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ABSTRACT

The biological polyanionic polymer, DNA adopts canonical B-form under
physiological conditions. However, it adopts a short and compact A-DNA form under
dehydrating conditions. The proteins such as polymerases, endonucleases, etc. often
interact with a small segment of DNA causing local A-DNA formation. The effective
mechanism of B-DNA to A-DNA transition is sequence dependent and arises from
multiple dinucleotide steps interacting with each other. We have employed enhanced
sampling simulations to explore the thermodynamics and mechanistic details of 10
unique dinucleotide steps undergoing B — A transition in aqueous environment. In
our work, the heterogeneous B — A transition mechanism of dinucleotide steps and
role of solvent portrayed sequence dependency of the transition. The study is further
extended to calculate the B-form/A-form interface or junction free energy and
eventually, the “absolute” free energy values, which are the free energy estimates of
B — A transition of a dinucleotide step uninfluenced by the flanking base pairs. A
predictive model for the conformational preference of a nucleotide sequence towards
A- or B-form is developed based on the absolute free energy values for 10 unique
dinucleotide steps. There are only a few models existing with such predictive
capability and our model shows better accuracy than the existing ones. We applied the
model successfully to discover unknown A-DNA promoter sequences (APS) in
genome. The reliability of our proposed method is established through experimental
verification. Finally, we studied the global (whole DNA) B — A DNA transition of a
single DNA helix in solution which showed the existence of a multistep non-classical

nucleation mechanism for B — A transition for the first time.
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Chapter 1

Introduction

1.1. The Basic DNA Framework

The basic building block of DNA- a nucleotide unit is composed of three
major chemical fragments mainly a heteroaromatic nitrogenous base, a deoxyribose
sugar molecule and a phosphate group. The nitrogenous bases are categorized into
purine bases (adenine (dA) and guanine (dG)) and pyrimidine bases (cytosine (dC)
and thymine (dT) See Fig. 1.1). These bases interact with each other via non-covalent
interactions such as hydrogen bonding, stacking interactions to form a helical DNA
structure.

In general, adenine forms 2 hydrogen bonds with thymine and guanine forms
3 hydrogen bonds with cytosine as shown in Fig. 1.1, thus forming rungs of the
helical DNA ladder. The exocyclic amine group and —NH ring group adjacent to
carbonyl group acts as a hydrogen bond donor and the exocyclic carbonyl oxygen
atoms and ring nitrogen atoms act as hydrogen bond acceptors. These standard
hydrogen bonding pattern of A:T and G:C base pairs are termed as Watson-Crick base
pairs. The hydrogen bonding stabilization is expected to be -0.25 kcal/mol per base

pair [1-4] and is cooperative in nature when multiple hydrogen bonds are considered.
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Figure 1.1. Figure showing specific atom types and Watson-Crick hydrogen bonding for (a) A:T base
pair and (b) G:C base pair.

The aromatic base pairs have a tendency to stack over each other albeit in
offset position leading to a conventional DNA helical geometry. The stacking
arrangement of base pairs arises due to dispersion interactions between them as well
as constraints imposed by sugar-phosphate backbone. The sugar-phosphate backbone
holds the DNA framework stable. The flexible and hydrophilic sugar-phosphate
backbone can potentially exhibit multiple conformations. For consecutive bases i-1, i,
and i+1, these conformations can be observed using six backbone torsional angles
03’-[i-1]-P-05’-C5’ (a), P-O5’-C5’-C4°( B) ,05°-C5’-C4’-C3’ (y), C5’-C4’-C3’-03’
(8), C4’-C3°-03’-P[i+1] (g), C3°-03’-P[i+1]-O5°[i+1] (§) and a dihedral angle y
around the glycosidic bond (N1/N9-C1°). These angles are shown in Fig. 1.2(a). For
purine and pyrimidine bases, dihedral angle y is defined as O4’-C1°-N9-C4 and O4’-
C1’-N1-C2, respectively.

