
Title Advancing small-molecule-based chemical biology with next-
generation sequencing technologies

Author(s) Anandhakumar, Chandran; Kizaki, Seiichiro; Bando,
Toshikazu; Pandian, Ganesh N.; Sugiyama, Hiroshi

Citation ChemBioChem (2015), 16(1): 20-38

Issue Date 2015-01-02

URL http://hdl.handle.net/2433/230880

Right

This is the accepted version of the following article: [Chandran
Anandhakumar, Seiichiro Kizaki, Toshikazu Bando, Ganesh N.
Pandian, Hiroshi Sugiyama. Advancing Small‐Molecule‐
Based Chemical Biology with Next‐Generation Sequencing
Technologies. ChemBioChem (2015), 16, 1, 20-38], which has
been published in final form at
https://doi.org/10.1002/cbic.201402556. This article may be
used for non-commercial purposes in accordance with Wiley
Terms and Conditions for Self-Archiving.; The full-text file
will be made open to the public on 23 December 2015 in
accordance with publisher's 'Terms and Conditions for Self-
Archiving'.; This is not the published version. Please cite only
the published version. この論文は出版社版でありません。
引用の際には出版社版をご確認ご利用ください。

Type Journal Article

Textversion author

Kyoto University



 1 

Advancing Small-Molecule-Based Chemical Biology With 

Next-Generation Sequencing Technologies 

Chandran Anandhakumar,
[a]

 Seiichiro Kizaki,
[a]

 Toshikazu Bando,
[a]

 Ganesh N. Pandian,
[b]

 

Hiroshi Sugiyama
*[a,b]

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

  



 2 

 

Figure 1. Schematic representation of general working pipeline for 

next-generation sequencing. This working protocol is typically used 

in all kind of sequencing approaches. 

 

 

 

Next-generation-sequencing (NGS) technologies enable us to 

obtain extensive information by deciphering millions of 

individual DNA sequencing reactions simultaneously. The new 

DNA sequencing strategies exceed their prototype outputs by 

many orders of magnitude, resulting in a quantitative increase in 

valuable sequence information that could be harnessed for 

qualitative analysis. Sequencing on this scale facilitates 

significant advances in diverse disciplines, ranging from  

 

 

 

discovery, design, and evaluation of many small molecules and 

relevant biological mechanisms to maturation of personalized 

therapies. Recent affordable NGS technologies allow us to gain 

in-depth insight into small-molecule-triggered biological 

phenomena and empower researchers to develop advanced 

versions of small molecules. In this review, we focus on the 

overlooked implications of NGS technologies in chemical 

biology, with a special emphasis on small-molecule development 

and screening. 

 

 

1. Introduction 
 

Strategies to decipher DNA sequences storing huge amounts of 

genetic instruction create paradigm-shifting opportunities in a wide 

range of scientific disciplines. The Human Genome Project was 

completed in 2003 using a first-generation sequencing technique 

based almost entirely on Sanger’s method. In 1977, Sanger et al.[1] 

described dideoxy nucleotide sequencing of DNA. In the same year, 

Maxam and Gilbert developed a sequencing technique based on 

chemical modification of DNA and consequent cleavage.[2] These 

two methods represent the first generation of sequencing. 

Sequencing has undergone steady progress from a cottage industry 

to a large-scale production enterprise that requires a specialized and 

devoted infrastructure of robotics, a modern chemical approach, 

bioinformatics, computer databases, and instrumentation. The 

introduction of high-throughput sequencing method in 2007 took 

DNA sequencing to the next level. It got established upon the notion 

that millions of autonomous chemical reactions taking place 

simultaneously, thereby a distinct molecule could be decoded in a 

quantifiable mode with deep coverage of sequencing reads. This 

strategy was called deep sequencing, next-generation sequencing 

(NGS), high-throughput sequencing, or massively parallel 

sequencing. Shortly afterward, in 2008, NGS was effectively 

utilized for sequencing the first individual human genome.[3] The 

database of the Human Genome Project led to a deeper knowledge 

of several disease processes at the genetic level.[4,5] During this 

progress, the cost per reaction of DNA sequencing reduced, mainly 

because of the efforts to sequence the human genome. Hui[6] has 

extensively reviewed the evolution and chemistry of various 

sequencing technologies.  

High-throughput sequencing may need only one or two machine 

runs to complete the experiment, hence NGS technologies are now 

competitive with the microarray platform for genome analysis. The 

routine use of microarray-based approaches is limited by the 

requirement for customized arrays, and these notable technical 

obstacles led to the transition of core genomic studies to high-

throughput sequencing-based platforms.[7,8] Next-generation 

sequences are also generated from fragmented and adapter-ligated 

DNA/RNA/amplicon ‘libraries’ that have never been subjected to 

conventional vector-based cloning. As such, some of the sequencing 

bias of cloned DNA sequences that affect genome identification in 

sequencing projects may be avoided.  

Sequencing technologies have a standard workflow regardless of the 

sequencing platforms, in brief, 1) preparation of sequencing library 

from the nucleic acid,   2) sequencing and data collection, and 3) 

data analysis (Figure 1).  

 

 

 

 

 

 

 

  

 

                                                                                                                                                           

                                                                                                                                                       

 

 

                                 

   

 

2. Next generation sequencing 
 

The exclusive reagents used in specific protocols differentiate one 

technology from another and define the type of data generated from 

each platform. All these protocols come under three major 

categories based on the sequencing chemistry (1) sequencing by 

synthesis, (2) single-molecule sequencing and (3) sequencing by 

ligation.[9] 
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2.1. Sequencing by synthesis (SBS)  

 
SBS technology is similar to the Sanger sequencing method, it 

defines the nucleotide arrangement in the template by various signal 

detection method that is generated during the addition of a new base 

to the newly synthesized complementary DNA strand by the DNA 

polymerase.  In Sanger sequencing, dideoxynucleotides were used in 

the chain termination reaction, whereas, in SBS, 

chemical/fluorescence detection of nucleotide addition is determined  

 

by different approaches using altered chemistry. Leading 

commercial platforms are clustered under the SBS methodology but 

they differ in sequence read length and template preparation. 

 

2.1.1. Illumina 

 
Currently, the Illumina platform is taking over the NGS market. It 

uses clonal or bridge amplification for template preparation and SBS 

technologies with cyclic reversible termination (CRT) during 

sequencing of the DNA template, including nucleotide addition by 

DNA polymerase, fluorescence detection, and cleavage of the 

extension termination site (Figure 2b).[10a,10b,10c,20] 3-Blocking 

terminators such as 3-O-azidomethyl-dNTPs (Figure 2e)[10d] have 

been used effectively in CRT. Removal of two chemical bonds from 

the terminator leads to the detachment of the fluorophore from the 

nucleotide base to reinstate the 3-OH group for the next cycle of 

sequencing. The template-fixing, primer-attached slide is divided 

into eight channels, meaning that several individual samples can be 

run simultaneously. Here, substitution of nucleotides is the likely 

error type. 

 

2.1.2. Roche 454  

 
The Roche 454 sequencing platform utilizes a type of SBS method 

called pyrosequencing to determine the nucleotide incorporation 

during sequencing.[11] In pyrosequencing (Figure 2a), the sequencing 

adapter-ligated DNA templates adhere to a microbead and are 

multiplexed by emulsion PCR. Each amplified bead is incubated 

with DNA polymerase, adenosine 5-phosphosulfate (ASP), 

luciferase, ATP sulfurylase, and apyrase in a picotiter plate well. 

