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ABSTRACT 
 

I propose building a pipeline for the identification of non-B DNA structures using published 
sequence search criteria and supplementing the findings by using SMRT Sequencing 
polymerization kinetics data. SMRT sequencing kinetics data is rarely analyzed by researchers 
aside from studies of DNA modification. The use of kinetic data as a method for aiding in the 
identification of non-B structures is emerging and this tool will be the first of its kind. 

The availability of this tool will provide researchers using SMRT sequencing additional insights 
into non-B DNA structures. With the increasing popularity of SMRT sequencing, there is need 
for SMRT Sequencing specific tools. 

After building and properly testing the tool, I will analyze the results of the tool in 
Mycobacterium Tuberculosis (MTB) by quantifying sequence attributes enriched for non-B DNA 

structures. Using the output of the tool, I will locate where promoter-proximal regulatory 

regions overlap with potential non-B's in MTB.  This analysis could provide insight as well as aid 
in the generation of additional hypotheses on the functional roles of non-B DNA structures in 
MTB. 

 

INTRODUCTION 
 

Tuberculosis (TB) is a disease caused by one of several species that belong to the 
Mycobacterium tuberculosis complex (MTBC). For human infection, these include M. 
tuberculosis (MTB), M. bovis, and M. africanum, but the most common species to infect 
humans is MTB. According to the World Health Organization (WHO), in 2017 there were an 
estimated 10 million new cases and 1.7 million deaths of people in all age groups and many 
countries.1 TB remains one of the top 10 causes of death, and even surpasses HIV/AIDS as the 
leading cause from a single infection.1  

Most cases of TB are curable.1 TB treatment can be highly effective, and infections can 
be cured with a combination of three or four antibiotics.1 While most cases are straightforward 

to treat, Multi-drug resistant TB (MDR) and Extensively Drug Resistant (XDR) cases are on the 
rise.2 MDR and XDR cases are much more difficult to treat.2 These infections can arise as a 
result of inappropriate treatment, such as incorrect prescription, poor quality drugs, or 
inadequate treatment duration.2 The drug resistant bacteria go on to infect other patients and 
the control of transmission becomes a problem, specifically in countries that lack resources to 
contain outbreaks.  

Many of the genetic mechanisms of drug-resistance have been uncovered. For example, 

mutations in genes such as the catalase-peroxidase gene, KatG, are shown to cause resistance 
to Isoniazid.3 However, heritable mutations do not always explain resistance.4 This suggests the 
need to look beyond the DNA sequence alone. Modifications of the DNA molecules, 
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modifications that do not change the DNA sequence, can play critical roles in biological 
systems5. These modifications can be identified using specific sequencing technologies.  

Most work on MTB has been done using short-read sequencing, however short-read 
sequencing is unable to resolve repetitive regions and often have errors when calling G's and 
C’s, also called GC Bias.6  GC bias is caused by problems with polymerase synthesizing in GC rich 
regions.7  Single Molecule, Real-Time (SMRT) Sequencing, developed by Pacific Biosciences 
(PacBio), produces long read sequencing without GC bias.8 The long reads provide the ability to 
span across the many repetitive regions of the MTB genome and are more accurate for 
sequencing the GC-rich MTB genome.9 SMRT sequencing performs real-time sequencing by 
synthesis, as each base incorporated by a polymerase enzyme, the base-specific fluorescence is 
detected.10 

In addition to determining DNA sequence, SMRT sequencing can detect DNA 
modifications.8 SMRT Sequencing does not require PCR amplification, so DNA modification can 

be detected directly as each base is being incorporated.8 The amount of time it takes for the 
incorporation of each base during sequencing is measured. The measurement of time between 
two fluorescent pulses, each corresponding to the incorporation of a base, is called Inter Pulse 
Duration (IPD).  I will use IPD as a measure of polymerization kinetics. Incorporated bases that 
have IPD outside the PacBio significance thresholds are used to infer base modifications.  

SMRT sequencing can detect a wide range of base modifications, one of which is DNA 

methylation.11 DNA methylation is the process by which methyl groups are added to DNA for 
the purpose of modifying the DNA function without modifying the sequence itself. It is 

important in cell cycle functions 4, regulation of gene expression12, and mismatch repair.13 SMRT 
Sequencing also has the potential to aid in detecting other DNA features, including DNA that 
deviates from canonical shapes.  