The five membered furanose ring (deoxyribose ring) is not flat and one of the
C2’ or C3’ atom always remain out-of-plane defined by rest of the 4 atoms, leading to
C2’-endo and C3’-endo puckering, respectively (See Fig. 1.2(b)). Similarly,
sometimes other sugar ring atoms such as C4’ (C4’-exo) or C1’ (C1°-ex0) adopt out-
of-plane position leading to diverse conformational map for B-DNA conformation.
This sugar puckering reduces the steric clashes between nucleobases and the sugar
ring. Apart from the backbone torsional angles mentioned above, five torsional angles

Vo, V1, V2, v3, and vy, each around five bonds of deoxyribose sugar are useful to

[2]



understand the sugar pucker configurations in terms of Phase angle and amplitude.
These torsion angles are shown in Fig. 1.2(b). These values are useful to calculate the
Phase angle (P) and its amplitude (t,,)[5] to distinguish between multiple

conformations of sugar molecule. The phase (P) and amplitude (z,,,) are defined as,

(Ve va) — (114 13)

= Eg.1.1
2v,(sin36 + sin72)
2 Eq.1.2
tm = 05 P 9

Figure 1.2. Figure showing various (a) backbone torsion angles and (b) sugar torsional angles.

The glycosidic bond (N1/N9-C1°) which connects a hydrophobic base to sugar
plays an important role in defining conformational map of a certain nucleotide. The
purine bases Adenine and Guanine can display both syn [6-8] (50° < y < 80°) and anti
(180° < y < 280°) conformations. However, the pyrimidine bases Cytosine and
Thymine exhibit only syn conformations due to steric clashes between base and sugar
moiety. Thus, in a DNA helix, these various interactions such as hydrogen bonding,
stacking interactions, steric repulsions and environmental parameters such as
backbone-ions and backbone-water interactions eventually decide the fate of the DNA

conformation.
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Figure 1.3. Figure showing the structural parameters of a dinucleotide step based on 3 translational
motions (Shift, Slide and Rise) and 3 rotational motions (Tilt, Roll and Twist) according to block

representation as proposed by Lu and Olson[9]. The figure is reprinted with permission from Ref. [10].

The bases Adenine-Thymine and Guanine-Cytosine interact via strong
noncovalent hydrogen bonding interactions, thus forming a base pair. The base pair
parameters such as X-displacement, Inclination display distinguishing values[9] for
A-form (X-displacement = -4.81 A, Inclination =19.8°) and B-form (X-displacement
=0 A, Inclination = 0°). The DNA conformation depends on the various interactions
present between consecutive base pairs and hence in the context of understanding
DNA conformational map, a pair of base pair i.e. a dinucleotide step or a base-pair
step represents the smallest possible unit. The chemical heterogeneity of each base
step impose the minuscule variations in the structural properties of dinucleotide steps.
These variations are recognizable using base-pair step parameters based on three
translational parameters (Slide, Rise, Shift) and three rotational parameters (Roll,
Twist, Tilt) as shown in Fig. 1.3. The knowledge of backbone torsional angles and
sugar pucker along with these step parameters help to understand a complete
conformational map of a dinucleotide step. Such meticulous information helps to
anatomize a conformational diversity of whole DNA molecule into its corresponding
individual dinucleotide steps, thus providing greater details to establish structure-

function relationship.
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1.2. A-DNA and B-DNA

The negatively charged exterior hydrophilic surface of DNA is sensitive to the
subtle changes in the surrounding environment. The DNA responds via suitable
conformational variations to the environmental changes such as reduced water
activity, the concentration of ions, and the presence of small molecules or proteins.
The reduction in relative humidity (RH) below 75% induces A-DNA conformation,
whereas under physiological and at high RH conditions DNA exhibits B-DNA
conformation. Under dehydrating conditions, the reduction of water molecules around
DNA induces protrusion of sugar-phosphate backbone. This allows DNA to remain
solvated in less amount of water by bridging water molecules with the phosphate
backbone of DNA through hydrogen bonding, as proposed by “economy of
hydration* principle[11], which is a typical characteristic of A-DNA.