Pyrophosphate is released when the DNA polymerase adds the 

correct dNTP to the growing strand, which will be converted into 

ATP by ATP sulfurylase in the presence of ASP. Luciferase reacts 

with ATP and releases light, which can be measured by an imaging 

system.[12,13] Unused dNTPs are washed out with the apyrase. 

Repetition of the above reaction can define the details of the 

targeted DNA sequence. As the pyrosequencing does not have any 

termination moiety chemistry, multiple bases can be incorporated 

during a single sequencing cycle, which in turn can lead to 

erroneous homopolymer production. Further developments have 

been made to improve the sequencing performance and resolve the 

homopolymer issue.[14] 

 
2.1.3. Ion Torrent 

 

Ion semiconductor sequencing[15] uses SBS. This technology is both 

rapid and cost-effective. In contrast to the other platforms, Ion 

torrent decode the template DNA sequence by detecting the pH 

changes that occur with the release of hydrogen ion upon the 

incorporation of nucleotides to the new DNA strand. Template-

attached beads are incubated in a micro well with DNA polymerase 

and a particular type of dNTP. If the incubated dNTP matches the  
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Figure 2. Major sequencing platform’s sequencing 

chemistry. a) Roche 454:  Emulsion PCR 

amplification followed by pyro sequencing
[11]

 b) 

Illumina sequencing:  Bridge amplification followed 

by sequencing by synthesis.
[10a,10b,10c,20]

 c) Ion 

torrent: Same as B till the emulsion PCR next the 

enriched libraries sequenced by polymerization
[16]

 

d) PacBIO: Single-molecule real-time
[18a,18b,20]

 

(SMRT) sequencing. e) 1. Modified nucleotides 

used in Illumina
[10a,10b,10c,20]

 and 2. terminally 

labelled polyphosphate used in PacBio 

sequencing,
[18a] 

these nucleotides are added 

specifically to the template DNA, after imaging 

cleaved efficiently, and stretched as modified or 

natural nucleotide in next cycles.  
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growing template strand, the DNA polymerase adds it. The 

incorporation of dNTP leads to the discharge of a hydrogen ion that 

activates an ion-sensitive field-effect transistor (ISFET) ion sensor, 

which can detect the nucleotide by converting the electric signal into 

base sequences (Figure 2c). The remaining nucleotides are washed 

out and the next cycle continues. If repeated bases are present in the 

template, multiple nucleotides will be added in a single cycle; in this 

case, a stronger electric signal will be detected based on the 

hydrogen ion release. Because of this multiple nucleotide addition, 

homopolymer error can occur, which is one disadvantage with this 

technology. Ion torrent has two types of sequencing systems: 1) Ion 

Personal Genome Machine (PGM) for small-scale usage, and 2) Ion 

Proton, which can generate higher throughput of sequencing data. 

 

2.2. Single-molecule sequencing (SMS)  
 

SMS uses a fluorescence emission detection method for the 

decoding of DNA. Platforms using this method can generate a 

measurable signal of fluorescence emission from a single nucleic 

acid by the addition of a fluorescently labeled nucleotide. Therefore, 

SMS does not require template amplification and obviates PCR 

errors. These methods can directly sequence RNA without cDNA 

amplification[16]. SMS platforms are differentiated based upon the 

method of immobilization of the template and the other molecules 

during the sequencing cycle, by the method of detection of emitted 

light.  

 

2.2.1. Helicos 
 

This was the first commercially available SMS system in the NGS 

market.[17] In this system, the fragmented DNA templates are  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

denatured and attached with 3-polyadenosine (A) and a terminal 

fluorescent A. These fragments are either hybridized to surface-

attached primers in a flow cell or directly covalently attached to the 

flow-cell surface and annealed with a universal primer. Then, within 

the flow cell, fluorescently labeled nucleotides (virtual terminator) 

are sequentially added (a single dye system). Subsequently, 

nucleotide incorporation by DNA polymerase gives an image of the 

details of the template sequence. The cycle is repeated until an 

appropriate read length is reached; the terminator is removed at the 

end of every cycle.  

 

2.2.2. Pacific BioSciences 
 

Pacific BioSciences released a new single-molecule real-time 

sequencing (SMRT) technology (Figure 2d).[18a,18b] SMRT is based 

on the observation of DNA polymerization reactions in real time by 

capturing the light pulses produced during each nucleotide addition 

event. In this system, DNA polymerase is attached at the bottom of a 

Zero Mode Waveguide (ZMW)[19] with a single DNA template. By 

supplying uniquely fluorescently labeled nucleotides (A, T, G, and 

C), the system can image the DNA polymerase-incorporated 

nucleotide fluorescence. The ZMW ensures the added nucleotides 

emit the strongest fluorescence. This ZMW-attached DNA 

polymerase can produce the longest read length in real-time 

mode.[20] The preparation of a circularized template can enable 

repeated sequencing of the template and an increased base accuracy. 

 

2.3. Sequencing by ligation (SBL)  
 

Generally, DNA ligase enzyme ligation depicts the linking of two 

pairs of ends, however, it can also ligate the ends of one strand of 

the double-stranded DNA (while missing the terminal phosphate 
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essential for ligation or the complementary strand is unbroken). This 

single strand ligation depends on the DNA ligase sensitivity towards 

the complementary bases of the two strands if there are mismatches 

between them the enzyme’s ligation efficiency become very low. 

This mismatch sensitivity of the DNA ligase is being utilized in 

SBL methodology to define the sequences in the DNA molecule.[21] 

Various lengths of fluorescent tags labelled oligonucleotide probes 

were used here. The DNA sequencing library was already ligated 

with known adapter sequence, this can serve as an anchor sequence, 

where the primer can be annealed. Addition of DNA ligase to the 

flow cell can ligate the fluorescence tagged probes to primer with 

respect to the template sequence. Incorporation of a specific probe 

to the template can be identified using fluorescence imaging. By 

repeating this process with various groups of probes, it is possible to 

interrogate with the template DNA can evaluate the bases in the 

sequence. Platforms using this technology differ in their read length 

and the usage of probe. 

 

2.3.1. Polonator and SOLiD (support oligonucleotide 
ligation detection) 
 

SOLiD system[22] is based on the polonator technology[23] 

(http://www.azcobiotech.com/instruments/polonator.php). Polonator 

is open source and so permits the researchers to advance in highly 

precise procedures and applications that do not depend on any kit. 

Both the systems use sequencing by ligation. In SOLiD platform, 

anchor sequence primed sequencing libraries were amplified on 

microbeads using emulsion PCR then the amplified beads were 

attached to a glass slide. After sequencing, primer annealing with 

the anchor sequence a set of unique fluorophore tagged probes is 

supplied to the flow cell. The probe contains various possible 

combinations of complementary bases, the fluorophore 

probes are partly the degenerated DNA octamers with the 

first two positions being complementary to the recognition 

core. DNA ligase can ligate the matching probe to the 

primer. After fluorescence imaging, 5 ′ phosphate groups 

were regenerated by cleaving the phosphorothiolate link 

with silver ions for the next ligation. A new cycle continues 

with ligation, detection, and cleavage. After appropriate 

read length is reached, the first sequencing product is peeled 

off and the second primer is allowed to anneal at n-1 site to 

the DNA template. Various types of primer were utilized 

with the annealing site of n, n-1, n-2, n-3, and n-4. To 

improve the sequencing, precision DNA template is 

sequenced twice. 

 

With so many applications and sequencing platforms 

available on the market, the general issue is how to identify 

the best available platform for a given chemical biological 

experiment. A comparison of each of the NGS technologies 

summarized in Table 1 facilitates the recognition by the 

chemical biologist of the ideal platform for their targeted 

research. 