An additional emerging application of SMRT sequencing is detecting the various 
conformations of DNA structures. DNA exists in many possible conformations, the most 

common form found in nature is known as B-DNA, the double-stranded helical structure as 
proposed by Watson and Crick .14 DNA that deviates from the canonical B-formation is known 
as non-B DNA. 15–18 Non-B DNA has been studied since the 1960’s, when the roles of sequence in 

molecular behaviors were first being studied.19  To date, dozens of non-B structures have been 
described, yet high throughput methods of detection are limited. The most common non-B 

structures include hairpin20,21, cruciform22,23, quadruplex23, A-phased repeat24, H-DNA21 and Z-
DNA. Table 1 gives the search criteria, sequence and structure representation for each non-B 

DNA structure. As advances in genomics have been made, the study of DNA’s structure has 
revealed roles of non-B DNA in many cell processes, including gene expression25,26 and 
transcriptional regulation. 27 
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Table 1. Types of non-B structures and their sequence search criteria, a sequence 
representation, structure representations, and sources for the experimentally verified motifs. 

Motif/Structure Search Criteria Sequence Representation Structure 

Representation 

Experimentally 

Verified Motifs 

Hairpin 10-50 nt mirrored 

within 100 nt 
  

(1)28 

Cruciform 
/Inverted Repeat 

10-100 nt with 
reverse complement 
within 100 nt spacer 
(1)  

 

129 

G-Quadruplex 4 or more G-tracts (3-
7nt) separated by 1-7 
nt spacers 

 

 

(1)29(2)30(3)31 
(4)32(5)33 (6)34 

A-phased 

Repeats / DNA 

bending 

3 or more A-tracts (3-
5 As) 10 nt on center 
each; Spacers 
between equal sized 
A-tracts must contain 
some non As 

  

(1)28 

H-DNA 10-100 nt mirrored 
within 100 nt spacer 

 
 

(1)28 

Z-DNA G followed by Y (C or 
T) for at least 10 nt; 
One strand must be 
alternating Gs  

 

 

(1)28(2)18 

 

Hairpin/Cruciform: 

A hairpin occurs when DNA is single stranded, or the helix opens to allow intra-strand base 

pairing. This occurs during several cellular processes, a few include: DNA repair, replication, and 
transcription. For hairpins to form, two regions of that strand have reverse complementary 

sequences have to be present. The portions of the strand that are paired result in the are the 
stem, and the portion of the strand that are unpaired result in the loop. A cruciform structure 
contains two hairpin structures, the second hairpin forming in the same position on the 
opposite strand.6  

Hairpins have impacts on numerous biological processes.35 They can inhibit DNA-protein 

interaction if a hairpin occurs within a protein recognition site36, affect binding of regulatory 
proteins3738, or proteins can bind to DNA hairpins directly.25,40  

Cruciform structures increase genomic instability and have been implicated in various 
diseases, including cancer.41 In bacteria, cruciform structures are difficult to detect due to their 
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palindromic nature, but are common forms of inducing DNA nicking42, intentional or 
unintentional discontinuity caused by a missing phosphodiester bond between nucleotides in a 
DNA molecule.15 

The formation and stability of hairpins are dependent on the length of the stem, the length of 
loop, the number of mismatches, and the composition of bases in the complementary 
sequences. For example, hairpins with loops that are greater than 8, tend to be unstable and if 
the loops are less than 3, they do not form hairpins. 7 

Several tools are available for detection of hairpin and cruciform include detectIR43, 
nonB Db28, EMBOSS palindrome tool44, IRDB, Palindrome analyser45 and Lirex46. However, these 

tools require software downloads, are only available online, offer limited support, or do not 
incorporate kinetics data.  

