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PROTEIN EXPRESSION & ANALYSIS

Introduction

Application

Gene expression is regulated by the interaction of proteins and their genomic target sites.
Identifying and mapping these interactions is key to understanding human development
and disease. The chromatin immunoprecipitation (ChIP) assay is one of the most powerful
tools available to map DNA-protein interactions. When coupled with high-throughput DNA
sequencing (ChIP-Seq), genome-wide protein interaction maps are generated. Although a
powerful technique, the use of ChIP-Seq has been hampered by the inability to obtain sufficient quantities of DNA. To overcome this challenge and expand the use of ChIP-Seq, we
have developed a novel DNA library preparation kit with low DNA input requirements. The
NEBNext Ultra DNA Library Prep Kit uses novel reagents and a quick, easy workflow, to
generate ChIP-Seq libraries from sub-nanogram quantities of ChIP DNA. The NEBNext Ultra
DNA Library Prep Kit is multiplex compatible and can be used with NEBNext Multiplex
Oligos to sequence multiple ChIP-Seq samples in a single sequencing run. These improvements
to library preparation, along with the ability to multiplex, enable researchers to overcome some
of the hurdles to using ChIP-Seq.

• Low-input ChIP-Seq

CELLULAR ANALYSIS

Materials
• Verified chromatin-immunoprecipitated
(ChIP) DNA

• NEBNext Ultra DNA Library Prep Kit for
Illumina (NEB #E7370)

• NEBNext Multiplex Oligos for Illumina
(NEB #E7335, #E7500)

• Agencourt AMPure® XP beads (Beckman
Coulter #A63881)

Methods
Considerations prior to library construction: ChIP DNA should be examined for enrichment
of expected targets. An example of using quantitative Real-time PCR to assess enrichment can
be seen in Figure 1. If enrichment is not observed, ChIP conditions should be optimized before
library construction is performed. In the experiments presented below, ChIP DNA was prepared
from HCT116 cells, using the SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Beads)
(CST #9003) from Cell Signaling Technology. The manufacturer’s protocol was followed, with
the exception that 40 μl of Micrococcal Nuclease was used, in place of the recommended 5 μl,
to digest chromatin to single nucleosomes (Figure 2). The overall ChIP-Seq workflow used is
shown in Figure 3.
Figure 1. Confirmation of successful IP
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Chromatin immunoprecipitations were performed using chromatin prepared from
HCT116 cells and the indicated antibodies (CST). Purified DNA was analyzed by
quantitative Real-Time PCR using Human RPL30 Exon 3 primers (representing
an active gene, CST #7014) and Human MyoD1 Exon 1 primers (representing an
inactive gene, CST #4490). The fold enrichment was determined as 2Ct(Input)–
Ct(IP).
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Figure 2. Micrococcal nuclease digestion of crosslinked chromatin
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Chromatin digested with either 40 µl (lanes 1 & 2) or 5 µl (lanes 3 & 4) of Micrococcal Nuclease
was analyzed on an Agilent Technologies 2100 Bioanalyzer.

Figure 3. ChIP-Seq workflow
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Library Preparation
Starting Material: 0.25 ng - 5 ng of immunoprecipitated and input DNA
NEBNext End Prep
1. Mix the following components in a sterile nuclease-free tube:
End Prep Enzyme Mix

3.0 µl

End Repair Reaction Buffer (10X)

6.5 µl

ChIP DNA
Total volume

55.5 µl
65 µl

2. Mix by pipetting followed by a quick spin to collect all liquid from the sides of the tube.
3. Place in a thermocycler, with the heated lid on, and run the follwing program:
30 minutes @ 20°C
30 minutes @ 65°C
Hold at 4°C
Adaptor Ligation
Dilute the NEBNext Adaptor for Illumina (provided at 1.5 µM)
10-fold to a final concentration of 1.5 µM, use immediately.
1. Add the following components directly to the End Prep reaction mixture and mix well:
Blunt/TA Ligase Master Mix

15 µl

NEBNext Adaptor for Illumina*

2.5 µl

Ligation Enhancer
Total volume

1 µl
83.5 µl

*The NEBNext adaptor is provided in NEBNext Singleplex (NEB #E7350) or Multiplex (NEB #E7335, #E7500, #E7600)
Oligos for Illumina.