The major dominant commercial platforms currently on the 

market are the Illumina Genome Analyzer/HiSeq2500, the Roche 

454 Genome Sequencer, the Life Technologies Ion Torrent Personal 

Genome Machine (PGM)/Ion proton, and the PacBio-SMRT. The 

sequencing chemistries of these four platforms are explained and 

illustrated in Figure 2. 

Advancement in these new sequencing technologies and its impact 

on genomics is in turn causing an increase in chemical biological 

studies. However, significant methodological interpretations need to 

be explored to harness NGS in a better way in chemical biological 

studies. In this review, some of the key methodologies and 

analytical strategies are discussed. 

3.  Genome-wide localization of Non-B DNA 
using small molecules  

Under common physiological conditions, the right-handed double-

helical B-form of DNA is abundant. However, under specific 

conditions, DNA can also form a variety of alternate non-B DNA 

structures such as the four-stranded G-quadruplex, left-handed Z-

DNA, cruciform, and others.[24,25]  The G-quadruplex, formed by 

Hoogsteen hydrogen bonds, is one of the most significant DNA  

 

Figure 3. Small molecules used to identify non B-DNA: a) pyridostatin 

(PDS). b) Schiff-base catechol derivatives.
[34,37] 

 

structures, and is always formed in a G-rich region in the presence 

of some monovalent cations.[26-28] In the mammalian genome, the G-

quadruplex is thought to be functionally significant for gene 

regulation, replication, and genome stability. Small-molecule 

ligands perturb cellular functions associated with the formation of 

this structure.[29]  

 

Figure 4. Experimental procedure for detecting G-quadruplex forming 

region and sequencing.
[37]

 

 

G-rich regions are randomly scattered in some sections of the 

mammalian genome, including telomeric ends and regulatory 

elements in some promoters, including c-myc and c-kit.[30,31] G-

quadruplex-associated small molecules like pyridostatin have been 

shown to localize the G-quadruplex in cells[32] and have been used 

to enrich human telomeric DNA (Figure 3a).[33] we have reported it 

in realtime observation.[34] Besides the telomeric G-rich sequence, 

other regions are also of significance. For example, the G-

quadruplex in the promoter region of oncogenes has a close 

association with gene expression. G-quadruplex formation in these 
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regions may play a vital role in gene regulation, hence this structure 

is considered an important therapeutic target. Lam et al.[35] used a 

G-quadruplex-specific antibody to enrich genomic DNA fragments 

holding folded G-quadruplex structures and then the deep 

sequencing of the isolated DNA was performed.  They used a 

modified single chain hf2 antibody capable of enriching the stable 

G-quadruplex structures in the genomic DNA. Sequencing spots 

from independent NGS libraries were aligned to the human genome 

and peaks were called using the Model-based Analysis of ChIP-Seq 

(MACS) algorithm.[36] This study gave useful evidence about the 

presence of an exemplary set of G-quadruplex structures enriched 

by the hf2 antibody, which were mapped in the genome using deep 

sequencing. The identification and localization of stable G-

quadruplexes in various gene regions of functional importance 

further strengthens the evidence for a potentially broad role of these 

structures.  

Even though many small molecules are known to stabilize the G-

quadruplex, most of them could not target the G-quadruplex in vivo 

because of noncovalent binding that results in weakened efficacy. 

Yuan et al.[37] identified the presence of G-quadruplex structures in 

an oncogenic promoter region using a G-quadruplex DNA cross-

linking strategy. In this study, to illustrate the existence of the G-

quadruplex in vivo, a new set of Schiff base catechol derivatives 

(Figure 3b) were used as G-quadruplex cross-linking agents. The 

group then used a biotin tag for affinity purification of the targeted 

regions for further discovery.[34,38] Figure 4 illustrates the work 

flow for extraction and sequencing of G-quadruplex forming 

regions. To further elucidate the exact sequence of these regions 

encountered by small molecules and their positions on the 

chromosome, deep sequencing was used effectively.  

As a result of high-throughput sequencing, these small molecules 

were identified as the first example of a G-quadruplex cross-linking 

agent that can efficiently target G-rich regions in the promoter of 

oncogenes in vivo. These deep-sequencing-associated methods may 

prove to be valuable new strategies for the rapid evaluation of the 

G-quadruplex on a genome-wide scale. They can also be useful in 

identifying G-quadruplex-mediated transcriptional regulation.  

4.  Analysis of gene expression induced by 
small molecules 

4.1. Transcriptome studies 

Transcriptome analysis gives an account of the complete spectrum 

of mRNAs in a cell and their magnitude of expression for a specific 

physiological condition or type of cell.[39] RNA high-throughput 

sequencing (RNA-Seq) is a modern approach to transcriptome 

profiling that uses high-throughput sequencing technologies.[40-42] It 

can analyze the expressed sequences in a spatiotemporal manner and 

is rapidly replacing other methods of profiling gene expression such 

as microarrays. Microarray expression studies have been effective in 

interpreting the expression of mRNAs within cells and tissues; 

however, there are a number of limitations to this technology, 

including low sensitivity and specificity. More importantly, 

microarray constrains the expression-profiling data to specific 

annotations and content. Gene expression studies using RNA-Seq 

offer the possibility of reducing and/or in some cases eliminating 

these drawbacks. Once a transcriptome has been sequenced, we can 

use the data to evaluate gene regulation. This type of study mainly 

focuses on:  (1) listing all the transcripts with respect to cell type for 

the species, including all varieties of RNAs (mRNAs, noncoding 

RNAs, and small RNAs); (2) resolution of the transcriptional 

organization of genes, based on their transcription start sites, pattern 

of splicing, and other posttranscriptional modifications; and (3) 

enumeration of the differential expression levels of each transcript 

(Figure 5). With the availability of faster and more cost-effective 

NGS platforms, ample transcriptome analyses can be performed to 

check the effect of gene regulation by DNA-binding small 

molecules. Transcriptional regulation by DNA- binding small 

molecules could have important therapeutic uses. Successive studies 

have shown that pyrrole–imidazole polyamides (PIPs) can repress 

DNA binding by transcription factors such as the androgen receptor 

(AR),[43] hypoxia inducible factor 1 alpha (HIF-1), [44] the 

glucocorticoid  

 

 

Figure 5. Schematic representation of the pipeline for RNA-Seq 

analysis of small molecule-regulated RNA. 

 

receptor (GR),[45] and nuclear factor kappa B (NF-κB)[46] in live 

cells. RNA-Seq of small-molecule-targeted cells, tissues, or animal 

models has allowed the identification of further alterations in gene 

expression. Raskatov et al.[47] investigated the effect of a PIP 

synthesized to bind with the DNA sequence 5-WGGWWW-3 (W = 

A or T) in a xenograft tumor model. The study primarily focused on 

the evaluation of the effect of PIPs on gene expression in vivo. To 

quantify the global effect on gene expression of PIP in a xenograft 

environment, RNA from PIP-treated and untreated mice was 

measured using RNA-Seq. A panel of representative genes was 

selected from the list of differentially expressed genes and 

confirmed using reverse transcription–quantitative polymerase chain 

reaction (RT-qPCR). Differentially expressed genes including CCL2, 

NPTX1, SERPINE1, and MMP28 were identified. A similar PIP 

with a different recognition site (5-WGGWCW-3) was used to 

study the global transcriptome expression changes in breast cancer 

cells using RNA-Seq.[44] These transcriptome studies demonstrate 

the crucial importance of deep-sequencing strategies for the rapid 

validation of small-molecule potency. 
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4.2. Protein-DNA interaction studies 

