Library cleanup. The SpeedBead mastermix plate was prepared
by equally distributing the total required amount of SpeedBead
mastermix to each well in the first column and placed on Bravo
deck 5. After incubation, the ChIP plate was placed back on
Bravo deck 4, and Bravo protocol 7a_Adapter_Ligation_Cleanup
was run. Ethanol reservoir was placed on deck 9, and TT buffer res-
ervoir was placed on deck 3. Immediately after incubation with the
SpeedBead mastermix, Bravo protocol 7b_Adapter Ligation_
Cleanup was run to clean up the input samples. At the end of the
protocols, the ChIP plate should contain ChIP samples eluted in
TT buffer.

PCR amplification and final cleanup of ChIP and input libraries

Manual workflow

PCR amplification. The PCR mastermix (Ultra II Q5 mastermix,
and 1 pM sequencing platform-compatible forward and reverse
primers [Solexa 1GA and Solexa 1 GB]) was added to each library
sample. A PCR program (initial denaturation for 30 sec at 98°C;
12 cycles of denaturation for 10 sec at 98°C, annealing for 15 sec
at 60°C, and extension for 30 sec at 72°C; and final extension for
2 min at 72°C) was run to amplify the libraries using a thermal
cycler.

PCR cleanup. The PCR products were incubated with
SpeedBead mastermix (2 pL SpeedBeads, 8.5% PEG8000 final,
and 1.06 M Nacl final) for 10 min at room temperature. Then,
the input sample was washed twice with 80% EtOH, and the
SpeedBead pellet was air-dried. Lastly, the input sample was eluted
with TT buffer.

Bravo workflow

PCR amplification. The PCR mastermix plate was prepared by
equally distributing the total required amount of the mastermix
to each well in the first column and placed on Bravo deck
6. The ChIP library plate was placed on deck 4. Bravo protocol
8_PCR_Enrichment_MM_Dispense was run. Then, a PCR program
(initial denaturation for 30 sec at 98°C; 12 cycles of denaturation
for 10 sec at 98°C, annealing for 15 sec at 60°C, and extension
for 30 sec at 72°C; and final extension for 2 min at 72°C) was
run to amplify the libraries using a thermal cycler.

Library cleanup. The SpeedBead mastermix plate was prepared
by equally distributing the total required amount of SpeedBead
mastermix to each well in the first column and placed on Bravo
deck 5. After incubation, the ChIP library plate was placed back
on Bravo deck 4, and Bravo protocol 9a_PCR_Enrichment_Cleanup
was run. Ethanol reservoir was placed on deck 9, and TT buffer
reservoir was placed on deck 3. Immediately after incubation
with SpeedBead mastermix, Bravo protocol 9b_PCR_Enrichment_
Cleanup was run to clean up the input samples. At the end of the
protocols, the ChIP library plate should contain ChIP library sam-
ples eluted in TT buffer.

DNA quantification and sequencing

The size of the DNA libraries was estimated by running on a 2%
agarose gel prestained with GelGreen. DNA libraries should have
a smear with high intensity of ~250-500 bp on the gel
(Supplemental Fig. S7). The concentration of the library (ng/uL)
was determined using a Qubit fluorometer with a Qubit HS DNA
assay kit (Invitrogen). The libraries were pooled according to the
concentration calculations. The pooled libraries were prepared
and sequenced on Illumina NextSeq 500 or NextSeq 2000.

Sequencing data analysis

Raw sequencing data were demultiplexed using Illumina’s
bcl2fastq program. Adapter sequences were trimmed with
Trimmomatic (Bolger et al. 2014), and sequencing quality was as-
sessed using FastQC. Reads were aligned to the human reference
genome (hg38) with Bowtie 2 (Langmead and Salzberg 2012) using
the default parameters, and duplicated reads were removed with
SAMtools markdup (Li et al. 2009). HOMER (Heinz et al. 2010)
makeTagDirectory was used to generate tag directories containing
filtered primary alignments (MAPQ>10), and bigWig files were
created with makeBigWig.pl for visualization in IGV (Robinson
etal. 2011). Peaks were called using HOMER findPeaks with the pa-
rameters “-style histone” for histone mark peaks, “-style histone
-size 1000 -minDist 2500” for broader histone mark peaks and
using “-style factor” for TFs, using matched input controls as
background. CTCF peaks used in Figure 3, D and E, were obtained
from the ENCODE Project Consortium (file accession
ENCFF502CZS). Peaks from all samples for each antibody target
were merged using the HOMER mergePeaks program and read-
depth-normalized read counts were quantified at merged peak re-
gions using annotatePeaks.pl (hg38, -size 2000). Histograms cen-
tered on TSSs or peaks were generated with annotatePeaks.pl set
in “TSS” mode or using the corresponding peak files (hg38, -size
4000, -hist 10). Heatmaps centered on TSSs and peaks were gener-
ated using deepTools (Ramirez et al. 2016) computeMatrix and
plotHeatmap. All other plots (e.g., scatterplots and coverage
histograms) were generated with custom Python scripts using
matplotlib and seaborn (see Supplemental Code).
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Data access

Data generated in this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih
.gov/geo/) under accession number GSE304259. To allow imple-
mentation of spa-ChIP-seq by other laboratories, we provide
the complete automation setup and protocols, including the spe-
cific deck layouts, detailed parameters, and software files
(Supplemental Files).
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