i

Figure 1.4. X-ray diffraction patterns for A-DNA (Left) and B-DNA (Right) studied by Franklin and

co-workers. (Source: Adapted from http://undsci.berkeley.edu/article/0_0_0/dna 06)

In 1953, Franklin and Gosling[12]coined the terms “A-DNA” and “B-DNA”
while studying “dry” and “wet” forms of DNA crystals, respectively. The X-ray
diffraction patterns of A-DNA and B-DNA are shown in Fig. 1.4, where ‘X’ shape
pattern (Fig. 1.4 (right)) is due to helicity of B-DNA and each spot on this ‘X’ pattern
belongs to each helix and the separation between each spot is 34 A. The X-ray
crystallographic studies by Franklin and Gosling observed the presence of
“biological”[13] water molecules clinging to the outer sugar-phosphate backbone in
A-DNA and B-DNA. This seminal work laid the foundation for the important aspects
of DNA structure, mainly noting that (a) phosphate backbone (including sugars) lies
on the outside of DNA structure, (b) the relative humidity affects DNA conformations

[5]
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and (c) B-DNA and A-DNA are inter-convertible by controlling relative
humidity[12]. Franklin and Gosling speculated the plausible role of “hydrophilic”
phosphate groups in protein-DNA interactions. Eventually, further studies observed
that indeed proteins[14] like polymerases, endonucleases, interact with DNA to
induce B—A transition at the local level; creating substantial interactions with DNA
phosphate backbone. In the next section, structural features to recognize B-DNA and
A-DNA are presented.

1.3. Structural features of A-DNA and B-DNA.

A-DNA is characterized as the short, compact structure whereas B-DNA is the
commonly observed long structure of DNA. A-DNA possesses 11 base pairs (BP) per
turn whereas there are 10.5 BP per turn of B-DNA. The bird's-eye viewof A-DNA
shows the characteristic hollow circle along its principal axis due to enhanced Roll
and Slide values, whereas this hollow tunnel is absent in B-DNA (See Fig. 1.5(a)).
The B-DNA possesses wide major groove compared to narrow and deep major
groove of A-DNA (See MGw region in Fig.1.5(b)). The minor groove in B-DNA is
narrow and deep unlike shallow and broad minor groove of A-DNA (See mGw Fig.
1.5(b)). In general, the atoms N7, C6, N6, O6, and C4 in A-T base pair (See Fig.
1(A)) face towards major groove, whereas in G-C base pair, atoms N7, C6, O6, N4
and C4 face major groove.

(b)

A-DNA B-DNA A-DNA B-DNA
Figure 1.5. (a) Bird’s-eye view of A-DNA and B-DNA (from 5’ to 3’ direction). The Nucleic Acid
Database color convention is used indicating Cytosine (Yellow), Guanine (Green), Adenine (Red),
Thymine (Blue). (b) major (MGw) and minor (mGw) groove presentation of A-DNA and B-DNA. The
figures are plotted using UCSF CHIMERA visualization software [15].

[6]



The protein induced B-form—A-form transition at the local level creates
shallow minor groove and this enables the protein to access buried base atoms (proton
acceptors) such as exocyclic O2 and ring atom N3 as well as sugar O3’ atoms.[14,16]
However, the choice of the groove for protein-DNA interactions often depends on the
protein family. The water dynamics plays a significant role in B—A transition. The
presence of locally ordered water molecules in the major groove of crystal structures
of A-DNA are observed, which are due to strong hydrogen bonding interactions with
major groove atoms. In an interesting simulation “experiment” [17], the restraints on
water molecules near major groove lead to A-DNA like conformation.

The A-DNA and B-DNA conformations in long DNA stretches are easily
recognizable visually. However, the local A-form or B-form is hard to observe

visually and thus are recognized using individual base step structural parameters such

as Rise, Slide, Roll and Twist values as shown in Figs. 1.6(a)-(d)

Roll = 8.0°

()

s
se——m———e— | eeseeseem x =-157.0° x =-98.0°

Slide =-1.5 A Slide =0.2 A
i _ Ssssae =)

C2’-endo

Twist =31.1° Twist = 36.0°

Figure 1.6. The principal structural parameters to distinguish A-form and B-form of DNA; base
stacking parameters such as (a) Helical Rise, (b) Roll, (c) Slide and (d)Twist as well as torsional

angles (e) 8, (f) y and, (g) sugar pucker angles.