Recent progress in high-throughput sequencing technology has 

facilitated the identification of DNA binding protein's target sites in 

genome scale. A combined chromatin immune precipitation and 

high-throughput sequencing (ChIP-Seq) method has been used 

extensively to determine the DNA-binding patterns of DNA-binding 

proteins and the epigenetic modification marks on chromatin.[49-52] 

Theoretically, this technology can distinctively recognize in an 

unbiased manner various sections of DNA in the genome that are 

physically associated with a specific DNA-binding protein. This 

permits clear mapping of the interactions between particular proteins 

and their transcriptional targets to suggest interconnections of gene 

regulatory networks. Furey[53] reviews current studies using the 

transcription-factor-binding ChIP together with high-throughput 

sequencing and its full downstream analysis pipeline. Figure 6 

represents the complete workflow for ChIP-Seq. The studies on 

DNA-interacting proteins most frequently target transcription 

factors (e.g., p53 or NFB), chromatin-modifying enzymes (e.g., 

DNA methyltransferases (DNMTs), histone deacetylases), modified 

histones interacting with genomic DNA (e.g., histone 3 

trimethylated on lysine 4), and the basal transcriptional machinery   

apparatus (e.g., RNA polymerase II). They can govern when genes 

are switched on or off/transcribed. Some of the DNA-interacting 

proteins can act as repressors and some as activators. Furthermore, a 

single protein sometimes directly controls multiple downstream 

genes, resulting in the highly diverse gene regulatory networks that 

control numerous biological processes. Pyridostatin is a highly 

selective G-quadruplex-associated small molecule[54,33] known to 

inhibit the growth of human cancer cells by inducing 

replication/transcription dependent on DNA damage. Rodriguez et 

al.[55] used ChIP-Seq methods to analyze genome-wide pyridostatin-

induced DNA damage with the DNA damage-marker protein  

 

Figure 6. Complete work flow of ChIP-Seq and its downstream 
analysis pipeline 
 

Figure 7. Genome wide mapping of small molecule induced gene. a) ChIP-Seq recognized γH2AX regions containing putative G-quadruplex–

forming sequence (PQS) clusters in oncogenes and tumor suppressor genes. MRC MRC-5-SV40 cells treated with 2 μM pyridostatin (1_ 

γH2AX ) compared to untreated MRC MRC-5-SV40 cells (Unt_ γH2AX ). b) A zoomed window size showing the enriched sequencing read 

distribution in the chromosomal region containing SRC gene. c) Structure of polyamides (PIP) and d) ChIP-Seq result of genome level RNAP2 

occupancy from control(NT), DHT-treated (DHT), and DHT + PIP-treated (DHT+1) samples over (A) an ARdriven gene, KLK3. Axis details: x-

axis represent the chromosome positions and transcripts are displayed, y-axis corresponds to sequencing read depth which represent the 

number of times an antibody bound to that specific sequence during the experiment; purple bars represent mapped PQS.
 [55,58]
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 H2AX. By comparing ChIP-Seq data from pyridostatin-treated and 

untreated control cells, it was identified that in the human genome, 

each distinct chromosome includes ~60 H2AX domains that are 

induced by pyridostatin (example enrichment were shown in Figure 

7a. This indicates the impact of pyridostatin on gene expression 

including that of the SRC gene (proto-oncogene) (Figure 7b). The 

study showed that the small molecule reduced the level of SRC 

protein and its dependent cellular activity in human breast cancer 

cells. As a result, a previously unknown small-molecule 

pyridostatin-binding region in the genome was identified that may 

lead to drug discovery for identifiable genomic targets. 

PIP–DNA binding causes allosteric changes in the DNA helix that 

can interfere with protein–DNA interactions.[56,57]  Yang et al.[58] 

investigated the effect of PIPs targeted to the RNAP2 transcription 

machinery. ChIP-Seq was used to map the global occupancy of 

RNAP2 in LNCaP cells under dihydrotestosterone (DHT) induction. 

The results indicate that androgen receptor (AR)-driven genes such 

as KLK3 show increased RNAP2 binding to their DNA, but this was 

decreased in the presence of PIP (Figure 7c, 7d). Although RNAP2 

binding across constitutively expressed genes such as GAPDH did 

not change with DHT treatment, there was a reduction in binding 

after PIP treatment. This reduction in RNAP2 occupancy induced by 

PIP was in line with a global reduction of RNAP2 occupancy across 

genic regions. By using this high-throughput ChIP-Seq, Yang et al. 

derived a conclusive genome-wide mapping of RNAP2 binding 

showing reduced affinity to DNA preferentially at transcription start 

sites, while the occupancy at enhancer sites was unchanged. 

Treatment with PIP caused a time- and dose-dependent weakening 

of the binding of RNAP2 large subunit RPB1 that is avoidable with 

proteasome inhibition. Similarly, transcriptional activator PIPs 

(SAHA-PIP = HDAC inhibitor suberoylanilide hydroxamic acid 

(SAHA) + hairpin PIP) increased the level of PIWIL1 (associated 

with germ-cell development) in the H3Ac-occupied regions in a 

genome-wide PIP-induced epigenetic study[59] Overall, high-. 

throughput sequencing delivers ideal tools to unravel many 

interactions that make up these gene regulatory networks. ChIP-Seq 

could be a promising strategy for drug discovery to identify the 

specific role of chemical compounds. 

5. Aptamer selection using massively parallel 
sequencing 

Aptamers are nucleic-acid-based oligomers that can be chemically 

synthesized and modified to target molecules with highly selective 

affinity binding.[60-63] They have been synthesized against a variety 

of molecular targets including proteins, small molecules, and cell-

surface markers.[64-69] Recently, aptamers have found uses in a wide 

range of applications including diagnostics, molecular imaging, 

therapeutics, gene delivery, and drug delivery.[70-76]  

The commonly used systematic evolution of ligands by exponential 

enrichment (SELEX) method has been used to prepare aptamers 

targeting proteins and small molecules.[60,77,78] It takes months to 

assess and optimize just a handful of aptamers. NGS can greatly 

speed up this process. Studies[79,80]  utilizing deep sequencing to 

select aptamers shortened the time required for initial aptamer 

selection. Both the studies cited were able to obtain aptamers that 

bound to the proposed target, but they either were dependent on 

many rounds of selection or restricted the flexibility available in the 

sequence space. 

Hoon et al.[81] developed novel aptamers against thrombin using a 

different method, aptamer selection by K-mer analysis of sequences 

(ASKAS). This needs only one round of positive selection followed 

by deep sequencing and data analysis (mainly using cluster-seq 

(http://code.google.com/p/biopieces)).  

Figure 8. High-affinity DNA aptamers selection using an additional 

genetic alphabet. a) Structure of an unnatural nucleotide with the 

hydrophobic base 7-(2-thienyl) imidazo [4,5-b] pyridine (Ds) and  its 

base pairing diol-modified 2-nitro-4-propynylpyrrole (Px). b) design of 

oligomer library used in the aptamer selection and sequening scheme 

of the SELEX procedure: DNA aptamer selection using libraries with 

five different bases A, T, G, C and Ds).
 
Recognition tag: barcode 

sequences used to sequence multiple samples in a single run, Doped 

selection: aptamer selection as above explained using partially 

randomized oligo libraries.
[84] 

 

In some cases, modified natural nucleotides have been incorporated 

into aptamers to increase their efficiency.[82,83]  In contrast to  

modified natural nucleotides, there are ‘unnatural’ nucleotides, 

which pair with each other but not with any of the four (A, T, G, and 

C) natural nucleotides. These unnatural bases could improve the 

utility of aptamers by providing added chemical and structural 

diversity. Kimoto et al.[84] used an unnatural nucleotide (Figure 8) 

with a hydrophobic base 7-(2-thienyl) imidazo[4,5-b]pyridine (Ds) 

to select aptamers for two target proteins, vascular endothelial cell 

growth factor-165 (VEGF-165) and interferon- (IFN-). The Ds-

http://code.google.com/p/biopieces)
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base-incorporated aptamers were selected through SELEX followed 

by high-throughput sequencing to select the optimal aptamers.  With 

the hydrophobic base 7-(2-thienyl) imidazo[4,5-b]pyridine (Ds) to 

select aptamers for two target proteins, vascular endothelial cell 

growth factor-165 (VEGF-165) and interferon- (IFN-). The Ds-

base-incorporated aptamers were selected through SELEX followed 

by high-throughput sequencing to select the optimal aptamers. 