2. Mix by pipetting followed by a quick spin to collect all liquid from the sides of the tube.
3. Incubate at 20°C for 15 minutes in a thermal cycler.
4. Add 3 µl of USER™ Enzyme to the ligation mixture from Step 3.
5. Mix well and incubate at 37°C for 15 minutes.
Cleanup of Adaptor-ligated DNA
1. Vortex Agencourt AMPure XP Beads to resuspend
2. Add 86.5 μl resuspended Agencourt AMPure XP Beads to the ligation reaction. Mix well by pipetting
up and down at least 10 times. Vortex Agencourt AMPure XP Beads to resuspend.
3. Incubate for 5 minutes at room temperature.
4. Quickly spin the tube and place it on an appropriate magnetic stand to separate beads from
supernatant. After the solution is clear (about 5 minutes), carefully remove and discard the supernatant.
Be careful not to disturb the beads that contain DNA targets (Caution: do not discard beads).
5. Add 200 μl of 80% freshly prepared ethanol to the tube while in the magnetic stand. Incubate at
room temperature for 30 seconds, and then carefully remove and discard the supernatant.
6. Repeat Step 5 once.
7. Air the dry beads for 5 minutes while the tube is on the magnetic stand with the lid open.
Caution: Do not overdry the beads. This may result in lower recovery of DNA target.
8. Remove the tube/plate from the magnet. Elute the DNA target from the beads by adding 23 μl of 10
mM Tris-HCl, pH 8.0 or 0.1X TE.
9. Mix well by pipetting up and down, or on a vortex mixer.
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10. Quickly spin the tube and place it on the magnetic stand.
11. After the solution is clear (about 5 minutes), transfer 20 µl to a new PCR tube for amplification.
Note: Be sure not to transfer any beads. Trace amounts of bead carry over may affect the
optimal performance of the polymerase used in the NEBNext High-Fidelity 2X PCR Master
Mix in the subsequent PCR step.
Size Selection of Adaptor-ligated DNA
Size selection is optional. The data presented in this application note was generated from
libraries size selected in the range of 200 bp to 300 bp (100-200 bp insert).
1. Vortex Agencourt AMPure XP Beads to resuspend.
2. Add 80 µl 10 mM Tris-HCl, pH 8.0, to the cleaned-up sample for a 100 µl total volume.
3. Add 90 μl of resuspended Agencourt AMPure XP Beads to the 100 μl sample. Mix well by
pipetting up and down at least 10 times.
4. Incubate for 5 minutes at room temperature.
5. Quickly spin the tube and place the tube on an appropriate magnetic stand to separate the beads
from the supernatant. After the solution is clear (about 5 minutes), carefully transfer the supernatant
containing your DNA to a new tube (Caution: do not discard the supernatant). Discard the beads
that contain the unwanted large fragments.
6. Add 20 μl resuspended Agencourt AMPure XP Beads to the supernatant, mix well and incubate for
5 minutes at room temperature.
7. Quickly spin the tube and place it on an appropriate magnetic stand to separate the beads from
the supernatant. After the solution is clear (about 5 minutes), carefully remove and discard the
supernatant that contains unwanted DNA. Be careful not to disturb the beads that contain the
desired DNA targets (Caution: do not discard beads).
8. Add 200 μl of 80% freshly prepared ethanol to the tube while in the magnetic stand. Incubate at
room temperature for 30 seconds, and then carefully remove and discard the supernatant.
9. Repeat Step 8 once.
10. Air the dry beads for 5 minutes while the tube is on the magnetic stand with the lid open.
Caution: Do not overdry the beads. This may result in lower recovery of DNA target.
11. Remove the tube/plate from the magnet. Elute the DNA target from the beads into 23 μl of
10 mM Tris-HCl or 0.1 X TE, pH 8.0. Mix well on a vortex mixer or by pipetting up and down.
Quickly spin the tube and place it on a magnetic stand. After the solution is clear (about 5 minutes),
transfer 20 μl to a new PCR tube for amplification.
Note: Be sure not to transfer any beads. Trace amounts of bead carry over may affect the
optimal performance of the polymerase used in the NEBNext High-Fidelity 2X PCR Master
Mix in the subsequent PCR step.
PCR Amplification
Half of the adaptor-ligated, size-selected sample was used in the amplification reaction.
1. Mix the following components in sterile strip tubes:
Adaptor Ligated ChIP DNA