G-Quadruplexes: 

G-Quadruplex are helical structures that contain two or more guanine tetrads. They can form 
from within a single DNA strand or intermolecularly within a double strand of guanine rich 
sequence.31 The tetrads stack on each other and are stabilized using Hoogsten hydrogen bonds, 
non-canonical hydrogen bonds where each base makes two hydrogen bonds with its neighbor, 
to form a quadruplex.47  

G-quadruplexes have been reported to have many important roles in biological 
processes, including DNA replication, transcription, and mutation 48–51, and have been 
implicated in disease and neurological disorders. 50 There are several ways quadruplexes have 
potential for influencing up or downregulation of genes. G-quadruplex formation near or within 
a promoter could deactivate or enhance expression of the gene.52 It has also been shown that 

the formation of quadruplexes decreases the enzyme telomerase53 and have been reported to 
interact with many proteins.54,55 

The motif that is most recognized in predicting G-Quadruplexes from sequence is 

d(G3+N1–7G3+N1–7G3+N1–7G3+) In this folding rule, there needs to be greater than three 
Guanines, “G“, interspersed with 1-7 of any base, “N”.31 However this only describes sequences 

that may form quadruplexes, but does not mean they do in the organism. There are more 
features of the sequence that can be considered in order to accurately predict whether a 

sequence will form a G-quadruplex. This includes the length of the G-runs, the length of the 
loops, and the quantity of Cytosine, “C”.34 It has been shown that in sequence containing C’s 
the canonical helix structure is favorable, so the propensity to form a G-quadruplex increases in 
C-poor sequence.33  

There are currently tools available that predict formation of G-quadruplexes. These 
include QuadParser31, QGRS Mapper30, QuadBase56, and G4Hunter33.  

A-Phased Repeats: 

An A-phased repeat is a helix bending structure that can form within an A-rich track.24,57 When 
runs of 4-6 adenine bases, “A-tracks” are all along the same strand of a double helix, they give 
rise to curvature of the helix due to the stacking interactions between adjacent bases. 58,59 
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The effect of A-phased repeats on biological function is due to the structure 
modifications caused by the curvature rather than what the sequences contain.17  In 
prokaryotes, when A-tracts are found in intergenic regions they can result in up or 
downregulation of genes.58 They have also been found in termination regions and it has been 
suggested that they could be binding sites for proteins.50,61 

The A-phased structures can be identified using the motif, A4-9T4.  This means the 
sequence contains three or more tracts of four to nine adenines or adenines followed by 
thymines, with centers separated by 11–12 nucleotides.28 

There is only one tool available to aid in the identification of A-phased repeats. Non-B 
DB which is only available as an online tool and primarily focuses on eukaryotes.28 

H-DNA Triplexes 

H-DNA structures are triple-stranded DNA structures where three nucleotides wind around 

each other to form a triple helix.62 Z-DNA can form when purine or pyrimidine bases are in the 
major groove of the DNA double helix.63 For H-DNA to form, a tract of a helix must dissociate 
into single strands and then swivel parallel to the purine-rich strand. This leaves its 
complementary strand unpaired, which then binds to its backbone.64  

H-DNA has been reported to induce genetic instability by inducing of double stranded-
breaks65 and stimulate mutagenesis.66 In eukaryotes, H-DNA has influence on gene translation, 
DNA transcription, and replication.67 While studies have shown that sequences with the 
potential to adopt H-DNA structure are common in eukaryotic cells, few have been found in 
prokaryotes. However those that have been found have been near regulatory regions.68   

H-DNA form at regions containing mirror repeat symmetry, and potential H-DNA can be 
identified looking for mirrored regions of 10-100 bases within 100 nucleotides.28  

Currently the tools available for H-DNA include Triplex Domain Finder69, Triplexator70, 
and nonB DB28.  

Z-DNA 

Z-DNA is a double helical structure, but unlike B-DNA, the helix is left-handed. When looking at 

a helical structure, if the twist is clockwise, it is right-handed, otherwise it is left-handed.71 
While Z-DNA is somewhat stable due to the canonical base-paring, Z-DNA has only one deep 

and narrow groove of 12 base pair per turn while B-DNA contain one major groove and one 
minor groove of 10-10.5 base pair per turn. 72 

It has been reported that Z-DNA structures downstream of promotor regions stimulate 
transcription.73 However, Z-DNA forming sequences have been shown to induce high levels of 

genetic instabilities in eukaryotes and prokaryotes.74,75 A study reported that in Escherichia coli, 
gene deletions occurred in regions containing Z-DNA-forming sequences.74  

Z-DNA can be identified using an algorithm for predicting the propensity of DNA to flip 

from B-DNA to Z-DNA, called ZHunt, written by Dr. P. Shing Ho 76 The score gives a probability 
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of formation. Z-DNA structures can be identified by searching for G’s followed by C or T at least 
10 nucleotides in length, alternating Gs. 