A pair of base pair i.e. a dinucleotide step is the basic smallest possible unit to
understand B-form or A-form at the local level. The distance between two
consecutive base pairs, i.e. Rise value in B-DNA is 3.4 A as compared to 2.5 A in A-

DNA. (See Fig. 1.6(a)). The reduced distance between bases affects the non-covalent

[7]



dispersion interactions between bases, and hence stacked base pairs show enhanced
Slide (see Fig. 1.6(c)) and Roll (see Fig. 1.6(b)) values in A-form to balance these
interactions. The Twist values are not significantly different in A-form and B-form
(see Fig. 1.6(d)).The sugar-phosphate backbone constraints the movement of bases
and holds the DNA framework stable. The two major torsion angles involved in
B—A transition are y and & (See Fig. 1.6 (e) and (f)). The & angle affects the sugar
pucker values whereas y angle involves the glycosidic bond and hence correlates well
with the motions of bases and sugar-phosphate backbone during the transition. During
B-form — A-form transition, the sugar pucker shows the major conformational
difference (See Fig. 1.3(g)).In A-form and B-form, deoxyribose sugar adopts C3’-
endo and C2’-endo conformation, respectively.

The structural parameters Roll, Twist, and Slide, possess distinct values for A-
form and B-form. However, the distribution of these parameter values obtained from
protein-DNA complexes showed the overlapping region (See Fig. 1.7(a)) and created

ambiguity to assume the base step conformation as either A-form or B-form.

(a)
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Figure 1.7. (a) The discrimination of A-form and B-form using Twist, Roll, Slide and Z,, parameter
and (b) Definition of Z,, and distinct A-form or B-form recognition by Z,, and y, angle. The figures are

reprinted with permission from ref. [14]
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Hence, Lu et al.[14] proposed the Z, parameter — a displacement of
phosphorous atoms from the virtual middle plane of a dinucleotide step (See Fig.
1.7(b)). It can be seen from the Fig. 1.7(a),Z, can distinguish local A-form and B-
form more efficiently.Z, calculates the antisense to sense strand phosphate inclination
along the vertical DNA axis from middle base pair reference frame. In A-form, the
phosphate groups of a dinucleotide steps are away from the virtual middle plane of a
dinucleotide step and hence possess higher Z,value of 1.50 A (Fig. 1.7(b) lower base
step), while in the case of B-form value is less than 0.8 A(Fig. 1.7(b) upper base
step). The base steps having Z,values between 0.80 A and 1.50 A are considered as
intermediate structures. In the next section, the role of A-form in biological process is

described.

1.4 Biological significance of “dry” A-DNA in cellular

environment:

Even after 63 years of A-DNA discovery, the novel intriguing biological roles
of A-DNA have resurfaced, showing the involvement of this conformation in DNA
packaging inside cells[18] and survival at harsh conditions[19]. The analysis of
numerous protein-DNA complexes by Olson and co-workers[20] observed that the
presence of hydrogen bond donating atoms of amino acid residues around the local A-
form stabilizes it.

A-DNA conformation has an important biological role in the context of
cellular defense mechanisms under harsh conditions[21]. The A-form of DNA
protects Bacillus Subtillis spores from UV damage[22]. Recently, Whelan and co-
workers have employed FTIR spectroscopy to show fully reversible B-DNA—A-
DNA transition in living bacterial cells on desiccation and rehydration[23].
Extremophiles like SIRV2 virus (Sulfolobus islandicus rod-shaped virus 2) survive at
extreme temperatures of 80°C and acidity of pH 3 by adopting the complete DNA in
the A-form and thereby aids protein to encapsidate DNA[19].

Apart from its involvement in defence mechanisms of cells, the remarkable
presence of the A-DNA is noted in many biological processes. Certain DNA-protein
interactions involve direct recognition processes that require the sugar-phosphate

backbone of DNA to be exposed. Proteins such as polymerases, endonucleases, etc.