10 µl

NEBNext High Fidelity 2X PCR Master Mix
Index Primer*

25 µl
1 µl

Universal PCR Primer**
H2O

1 µl
13 µl

Total volume

50 µl

*The primers are provided in NEBNext Singleplex (NEB #E7350) or Multiplex (NEB #E7335,
#E7500, #E7600) Oligos for Illumina.
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2. PCR cycling conditions:
CYCLE STEP

TEMP

TIME

CYCLES

Initial Denaturation

98°C

30 seconds

Denaturation

98°C

10 seconds

Annealing

65°C

30 seconds

Extension

72°C

30 seconds

Final Extension

72°C

5 minutes

Hold

4°C

∞

1

14-18*

1

*Libraries constructed with 0.25 ng, 0.5 ng or 1 ng of DNA were amplified for 18 cycles.
Libraries constructed with 5 ng of DNA were amplified for 14 cycles.

Cleanup of PCR Amplification
1. Vortex Agencourt AMPure XP Beads to resuspend.
2. Add 50 μl of resuspended Agencourt AMPure XP Beads to the PCR reactions (~ 50 μl). Mix well by
pipetting up and down at least 10 times.
3. Incubate for 5 minutes at room temperature.
4. Quickly spin the tube and place it on an appropriate magnetic stand to separate beads from supernatant.
After the solution is clear (about 5 minutes), carefully remove and discard the supernatant. Be careful not
to disturb the beads that contain DNA targets (Caution do not discard beads).
5. Add 200 μl of 80% ethanol to the PCR plate while in the magnetic stand. Incubate at room temperature
for 30 seconds, and then carefully remove and discard the supernatant.
6. Repeat Step 5 once.
7. Air dry the beads for 5 minutes while the PCR plate is on the magnetic stand with the lid open.
Caution: Do not overdry the beads. This may result in lower recovery of DNA target.
8. Remove the tube/plate from the magnet. Elute DNA target from beads into 23 μl 10 mM Tris-HCl, pH
8.0 or 0.1X TE. Mix well by pipetting up and down at least 10 times. Quickly spin the tube and place it
on an appropriate magnetic stand to separate beads from supernatant. After the solution is clear (about 5
minutes), carefully transfer 20 μl supernatant to a new PCR tube. Store libraries at –20°C.

Results
DNA Sequencing and Bioinformatics Analysis
The barcoded ChIP-seq libraries (Figure 4) were pooled and sequenced on three lanes of an Illumina Genome
Analyzer IIx. The data from each lane was pooled, generating approximately 10 million, 50 base pair,
single end reads for each barcoded sample. For comparative purposes, the number of reads for each sample
was normalized to 8.7 million, (the lowest number of reads generated for a sample) and mapped to the
human genome (hg19) using Bowtie2 end-to-end mapping. Alignment rates for all libraries were between
97.44% and 98.40%.
Figure 4. Bioanalyzer densitometry plot of ChIP-Seq libraries
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4A. Libraries generated from ChIP DNA analyzed on the Agilent Bioanalyzer. Lanes 1-8 are size-selected libraries, 9-11 are not size-selected. 4B. ChIP DNA used as
input.
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Library Complexity
An important indicator of library quality is the complexity metric, which is the fraction of non-redundant mapped reads in a data set. This metric is of particular importance for low DNA inputs, as library
complexity resulting from such samples tends to be lower. Library complexity in our samples varied
between 0.96 and 0.86 (Figure 5) and correlated with the amount of starting material. Libraries constructed with 5 ng of ChIP DNA having the greatest complexity and 0.25 ng the lowest. To ensure
compliance with ENCODE guidelines, we determined the complexity for the 0.25 ng IP sample using
10 million reads. Complexity for this sample was 0.85, which is above the minimum complexity of
0.8 per 10 million reads recommended by the ENCODE consortium [1]. Therefore, even at 0.25 ng of
ChIP DNA, sufficient library complexity was obtained.
Figure 5. ChIP-Seq library complexity metrics
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Complexity metrics were determined for libraries constructed using various amounts of starting material and 8.7 million reads.