6. Applications of high-throughput sequencing 
technologies in base modification 

Cancer is known to be a disease process where somatic mutations 

drive the evolution of more virulent phenotypes. Nonetheless, high-

throughput sequencing has unveiled a surprising degree of genetic 

alteration or base modification.[5] Several studies that compare 

diseased genomes with healthy ones uncovered tens of thousands of 

single or dinucleotide differences, epigenetic modifications, and 

hundreds of genomic rearrangements in the diseased genome. 

Personalized genome therapy with small-molecular chemistry is a 

promising future approach to open up drug development for 

genome-based diseases like cancer. Advancement in NGS 

technologies has forced small-molecule drug developers to grapple 

with the problem of patient/tumor selection and personalized 

therapies. Deep sequencing can improve the quality of small-

molecule chemical research from guiding the design of small 

molecules to genome-scale measurement of efficacy.   

 

6.1. Studies targets epigenetically modified bases 

 

In mammals, genomic DNA 5-methylcytosine (5mC) plays a vital 

role in variety of biological process through epigenetic gene 

regulation. It is an epigenetic modification caused by the action of 

DNMTs. In the progression of several diseases like cancer, the CpG 

islands of gene promoters become abnormally hypermethylated, 

which leads to transcriptional silencing that can be transferred to 

daughter cells following cell division. In general, hypomethylation 

occurs earlier in the disease process and is associated with 

chromosomal instability and loss of imprinting, but 

hypermethylation related to promoters can silence the gene 

(oncogene suppressor), so it could be a target for epigenetic therapy 

with small molecules. Information about the DNA methylation 

patterns and distribution in the human genome is undoubtedly 

important for developing small-molecule therapeutics.  
Commonly, three established approaches are used to analyze 

genome-wide DNA methylation patterns in eukaryotic cells.[85] The 

first strategy involves restriction-enzyme-based approaches, using 

restriction enzymes that are not able to digest the recognition 

sequence at the site of DNA methylation, so 5mC can be identified 

in selected sequences. However, these methods are limited to the 

specific restriction sites in the genome. In the second strategy, 

fragmented DNA containing 5mC is captured using an affinity- 

Figure 9. Oxidative bisulfite sequencing 

(oxBS-Seq) and reduced bisulfite sequencing 

(redBS-Seq) for the sequencing of 5hmC and 

5fC, respectively. a) Oxidative and reduced 

bisulfite reaction scheme. b) Experimental 

principle of the BS-Seq, oxBS-Seq, and 

redBS-Seq. c) Differential identification of 

5mC, 5hmC, and 5fC from C by comparing 

BS-Seq, oxBS-Seq, and redBS-Seq data.
 

[86,100]
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based capture with 5mC-binding proteins (MBD-Seq) and antibody-

based approaches (methylated DNA immunoprecipitation or 

MeDIP-Seq). Thirdly, in bisulfite sequencing (BS-Seq), denatured 

DNA is subjected to bisulfite treatment during which the normal 

cytosine is converted to uracil, but a methylated cytosine remains 

unchanged, thus permitting base-resolution detection of cytosine 

methylation. All of these methods have their limitations when 

utilized on a genomic scale. The major constraint is that these 

strategies cannot distinguish 5mC from 5-hydroxymethylcytosine 

(5hmC).[86-89] 5hmC was discovered in 2009, as another relatively 

abundant form of cytosine modification.[90,91] It may be an 

intermediate in active DNA demethylation, but it can also identify 

an epigenetic mark.[92]  

In 2012, a new strategy, “oxidative bisulfite” sequencing (oxBS-

Seq), (Figure 9) was developed, producing only Cs at 5mC sites, 

which in turn allows the clarification of the amount of 5hmC at a 

particular nucleotide position by comparing these data with BS-Seq 

data. In this method, dsDNAs containing C, 5mC, or 5hmC are 

oxidized with KRuO4 and then subjected to BS-Seq. 5hmC in the 

genomic DNA of mouse embryonic stem (ES) cells was mapped at 

high resolution using this method; it can also reliably map 5mC. 

Because of the fundamental mechanism of this method, it can be 

compatible with any sequencing platform.[86]  

In addition to oxBS-Seq, a new strategy named TET-assisted 

bisulfite sequencing (TAB-Seq) was developed, based on the 

principle that 5hmC can be oxidized to 5-formylcytosine (5fC) and 

5-carboxylcytosine (5caC) by TET proteins.[93-95] In this technique, 

-glucosyltransferase (-GT) was used to attach glucose to 5hmC to 

protect 5hmC from further TET oxidation. After 5hmC protection, 

all 5mC is converted to 5caC by oxidation with Tet1 protein. 

Bisulfite treatment of the oxidized DNA then converts all C and 

5caC (resulting from 5mC) to uracil or 5caU; however, the original 

5hmC bases remain secured as 5gmC. Additional sequencing 

reveals 5hmC as C, and combined analysis of these data with 

traditional BS-Seq results delivers an accurate calculation of the 

modification at each cytosine.[96] Most of the approaches for 5mC 

analysis  still have the restrictions of being density-biased, deficient 

in robustness and consistency, or incapable of analyzing 5mC 

specifically. The chemically inert methyl group inhibits direct 

tagging for subsequent affinity purification and detection. Zhang et 

al. developed a new approach, TET-assisted 5mC sequencing 

(TAmC-Seq), in which 5mCs are selectively labeled with an azide 

functionality that can be further tagged with biotin for affinity 

purification (Figure 10). In brief, first, 5hmC is protected with 

glucose, then the mouse Tet1 is allowed to oxidize 5mC to 5hmC. 

These newly generated 5hmCs are trapped by -GT-mediated 

transfer of a modified glucose moiety (6-N3-glucose) to generate 6-

N3-b-glucosyl-5-hydroxymethyl-cytosine (N3-5gmC).[34] 

Using click chemistry, a biotin tag is then inserted via the azide 

group of N3-5gmC for selective pull-down of the original 5mC and 

for subsequent sequencing.[97]  

As a result of these 5hmC sequencing strategies, the important role 

of the oxidized form of 5mC in epigenetic gene regulation has been 

recognized, even though it is present in small amount. To detect the 

oxidation dynamics of 5mC in DNA methylation, it is vital to 

identify the distribution of 5fC or 5caC at a genome level.  C. He et 

al. developed two significant protocols using NGS for the 

peculiarity of 5fC in genomic DNA:[98] 1) the 5fC-selective 

chemical labeling (fC-Seal) method for genome-wide profiling of 

5fC, and 2) the 5fC chemically assisted bisulfite sequencing (fCAB-

seq) technique for the base-resolution detection of 5fC. Using both 

of these methods, genome-wide profiling of 5fC identified 

significant properties of 5mC/5hmC oxidation of several gene 

regulatory elements in the genome. A distinct indication of DNA 

demethylation is transformation of 5hmC into 5fC.[99] To identify 

the detail of these modifications, it is necessary to distinguish them 

more accurately at the level of single-base resolution. After the 

oxBS-Seq invention, the same group developed a quantitative 

method called reduced bisulfite sequencing (redBS-Seq) (Figure 

9)[100] to detect 5fC in the genome. Here, they used the principle that 

bisulfite treatment causes deformylation of 5fC, which then 

deaminates to U to be read as T by sequencing[86] and 5hmC is 

modified to a cytosine-5- methylsulfonate (CMS) adduct to be 

detected as C.[89] 