[9]



perform cutting and sealing operations and cause B-DNA to A-DNA transition at the

local level (See Fig. 1.8).

Figure 1.8. Illustrations of protein-DNA interactions for (a) DNA-endonuclease complex [24] (PDB
ID: 1A73; inset: bacbone interactions with local A-form), (b) crystal structure of Tc3 transposes of C.

elegans [25] (PDB ID: 1TC3; inset:backbone interactions with local A-form).

The B—A transition involves a change in the major and minor groove widths,
hence making buried parts of DNA available for interactions. The A-DNA
participates in both direct and indirect protein-DNA interactions, and both
mechanisms are sequence dependent. The sequence dependence arises from
interactions of all dinucleotide steps involved in the local B-form to A-form
transition.

The therapeutically important modified nucleotides such as 2’-O-methyl or 2’-
O-methoxyethyl, 2’-Fluorine RNA or locked nucleic acids possess A-form and binds
strongly to a specific nucleotide sequence. This strong binding opposes DNA/RNA
cleavage by enzymes like endonuclease and prevents termination of further biological
processes [26,27]. This example represents the relevance of A-DNA conformation in
the present nucleotide chemistry.

The B-philicity or A-philicity has been studied previously for dinucleotide or
trinucleotide steps. We will discuss this aspect in the next section.

1.5 The Local B—>A DNA transition: Conformational

Preferences and Consequences

The possible combinations of all four nucleotides, adenine, guanine, cytosine
and thymine, lead to 16 possible dinucleotide steps. However, after removing

redundant combinations (e.g. TT for AA, CT for AG and so on), only ten appear as
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unique dinucleotide steps. Similarly, there are only 32 unique trinucleotide steps. All
10 unique dinucleotide steps have variable tendencies to adopt the A-form, affecting
the Kinetics and dynamics of the overall transition of a DNA from B- to A-form.
Hence, understanding B-form to A-form transition at the local level in atomistic
details may unveil the possible rationale behind the DNA sequence dependence of a
specific biological process adopted by nature.

Various experimental and simulation studies attempted to understand
dynamics and structural behavior of dinucleotide or trinucleotide steps to predict
conformational preferences of a DNA sequence. Basham and co-workers developed
“A-DNA triplet code”[28] based on solvation free energies (SFE) of trinucleotide
steps to predict DNA conformational preference towards B-DNA or A-DNA
conformation under crystallizing conditions. In this method, the modelled canonical
A-DNA and B-DNA structures of the same sequence utilized to calculate SFEs. The
SFEs are used to derive A-DNA propensity energy (APE) scale. The study provided
more than 90% accuracy for a limited dataset of DNA sequences. However, APE
values are not available for some trinucleotide steps like CAG, CTG, CCT, CTT,
GTT, AGC, AAC, AGG, AAG, ACA, ACT, AGT, TGT and GCT. Hence, it is not
possible to apply APE free energy code to predict conformational preferences in all
nucleotide sequences.

Tolstorukov and co-workers[29] developed dimeric(dinucleotide) and
trimeric(trinucleotide) free energy scales based on the experimental data of B-DNA to
A-DNA transition. The analysis of experimental data based on one-dimensional Ising
model provided free energy values for all unique 10 dinucleotide steps and 32
trinucleotide steps. This study proposed three models for dinucleotide free energy viz.
D-10, D-10/12, D-12, and one model, T-32, for the trinucleotide free energy. The
study was able to predict A-philic and B-philic dinucleotide steps quite well based on
D-10/12 and D-12 models but was unable to predict the correct midpoint of B—>A
transition. These models predicted AG, AT, and CG as B-philic steps. The free energy
model T-32 divides trinucleotide steps into three categories: A-philic, intermediate,
and B-philic steps. T-32 model predicts AAA, AAC, AAG, AAT, and ATC as B-
philic steps, ACC, ACT, ATG, CCC/GGG, and GAG/CTC as A-philic steps, and the
rest of trinucleotide steps as intermediate steps. Although T- 32 is more accurate than

other models, it still cannot be applied for DNA sequences having TAA/TTA step,
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thus limiting its application. Apart from thermodynamic studies, other studies have
attempted to capture local B-form or A-form conformational preference based on the
structural features as discussed below.