Currently the only tool available for the identification of Z-DNA is non-B DB, which is 
only available as an online tool and is designed for eukaryotes. 

SIGNIFICANCE 

In humans, the consequences of non-B structures have been widely studied and shown to cause 
neurological disease75,77 genomic disorders19,78, psychiatric disease65 and cancer. 11 The human 

genome contains an estimated 13.8% of DNA with the potential to form non-B DNA structures. 

20 However, the repetitive DNA motifs that often adopt non-B structures are abundant across 
the genomes of many species, including bacteria.21,54,65,75 The importance and implications of 
non-B DNA structures in prokaryotes may be very different than in eukaryotes. There is much 
more work to be done to link non-canonical structures to their effects in bacteria. Elucidating 

the biological processes that non-B DNA is involved in could provide promising targets for 
structure-specific drug design.12,13  

In a first of its kind study, it was shown that there are differences in polymerization 

kinetics between B-DNA and non-B DNA during PacBio SMRT Sequencing in humans.57 The 
authors reported that polymerization kinetics decelerate at G-quadruplexes and hairpins, 

fluctuate at tandem repeats, and accelerate at H-DNA forming sequence.57 This demonstrates 
that analyzing polymerization kinetics data has the potential to aid in the characterization of 
non-B DNA and enable the discovery of novel non-B DNA motifs. 

  SMRT sequencing polymerization kinetics data is an emerging method for discovery of 
non-B DNA structures and has not been applied to MTB data. Moreover, while there are 
currently existing tools available for the location and/or scoring of non-B structures, there are 

not tools available that incorporate the use of kinetic data. This incorporation will provide 
additional support for the existence of the non-B structures as well as potentially help in 

explaining IPDs that are unusually high or low, yet do not harbor known base modifications. My 
tool will be the first of its kind to do all the following in a single application: 

1. Incorporate PacBio SMRT Sequencing Kinetics Data 
2. Be command line accessible 
3. Be species independent 
4. Include many types of non-B structures 

Surveying non-B DNA in MTB using this tool will￼￼￼￼￼￼ increase confidence that 
non-B DNA structures predicted using sequence motifs truly exist by analyzing the kinetic data 
produced by SMRT sequencing to reduce false positives. ￼Numerous studies have established 
that sequences predicted to form non-B's do not always accurately predict whether they will 
form in the organism.79,81,83 In addition, in-depth analyses of the distribution of the predicted 

structures within MTB genomes. My thesis intends to provide an analysis pipeline to identify 
non-B DNA and sequencing kinetics and ￼￼￼hypotheses￼￼ of their roles by identifying 
regions where non-B structures are clustered. 
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RESEARCH AIMS 

AIM 1: Create a pipeline to identify non-B DNA 

a. Build custom software to identify non-B structures based on published sequence motifs 
and scoring algorithms 

b. Create a test suite using published and experimentally verified non-B structures 

AIM 2: Assess results of non-B identification pipeline findings in MTB 

a. Analyze whether non-B DNA overlaps with unexplained high-IPD in MTB 
b. Analyze distribution of non-B DNA in MTB clinical isolates by quantifying sequence 

attributes enriched for non-B DNA structures 
 

DATA 

The 93 finished M. tuberculosis genomes and methylomes I will use for my thesis were attained, 

assembled and annotated by the Laboratory for Pathogenesis of Clinical Drug Resistance and 
Persistence (LPCDRP). The following is an overview of the process that was designed and 
implemented by members of the laboratory: 

Genome Sequencing, Assembly & Annotation 

154 M. Tuberculosis clinical isolates were obtained from Tuberculosis patient sputa from India, 

Moldova, South Africa, The Philippines, and Sweden. The isolates were cultured, and the DNA 
was extracted at the Supranational Reference Laboratory in Stockholm, Sweden and Antwerp, 

Belgium. They were then sequenced at the Genomic Medicine Genomics Center at UCSD using 
Pacific Biosciences polymerase 4-chemistry 2 (P6C4). Additionally, 19 publicly available isolates 

sequenced using PacBio were included as well as two reference strains, M. tuberculosis H37Rv 