Figure 10.  Selective labelling of 5mC in DNA and sequencing using a one-pot mTet1/b-GT protocol. a) Work flow of TAmC-Seq. b) The 

internal 5hmC in gDNA can be secured by glycosylation with regular glucose. c)The 5mC can be altered to 5hmC by mTet1-catalysed 

oxidation, and then 6-N3-b-glucosyl-5-hydroxymethyl-cytosine (N3-5gmC) conversion with 6-N3-Glucose (modified glucose moiety) via b-GT-

mediated glucosylation, which could be further labelled with biotin moiety using click chemistry subsequent detection, affinity purification and 

sequencing.
[97]
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a) 

b) 

c) 

Figure 11. SMRT sequencing and direct identification of Damaged 

DNA Bases: Modified bases identified using SMART sequencing 

based on the Kinetic change of polymerase. a) Products of 

oxidative Damage. b) Products of alkylation DNA damage. c) 

Products of ionizing radiation DNA damage.
[105] 

                                                                                                      

Using a precise reductant, sodium borohydride, 5fC was reduced to 

5hmC in DNA prior to bisulfite treatment, these reduced 5fC bases 

being read as C (CMS). By comparing redBS-Seq (5fC detected as 

C) and BS-Seq (5fC detected as T), the group quantitatively 

detected 5fC at the level of single-base resolution. In mouse ES cells, 

using a combination of BS-Seq, oxBS-Seq, and redBS-Seq, they 

made the first quantitative single-base-resolution map of 5mC, 

5hmC, and 5fC. These high-throughput sequencing-associated 

technology developments can offer a robust and reliable tool for the 

effective enrichment and epigenetic profiling of modified DNA 

bases.  

6.2. DNA strand breakage 

DNA is under constant stress from both exogenous and normal 

metabolic factors in the cell. Bases in the DNA can show limited 

chemical stability and are susceptible to chemical alterations 

through various types of damage, including alkylation, oxidation, 

radiation, and hydrolysis.[101-103] DNA damage happens at a 

frequency of 1,000 to 1,000,000 molecular cuts per cell per day.[104] 

The majority of DNA damage disturbs the structure of the Watson 

& Crick double helix; that is, the bases are themselves chemically 

modified (8-oxoguanine, 8-oxoadenine, 1-methyladenine, 6-O-

methylguanine, pyrimidine dimers, 5-hydroxycytosine, 5-

hydroxyuracil, 5-hydroxymethyluracil, and thymine glycol). 

Derivatives resulting from different forms of DNA damage have 

been associated with progression of diverse but significant 

biological conditions including cancer, aging, and 

neurodegenerative diseases. In the eukaryotic genome, some sites 

are prone to breakage under stress, so the genome faces challenges 

to DNA stability. Consequently, developing approaches for 

examining damaged DNA in the framework of sequencing has 

gained increasing attention. Clark et al.[105] established a method 

using single-molecule real-time (SMRT) DNA sequencing to 

directly recognize damaged/modified DNA bases in the DNA 

template. They investigated alterations in the kinetics of DNA 

polymerase (stretches of fluorescent signals represent the dynamics 

of DNA polymerization) during the occurrence of the modified 

bases (Figure 11).  

Commonly used methods to detect DNA damage such as PCR 

assays, electrochemistry, radioactive labeling, immunochemical 

methods, mass spectrometry, comet assays, and chromatographic 

techniques are inadequate for DNA strand-breakage mapping on a 

genome-wide scale,[106] as they cannot identify new hotspots or 

breakage sites. Currently, various high-throughput sequencing 

platforms directly deliver a means to measure these multiple 

processes through massively parallel sequencing of DNA molecules 

from damaged DNA. Leduc et al.[107] developed an up-front strategy 

called ‘damaged DNA immunoprecipitation’ or ‘dDIP.’ This 

method combines the immunoprecipitation of biotin-modified 

nucleotides added by the terminal deoxynucleotidyl transferase 

(TdT)-mediated dUTP-biotin end-labeling (TUNEL) at sites of 

DNA damage. Immunoprecipitated DNA from the dDIP can be used 

in microarray analysis (ChIP-chip) or next-generation sequencing 

(ChIP-seq). Because of its greater resolution and lower costs, ChIP-

seq is replacing ChIP-chip and is evolving as the preferred method 

to locate DNA-binding proteins. To map genomic hotspots of 

ssDNA damage, a strategy was developed using ssDNA-binding 

protein immunoprecipitation followed by sequencing (SPI-Seq).[108] 

SPI-Seq was evaluated using Rad52, which is capable of binding to 

ssDNA formed at DNA lesions. In yeast, Rad52 is important for 

DNA strand-breakage repair and homologous recombination.[109] 

Rad52 is recruited to ssDNA exposed by resection during DNA 

replication. Therefore, mapping Rad52-associated DNA-binding 

sites is expected to be an alternate method for mapping ssDNA 

damage in yeast. It can be easily implemented with other proteins 

such as the DNA repair proteins in human cells (RAD51, RAD52, 

FANCD2, and BRCA2) and the checkpoint signaling proteins (ATR 

and ATRIP) that accumulate on ssDNA during DNA damage.[110]  

DNA damage can degrade important information in the genome. 

Double-strand breaks (DSB), in which both strands are damaged, 

are particularly hazardous to the cell. The mechanisms of DSB 

sensing and repair are well known, although the methods for 

genome-scale mapping of DSBs in various cells still lack resolution. 

ChIP-on-chip has been used to map DSBs.[111-113] DSB can be 

identified indirectly using antibodies to particular DSB-bound 

proteins. However, this raises a significant source of bias: for 

example, the commonly used DSB marker, phosphorylated histone 

variant H2A.X (H2A.X), can also recognize ssDNA breakage.[114-

116] Crosetto et al.[117] developed an experimental and computational 

methodology to directly map DSBs genome wide, which uses direct 

in situ DSB labeling, avidin enrichment, and deep sequencing 

(BLESS).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This labeling avoids the risk of false positives because BLESS 

cannot tag DSBs that are artificially formed during genomic DNA 

isolation, and T4 ligase enzyme is used for the ligation, which can 

ligate dsDNA but not ssDNA breaks. This strategy demonstrated a 

false positive DSB tagging proportion of less than 1% and is very 

effective for recognition of DSBs at various genomic sites. 

DSBs are the foremost drivers of chromosomal translocations. 

However, analysis of the global effect of genome organization on 

translocations needs a broad representation of a three-dimensional 

(3D) genome. 

8oxoG 8oxoA 

O6mG 1mA O4mT 

5hC 5hmU 5hU 
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Zhang et al.[118] carried out high-throughput genome-wide 

translocation sequencing using a high-resolution Hi-C spatial  

organization map generated from the G1-arrested mouse pro-B cell 

genome and mapped the translocations from target DNA double-

strand breaks (DSBs) within it. The power of Hi-C facilitates us to 

assess the influence on translocation of DSB location inside the 3D 

genome and to identify the translocations formed with an induced 

DSB in these cells. 

High-throughput sequencing methods open up the landscape 

(‘breakome’) of DNA breakage throughout the genome and are a 

simple, rapid, and cost-effective methodology applicable on a 

genome-wide scale.  
 