We also examined the relationship between library complexity and number of reads. For all libraries, complexity decreased slightly with increasing numbers of reads (Figure 6). Taken together, these
results suggest that for samples made with 0.5 ng to 5 ng of starting material, sequencing has not
reached saturation and additional reads will be beneficial. On the other hand, at 0.25 ng of starting
material, 10 million reads are sufficient to capture most of the signal and consequently, additional
reads may be redundant.
Figure 6. Library complexity with increasing number of reads
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Peak Identification:
Peaks were identified using MACS2 [2] (broad peak mode, score cutoff 7) and 2, 4 or 8 million reads
for each sample (Figure 7). As expected, the total number of peaks identified increases with increasing
number of reads.
To determine the significance of these regions, we compared the peaks identified using 8 million reads
of each condition with the peaks previously identified in the matching ENCODE dataset generated
from the same cell line using an antibody against H3K4me3 (GEO accession number GSM945304).
We also compared the peaks to promoter regions. Since H3K4me3 is a promoter mark, overlaps with
annotated transcription start sites (TSS, defined as 5kb upstream of annotated genes in Ensembl) represent an independent measure of biological significance (Figure 7). Importantly, significant overlap with
the encode data set and TSS was observed, independent of the amount of starting material. Overlap
with the encode dataset and promoters range from 79% to 88% and from 60% to 70% respectively,
while randomized datasets (random permutation of peak locations) show a maximum overlap of 2%
and 7% respectively. In addition, there was significant overlap between peaks found in the 5 ng libraries and the 0.5 ng as well as the 5 ng and the 0.25 ng libraries (Figure 8). Taken together, these
results indicate that most of the peaks identified in our data sets are true positives, regardless of the
amount of starting material.
Figure 7. Biological relevance of peaks identified in the ChIP-Seq libraries
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Figure 8. Number of overlapping peaks identified in high- and low-input libraries
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Comparison:
The results presented above, demonstrate that the NEBNext Ultra DNA Library Prep Kit offers a fast,
easy, streamlined workflow for the generation of high-quality ChIP-seq libraries. We next wanted
to determine how the kit compared to other kits on the market. To this end we constructed libraries
using the Illumina TruSeq® ChIP Sample Prep Kit and compared them to libraries constructed with
the Ultra kit. Libraries were constructed using the manufacturer’s recommendations of 10 ng of ChIP
DNA for the TruSeq kit and 5ng for the Ultra kit. To allow for an accurate comparison, DNA from the
same ChIP was used to construct libraries from both kits. Libraries were sequenced on the GAIIx and
the reads were mapped to the human genome (hg19) using Bowtie2 end-to-end mapping. Peaks were
identified using MACS as described above. Figure 9A provides a summary of the total number of peaks
as well as the number of peaks overlapping with the encode and TSS datasets. Overall, libraries constructed with the Ultra kit produced more peaks than those generated with the TruSeq kit and more of
the peaks overlap with the encode and TSS datasets compared to the TruSeq kit.
Next we removed the peaks that were found in both the Ultra and TruSeq kits in order to derive a set
of specific peaks (Figure 9B). While about 40 and 60 percent of the specific peaks derived from the
Ultra kit overlap with TSS and Encode datasets respectively, these numbers drop to 5 and 9 percent in
the case of the TruSeq kit (Figure 9C). This result indicates that the peaks specific to the Ultra kit have
a higher fraction of true positives.
Figure 9. Biological relevance of peaks identified in the ChIP-Seq libraries
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DNA and TruSeq ChIP data. C. Percentage of overlap between the matching ENCODE data set and TSS was determined for the specific peaks identified with each kit.
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Conclusions
The NEBNext Ultra DNA Library Prep Kit for Illumina was used to construct ChIP-Seq libraries over
a wide range of DNA inputs. Libraries constructed with as little as 0.25 ng of ChIP DNA displayed
high complexity and consisted of binding regions that largely overlap the matching ENCODE dataset
and TSS. While libraries constructed with 0.25 ng of ChIP DNA showed near saturation of binding
sites for 10 million reads, those constructed with 0.5 ng to 5 ng were not saturated and additional
binding sites would likely be identified with increased read depth. The NEBNext Ultra DNA Library
Prep Kit for Illumina was also compared to the Illumina TruSeq Chip kit. Libraries constructed using
the NEBNext Ultra DNA Kit generated more peaks overall, and a greater number of peaks matched
biologically relevant targets, compared to libraries constructed using the TruSeq Kit. Taken together
these results show that high quality ChIP-seq libraries can be constructed using the NEBNext Ultra
DNA Library Prep Kit and low DNA inputs and, in addition, the NEBNext Ultra DNA Kit provides a
superior method for ChIP-seq library construction.
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