(NC000962.3) and M. tuberculosis H37Ra (CP016972.1), were run through the assembly 
pipeline. The pipeline includes: 

Genome Assembly & Quality Control 

 

1. The PacBio raw reads were assembled using Canu80.  
2. After isolates were assembled using Canu, they were circularized using Circlator82.  
3. BLASR+Quiver, as SMRT Analysis protocol, was used for consensus error correction and 

polishing on the circularized genomes.  
4. Assembly quality control was done using PbHoney84  

 
Annotation 
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A custom annotation pipeline, Annotate Tuberculosis (AnnoTUB), was designed specifically for 

annotation of M. tuberculosis genomes. Using the finished genome FASTA file from the 
assembly pipeline discussed above, annotation begins by first transferring regions with high 

sequence homology from well-characterized reference, H37Rv, using Rapid Annotation Transfer 
Tool (RATT)85.  

For regions that where annotation remained absent, an ab initio approach was used to attempt 
to annotate. This entails attempting to fill those gaps using Prokka86, and merging the results of 

RATT and Prokka using custom software, Annomerge. EggNOG87 then performs orthologous 
functional annotation on the CDSs that were determined by Prokka. 

Methylation & Base Modifications 

The Inter Pulse Duration (IPD) ratio of each base of the isolates was calculated using 
kineticsTools, PacBio’s tool for detecting DNA modifications from the raw SMRT kinetic data. 

Base modifications are detected based on IPD. The incorporation of each DNA molecule during 
sequencing is measured as the amount of time it takes to incorporate each base. Incorporated 
bases that have IPD ratios outside the expected value for that are called as base modifications.  
Figure 1 is a graphical representation a methylated base incorporation, followed by a non-
methylated predicted incorporation would look like.  

 

Figure 1. Graphical representation of PacBio Sequencing and IPD88 
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PROPOSED RESEARCH PLAN  

Aim 1: Create a pipeline to identify non-B DNA 

Aim 1a: Build custom software to identify non-B structures based on published sequence motifs 
and scoring algorithms. 

For each type of non-B DNA structure there are published search criteria for identification of 

them using DNA sequence features. (See Table 1). For some types of non-B DNA structures, 
there are scoring algorithms for better determining the probability of their actual formation. I 
am in the process of building a two-part software pipeline for the identification of non-B DNA. 

The first piece, a program that takes in a FASTA file and identifies non-B structures using 
published and scientifically verified non-B DNA structures will be written in Python. It has 
arguments for matching case, choosing to search the reverse complement, the maximum 

length of the match, and allows you to filter out FASTA headers to search. The default is to 
search all sequences, all lengths, and to ignore case. (‘AGG will match agg’). The program 
returns a file that contains as many matches and their: 

1. Sequence 

2. Start of the match 

3. End of the match 

4. ID of the match 

5. Length of the match 

6. Strand (+ or -) 

7. Score (if applicable) 

8. Matched sequence as it appears on the forward strand 

The second piece, using the output from the first piece which contains the identif ied 
potential non-B structures and their locations, as well as the modifications.gff file (the output 
file from PacBio’s kineticsTools), and returns the IPD of each base in the non-B. This part of the 
pipeline will be written in R.  

Both pieces of the pipeline will be runnable from the command-line and will have the 

ability to be run independently or simultaneously. At this point in time, the application has the 
functionality for G-Quadruplexes, but the rest of the discussed non-B structures will be added. 

Presently, the second piece is run separately, but I intend to put a wrapper around both pieces 
of the pipeline to allow them to be run together. The second piece requires the 

modifications.gff file produced by PacBio sequencing, in addition to the output of the first 
piece, so the user would need to have that file in addition to a FASTA file in order to use the full 

pipeline. The first piece only requires a FASTA file, so any type of sequencing could be used. 
While the second part of the pipeline will help in reducing the number of false positives, it will 
still be the first tool of its kind to identify all the mentioned non-B's in a command line 
accessible tool.  
 

AIM 1b: Create a test suite using published and experimentally verified non-B structures  
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To ensure proper implementation of each of the searching and scoring algorithms, a 
comprehensive set of test cases will need to be created for each type of structure to test my 
software. This is an important step in a software development life cycle and will validate the 
functionality and features of my software. Each of the methods of identification and scoring I 
will use are based on published work which allows for me to test my software for predicting 
experimentally verified non-B structures. In table 1, I include the references for experimentally 
validated non-B structures.  