7. Guiding the design and screening of small 
molecule using NGS  
 

Small molecules are organic compounds with well-defined chemical 

structure less than 900 Daltons in size. Typically, they must exhibit 

pharmacologically active properties such as easy absorption and 

metabolism in the human body with little or no toxicity. Macro 

molecules are large molecules consisting mainly of proteins and 

carbohydrates of larger molecular weight. Small molecules are 

relatively stable inside cells compared with large molecules, and 

they usually do not elicit an immune response[119]  DNA-binding 

small molecules have gained importance because of their possible 

application in cancer chemotherapy. Small molecules bind DNA 

through either intercalation, covalent interactions, or by interacting 

with the DNA groove.[120] PIPs, derivatives of the naturally 

occurring anti-cancer agent Distamycin A, are a well-known group 

of small molecules capable of binding in the DNA minor groove 

with notable cell permeability and stability.[121] These DNA-binding 

small molecules have been shown to have strong anti-tumor 

properties in mouse xenograft models.[58]  (anti-tumor activities of 

PIP was also discussed in 4.1) 

PIPs are modifiable synthetic oligomers that can bind to the DNA 

minor groove based on the DNA recognition rules.[122] This group of 

small molecules can act as an efficient synthetic gene regulator in 

either activation[123] or inhibition[124] of a gene/gene network. 

Defining the binding site of DNA-binding small molecules on a 

whole-genome-sequence scale could be useful in accomplishing the 

challenging task of targeting particular regions of dsDNA. In this 

regard, the biological applications of PIPs could be enhanced with 

the knowledge of their sequence specificity in a large sequence 

framework. Meier et al.[125a] studied the sequence selectivity and 

canonical pairing rules of PIP DNA binding in a broad sequence 

context, using affinity purification coupled with massively parallel 

sequencing (Figure 12a, 12b). The study followed the 

methodologies of Bind-n-seq[126] a high-throughput method for 

analyzing protein–DNA interactions in vitro. The major steps in this 

process commence with the synthesis of biotinylated PIP and 21mer 

randomized oligonucleotide with sequence-specific adapter 

sequences on both sides. Each PIP-biotin conjugate is allowed to 

equilibrate with the 21mer randomized region and the bound and 

unbound sequences are separated via affinity purification. Next, 

PIP-enriched sequences are subjected to high-throughput sequencing, 

and finally motifs among the sequences are identified with the 

motif-finding program DREME.[127] The technique permits fast, 

quantitative identification of the PIP-binding sites and their direction. 

This method correlates well with restriction endonuclease protection, 

selection, and amplification (REPSA)[128] and microarray-based 

binding site identification.[129-131] This unbiased technique revealed 

unanticipated binding/orientation sites of the PIPs, which was useful 

in improving the study of sequence-selective inhibition of CpG 

methylation.[125b] In this study, PIPs targeting the sequence 5-

CGCG-3[125c] were used. Bind-n-seq analysis could discern 

structure–activity relationships and could guide the authors in 

designing improved CpG methylation antagonists (Figure 12b). 

Recent studies substantiate the potential of PIP conjugates in gene 

regulation.[132a, 132b]. The biological activity of these gene-regulating 

PIP conjugates could be enhanced with improved sequence 

recognition. Such complex feats could be achieved with the 

development of strategies like Bind-n-seq. Thus, NGS offers a 

greater scope in designing next-generation DNA-binding small 

molecules. 

 

 

Figure 12. High-throughput sequencing guided designing and 

validation of DNA binding small molecule. a) Workflow for Bind-n-

Seq analysis of Py-Im polyamides recognition motif identification. 

(21bp of degenerate dsDNA is enriched, affinity purified, and 

sequenced via high-throughput sequencing for binding site 

identification). b) Methylated 5-CGCG-3 targeted Py-Im polyamide 

structure (Polyamide could potentially bind in the forward orientation 

or the reverse orientation), Bind-n-seq analysis of polyamide 

showed the reverse orientation binding 5’-GCGC-3 and possible 

modification in the Py-Im polyamide modified Py-Im polyamide 

(Positions are highlighted in yellow) and Bind-n-seq analysis of 

redesigned polyamide showing forward orientation of binding 5’-

CGCG-3’.
[125a,125b]
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8. Application of NGS in small-molecule 
chemical biology and its future prospects 
 

Small molecules have advantages over larger molecules because 

they can be cell permeable, mostly nontoxic, cost-effective, and 

more easily synthesized, stored, and optimized. Furthermore, their 

capabilities to switch ‘ON’ and ‘OFF’ the function of specific genes 

or gene networks are easily alterable and can be precisely tuned. 

They have the capability of reprogramming somatic cells into 

pluripotent stem cells,[133] but they have limitations, including the 

requirement for longer times and additional manpower for their 

selection and validation on a genomic scale.  The field of high-

throughput sequencing and application development is a fast-

moving area of genomic research. As can be seen from the studies 

described above, the NGS technologies have extended to an 

impressive array of applications beyond just genomic sequencing 

and its large-scale performance in chemical biological research 

(Table 2).  

As deep sequencing opens up a new era in small-molecule 

development, it can allow for rapid validation of small molecules 

with minimum hands-on work. As we have described, new 

innovations in sequencing applications and data processing are 

being developed daily.[134]   Innovative sequencing technologies, 

such as SMS and nanostructure-based sequencing, hold great 

promise to achieve ever faster, cheaper, more accurate, and more 

reliable ways to design and produce advanced or next-generation 

small molecules for genome-level applications. This prospective 

usage of NGS in small-molecule chemistry will be a great milestone 

in the field of chemical biology. 

9. Summary and Outlook 

In this review, we have made an effort to summarize and define the 

importance of multitasking NGS technologies in chemical biological 

applications as well as to describe the essential methodologies and 

bioinformatics analysis pipeline that make them possible. NGS 

technologies can accurately measure genomic data in different 

physiological conditions, and this accuracy could lead to value-

added research by chemical biologists in innovative ways. All 

chemical biological research depending on DNA/RNA sequence 

data has been profoundly improved, driven by the powerful NGS 

tools. Various studies in chemical biology[59] (small-molecule 

screening, artificial transcription controller development, and 

epigenetic modifier development) need genome-wide quantitative 

analysis, and the advancements in NGS could simplify this laborious 

process. For example, ChIP-Seq is a commonly used technique to 

map protein-binding regions in the genome: S. Balasubramanian et 

al. group mapped G-quadruplex regions in the genome using 

advanced ChIP-Seq, which offers a protocol for G-quadruplex DNA 

sequencing.[35] Notably, the genomic targets of the G-quadruplex-

associated small molecule pyridostatin were identified using ChIP-

Seq.[55] In the case of gene regulation, RNA-Seq analysis of PIP-

treated cells suggested the impact of PIP on transcription 

regulation.[47] It is also important to design PIPs in an established 

sequence-specific manner to precisely control gene regulation. The 

NGS platform provides a method, Bind-n-seq, that permits quick, 

quantitative detection of high-affinity PIP-binding regions.[125a] 

Using this unbiased technique, unanticipated PIP-binding modes 

were identified, so that NGS guided improved design of CpG 

methylation antagonists that showed high performance with specific 

binding in a targeted orientation.[125a] NGS utilization has reduced 

the long time scale required for aptamer screening and has also 

improved the selection method using unnatural bases.[84] Most 

importantly, effective approaches in epigenetic modification 

analysis have been developed with NGS. It is virtually impossible to 

assess DNA methylation and various moieties of cytosine on a 

genomic scale without high-throughput sequencing.[86,96-98,100] The 

available sequencing platforms are multipurpose, accurate, and 

capable of efficiently producing data. At the same time, novel 

methods that are evolving day-by-day suggest new sequencing 

pipelines that are built in different ways from a combination of the 

building blocks of existing strategies and protocols. Our future hope 

will be to continue this trend in new directions towards the 

development of rapid, cost-effective chemical biological 

applications through information generated by NGS. Thus, 

established chemical biology combined with NGS holds immense 

promise.  
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Next generation sequencing (NGS) is being utilized not only to 

study the genome assembly and to examine the human diseases 

in genetic level, but also to explore various kind of utility in 

small/single molecule chemical biological studies. In which, the 

applications of NGS is being effectively used in vast contexts, 

including small molecule/aptamer design and screening, 

hmC/mC analysis, DNA strand breakage and non-B DNA 

identification. In this review, we summarize the recent progress 

in the area of chemical biology using Next generation 

sequencing. 
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Table1: Comparison of  Next Generation Sequencing technologies based on their data production and time duration for a run. 