The steric hindrance present in the hydrophobic cluster of thymine methyl (-
CH3) group, sugar’s —CH; group, and thymine’s C6 atom resists local B-form to A-
form transition in AA/TT step. Nelson et al.[30] (1986) suggested that the ability to
form cross-strand strong hydrogen bonds between bases also stabilizes the A-form.
This observation can explain the B-philicity of CA/TG step over AC/GT and AG/CT
over GA/TC. The CA/TG step can form bifurcated hydrogen bonds in both the major
and minor grooves and hence it is more B-philic than the AC step, which is capable of
having only a single cross-strand hydrogen bond in the major groove.

To understand the intrinsic tendency of dinucleotide step towards A- or B-
form, Svozil, and co-workers[31] studied 8000 dinucleotide steps from 447 DNA
crystal structures. The conformational space of these steps is divided into six
conformational classes mainly Bl, Bll, Al, All, B/A and A/B. This classification was
based on the torsional angles’ derived multidimensional space. The torsion angles a
(03°[i-1]-P-05°-C5”), B (P-05°-C5°-C4%), v (05’-C5’-C4’-C3’), & (C5’-C4’-C3’-
03’), & (C4’-C3’-03’-P[i+1]), and { (C3’-O3’-P[i+1]-O5” [i+1]) angles were
considered. The analysis shows a strong Bl conformational preference for all the
dinucleotide steps. The local influence such as the presence of protein observed as a
plausible cause for dinucleotide step to adopt a broad range of conformations. The
analysis shows a complete absence of AA step in the A-form indicating an extremely
rigid B-philicity. Also, GG steps showed the significant population in the A-form
portraying its strong A-philicity.

Based on the purine (R: A, G) and pyrimidine (Y: C, T) base classification,
YR steps have displayed an abundant population in the BIl and A/B families, and RY
in B/A families. The YR steps such as CA, TA, CG, and TG are strongly observed at
the bent and kinked regions in DNA. The pyrimidine-pyrimidine steps such as CC,
TT, CT, TC are absent in Bll conformation indicating their less-pronounced role in
the protein-DNA recognition. The CG (YR) step can adopt Al, All, BI, BIl as well as
A/B conformation. Its conformational preference, however, depends on the flanking
as well as distant steps[31]. In general, AA, TT, and GA steps prefer BI conformation
preference, and CA, TG base pairs show a preference for Bll forms. All RR and YY

steps are observed in Bl conformation except GG, which is predominantly seen in the
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All form. YR steps are found to prefer All conformation in the naked A-DNA and B-
DNA crystal structures. The classification of all ten dinucleotide steps is presented in
Fig. 1.6.

Y (C,T) R (A,G)

CC: Al BI CA: Al BII
= CT: BI CG: Al Al BI, BII,
e TC: BI, B/A A/B
> TT: BI TA: Al AIL BI, BII

TG: Al BII

_ AC: Al AA: BL, B/A
S:)“ AT: BI, B/A GG: Al All
S | GC: AL BL BIL B/A GA: BI, BII
o GT: Al AG: BI

Figure 1.6. The schematic diagram showing conformational preferences for all ten unique dinucleotide

steps[16].

Marathe and coworkers[32] studied the structural features of dinucleotide
steps and classified them as A-phobic i.e. B-philic and A-philic in the context of
protein-DNA interactions. The study confirmed B-philicity of AA and A-philicity of
GG based in Z,, and Slide values. The study found AG and GA as B-philic steps, AT,
GC, CA, TA, and CG as both A-philic and B-philic steps, and GG as a strongly A-
philic step. The study supported Tolstorukov’s assumption[29] that except AA and
GG, rest of the dinucleotide steps can assume A- or B-form conformation depending
on the flanking base steps.