Testing each type of structure requires downloading the FASTA files published by the respective 
papers (Table 1) and comparing the number of non-B's my tool identifies from the 
experimentally verified non-B structures that they published. I anticipate many false positives 

as identification of non-B's using sequence identity alone can only ascertain that the non-B 
could exist, not that it exists in the organism. This creates the need for the next steps. 

 

AIM 2: Assess results of non-B identification pipeline findings in MTB 

 

Aim 2a: Analyze whether non-B DNA overlaps with unexplained high-IPD in MTB 

Using the per-base breakdown of the identified non-B DNA sites, I will analyze whether the 
predicted non-B structures are occurring in locations that are called as modified by PacBio’s 

kineticsTools, but are not explained by known methylation motifs.  I hypothesize that we will 
see similar effects on the kinetics of MTB DNA as was seen in human DNA for non-B's as was 

discussed in the significance section.57 This includes deceleration of polymerase (increased IPD) 
at G-quadruplexes and hairpins. As well as the inverse, acceleration at H-DNA forming 

sequences (Decreased IPD).57 I hypothesize that I will also see impacts on IPD due to Z-DNA and 
A-phased repeat motifs.  

I will assess the impacts of non-B DNA motifs +/-50bp from the center of each predicted non-B 
structure. For each motif type, I will align the centers of the identified sequences and produce a 
distribution of IPD curves on both the positive and negative strands. To evaluate whether the 
kinetic patterns in B-DNA differ from the non-B DNA motifs differ to a statistically significant 

degree, I will use Interval-Wise Testing89. This is a two-sided test that works by identifying bases 
or intervals which IPD curve distributions differ between the 100-bp windows of motif-

containing and non-motif-containing windows. I will do this using an R package called 
IWTomics.90 

For predicted non-B motifs that are unusually high or low, I will then evaluate whether they fall 
within predicted methylation motifs to determine if the non-B motifs contain an unusual IPD 
could therefore be explained by methylation. MTB encodes three known DNA 
methyltransferases, and each of their motifs were annotated by LPCDRP using a custom R script 

that matched target motifs previously characterized in MTB. Identification of non-B's will help 
to explain IPD that is flagged as modified, but not explained by a known methylation motif. 
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AIM 2b: Analyze distribution of non-B DNA in MTB clinical isolates by quantifying sequence 
attributes enriched for non-B DNA structures 

 
 

As it has been discussed in the introduction, all types of non-B structures mentioned have been 
implicated in genetic instability91 (most have been reported to be involved in transcription.48–

51,67  in MTB, regions proximal to coding sequence are enriched for transcription factor binding. 
The promoter-proximal regulatory region (PPRR), where transcription factor binding most often 
affects transcription, has been identified to be a window of –150 to +70 bp ahead of 
Transcription Start Sites (TSSs). ￼Using TSS annotations transferred using RATT, originally 
identified in H37RV92,93 as was discussed in the annotation pipeline designed by the LPCDRP. 

 I will locate where PPRR overlaps with and without non-B motifs and non-PPRR overlaps with 
and without non-B sites, using the non-B sites that my tool identifies. To determine if non-B 

sites are appearing in the PPRR regions significantly more than they would be expected to by 
chance throughout the entire genome, I will perform a Chi-squared test for independence94. I 
will use the Pearson’s Chi-squared function in R to do this.  

Enrichment that is identified will help generate hypotheses for potential functional roles of 
non-B structures in MTB. For example, it has been shown that G4-quadruplexes have been 

found proximal to transcription start sites, this finding led to further research on their 
regulatory roles.95 The use of kinetic data for identification of non-B structures has not been 
characterized previously and could provide new insights into the role(s) of non-B DNA in MTB. 
95 

 

LIMITATIONS 

 
While I hypothesize that most of the non-B structures will affect IPD ratios of the bases where 

they are found, this may not be true for all types and will therefore not prove to be an insight 

for all types of structures. 

The structures my pipeline identify have evidence of their existence but may not exist in 

all life stages in the actual organism. They could be present in the sequencer, but not exist in 

the organism. Conversely, the structures may also be present in the organism, but not in the 

sequencer.  
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