 
Table 2: List of studies used next-generation sequencing technologies beyond just genomic sequencing and its large scale operations in 

chemical biological research. 

 

Sequencing 

platform 

Developers Sequencing principle Maximum data 

obtained per run 

Maximum read 

length (bp) 

 

Run 

time 

Key features Limitations 

HiSeq 2500 Illumina Sequencing by synthesis 120gb 100 27hrs Larger read 

number 

Higher cost per read  

PGM/ Ion proton Ion Torrent Polymerization ~60gb 300 5-8hrs Simple detection 

method 

Low reads number 

per run 

Genome Sequencer 

FLX system 

Roche  Pyro sequencing 0.5gb 400 8hrs Long read length High cost per Mb 

SOLiD Life Technologies Sequencing by ligation 50gb 50 7 days Base-calling 

accuracy 

High error rates and 

Low reads number 

per run 

Pacific Biosciences PacBio RS/RS II Fragment/single 

molecule real time 

(SMRT) 

13gb 4,200 to 8,500 

bp 

- Single molecule 

detection, long 

read length  

High error rates and 

Low reads number 

per run 

Polonator G.007 Dover Ligation 12gb 26 5days Lower instrument 

cost, open source 

platform 

Shortest NGS  

read lengths 

GridION Oxford Nanopore Nanopore sensing - - - Longer read length, 

single molecule 

detection and label 

free 

Not yet available; No 

data publicly 

available; 4% error-

rates 

S.No Target study Deep sequencing 

Methods  

Small molecule/antibody used in 

the study 

Platform used Analysis pipeline Data produced 

1 Protein-DNA 

interaction 

ChIP-Seq Py-Im polyamide Illumina GAIIx 

sequencer 

MACS 25–30 million post filtered 

reads per library 

2 hmC seq  

1.oxBS-Seq 

2.TAB-Seq 

1. potassium perruthenate 

2. β-glucosyl transferase/tet1 

1. Illumina GAIIx 

2. Ion PGM/ Illumina 

HiSeq2000 

1. Bismark v0.6.4/ 

comparison of oxBS-

seq with BS-seq 

2. MACS/ comparison 

of TAB-seq with BS-

seq  

1. single-end read with 40 

bp sequecing 

2.Paired end sequencing, 

total 509.8M reads 

3 mC seq TAmC-Seq N3-5gmC  labelling with biotin via 

click chemistry 

Illumina Bowtie v0.17.2/ 

comparison of TAmC-

Seq data with MeDIP-

Seq data and BS-seq 

Single-end read with 51bp 

sequencing 

4 Transcriptional 

regulation by 

small molecules 

RNA-Seq Py-Im polyamide Illumina GAIIx 

sequencer 

Bowtie/ eXpress 1.0.0 

(bio.math.berkeley.edu

/A/index.html)   

25–30 million post filtered 

reads per library 

5 Non-B-DNA 

detection 

ChIP-Seq with G-

quadruplex specific 

antibody / G-

quadruplex DNA 

cross-linking strategy 

G-quadruplex specific hf2 antibody Illumina MiSeq  

MACS/ MEME 

8 million reads were used 

6 Aptamer selection ASKAS Thrombin-coated magnetic beads Illumina GAIIx K-mer analysis 

(Tallymer software)/ 

cluster-seq 

(http://code.google.co

m/p/biopieces) 

Single-end read with 36 

cycle sequencing 

7 DNA strand 

breakage 

SPI-Seq ssDNA binding Rad52 Illumina GA-II SOAP2/kernel density 

estimation/IGV 

1-1.5M reads per library 
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Abbreviation 

 

1mA 1-methyladenine 

5caC 5-carboxycytosine  

5fC 5-formylcytosine 

5hC 5-hydroxycytosine 

5hmC 5-hydroxymethylcytosine 

5hmU 5-hydroxymethyluracil 

5hU 5-hydroxyuracil 

5mC 5-methylcytosine 

8oxoA 8-oxoadenine 

8oxoG 8-oxoguanine 

AR androgen receptor 

AR androgen receptor 

ASKAS aptamer selection by K-mer analysis of sequences 

BLESS direct in-situ DSB labeling, avidin enrichment and deep sequencing 

BRCA2 breast cancer susceptibility gene 2 

BS-Seq bisulfite sequencing 

CCL2 CC chemokine ligand 2 

cDNA complementary DNA 

ChIP-Seq combination of chromatin immune precipitation and high throughput sequencing 

dDIP damaged DNA immunoprecipitation 

dDsTP deoxyribonucleoside triphosphates containing Ds 

DHT dihydrotestosterone 

DNA deoxyribonucleic acid 

DNMT DNA methyltransferase 

dNTP deoxyribonucleoside triphosphates 

dPxTP deoxyribonucleoside triphosphates containing Px 

DREME Discriminative Regular Expression Motif Elicitation 

Ds 7-(2-thienyl) imidazo[4,5-b]pyridine 

DSB double strand break 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GR glucocorticoid receptor 

H3Ac histone H3 acetylation 

HIF-1α hypoxia inducible factor 1 alpha 

IFN-γ interferon-γ 

KLK3 kallikrein-related peptidase 3 

MACS Model-based Analysis of ChIP-Seq 

MBD-Seq Methyl-CpG binding domain protein sequencing  

MeDIP-Seq methylated DNA immunoprecipitation 

MMP28 matrix metalloproteinase 28 

NF-κB nuclear factor kappa B 

NGS next generation sequencing 

NPTX1 neuronal pentraxin 1 

O4mT O4-metylthymine 

O6mG O6-methylguanine 

oxBS-Seq oxidative bisulfite sequencing 

PCR polymerase chain reaction 

PIP pyrrole imidazole polyamide 

PIWIL1 piwi-like 1 
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Px diol-modified 2-nitro-4-propynylpyrrole 

qRT-PCR quantitative reverse transcriptase PCR 

redBS-Seq reduced bisulfite sequencing 

REPSA restriction endonuclease protection,  selection, and  amplification  

RNA ribonucleic acid 

RNAP2 RNA polymerase II 

RNA-Seq RNA high through put sequencing 

RPB1 RNA polymerase II largest subunit  

SAHA suberoylanilide hydroxamic acid 

SELEX systematic evolution of ligands by exponential enrichment 

SERPINE1 serpin peptidase inhibitor, clade E, member 1 

SMRT Single-Molecule Real Time 

SPI-Seq 
single-strand DNA (ssDNA)-associated protein immunoprecipitation followed by 
sequencing 

TAB-Seq TET-assisted bisulfite sequencing 

TAmC-Seq Tet-assisted 5mC sequencing 

TET ten eleven translocation 

VEGF-165 vascular endothelial cell growth factor-165 

β-GT β-glucosyltransferase 

 