Both the experiment-based analytical models and solvation free energies based
models provided a free energy scale to predict A-DNA or B-DNA conformation from
the knowledge of sequence alone. However, their effective application for structure
prediction is limited by the lack of free energy values for certain trinucleotide steps.
Most of the earlier computational and experimental free energy studies focused on the
complete B-DNA to A-DNA transition. Therefore, all-atom molecular dynamics
simulation study to characterize the behavior of each unique dinucleotide step was
lacking. Hence further investigation was needed to show how the sequence dependent
local B—A transition affects the overall global transition. Such effects are discussed

in the next section.
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1.6 The Global B-A transition: Observations and

Cooperative transition

The understanding of structure and dynamics of local to B-form to A-form
transition can be used to explore the global transition in a DNA helix. Experimental
studies explored the sequence dependence and cooperative nature of B—A transition
using various approaches[33]. These studies were performed mainly by titration of
DNA sequences in ethanol to monitor the change in the Circular Dichroism (CD)
signatures corresponding to A-DNA or B-DNA conformations. The aggregation of
DNA molecules at a higher alcohol concentration is a serious limitation for the
experimental B—A transition studies. Some studies had shown that aggregation has
no effect on the cooperative B-DNA to A-DNA transition in long DNA
helices[34,35]. During B—A transition, the DNA molecule gets subdivided into
alternating sections of the A and B conformations. At the B—A transition midpoint,
the average length of these A-DNA sections reflects the degree of cooperativity and
termed as cooperative length of B— A transition. The cooperative length for the
B—A transition was found to be in the order of 10-20 base pairs using one-
dimensional Ising model[36]. The CD spectroscopy predicted the free energy of
B—A transition at pH 7.0 as 21.2 kcal/mol and 19.8 kcal/mol at 0.2 mM NaCl and 0.5
mM NaCl, respectively. This free energy corresponds to the free energy required to
convert a cooperative length of DNA (~20 base pairs). Hence, the cost per
dinucleotide step for B—>A conversion has been predicted to be 1 kcal/mol[37].

The presence of strongly A-philic short guanine tract (G-tract) in dodecamer
DNA sequence d(CATGGGCCCATG), allowed exploring intermediate
conformations between A-DNA and B-DNA[38]. Independent theoretical studies
have predicted the free energy barrier (less than 0.2 kcal/mol) between A- and B-
forms of a G-tract to be below thermal fluctuations for CC/GG step[39,40]. The
enhanced electrostatic repulsion in stacked G:C base pairs cause them to adopt
structure close to A-form. Therefore, it is suggested that sequences with more %GC
content easily undergoes B—A transition by reducing the cooperative length[41].

The stacking energies[42] for the dinucleotide steps of the intermediate
conformation of d(CATGGGCCCATG); were found to be close to the standard and

crystal B-DNA geometries using ab initio calculations. Dickerson and co-workers[43]
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have experimentally captured the trajectory of B-DNA to A-DNA transition by
capturing the crystal structures of intermediate states either by methylating or by
brominating the cytosine bases in the sequence d(GCCGGC),. The pathway of B>A
transition traced the cooperative change of various parameters such as sugar puckers,
Slide, and Z,, values. In intermediate states a mixed C2’-endo and C3’-endo sugar
pucker was observed. Authors proposed that for a DNA sequence transforming from
B-DNA to A-DNA, the intermediate structures might maintain structural features of
the starting or ending states by noting the common occurrences of B-form
conformation with A-like features during the B—A transition.

The simulation study of B—A transition using internal coordinate molecular
dynamics simulations[36] demonstrated the reversible and cooperative nature of
B—A transition. The cooperative nature suggests that the concerted motion of DNA
bases at a certain fragment of DNA drives B—A transition. The cooperative length
was proposed to be 20 base pairs long earlier but revised to 10 base pair recently[36].
This also suggests that DNA less than 10 BP would not exhibit B—A transition in
solution. This suggestion was demonstrated using hexamer sequences which either
remained in the B-DNA conformation or deviated from it marginally, never achieving
the A-form.

The C2’-endo sugar conformation in B-form is slightly more stable than C3’-
endo sugar conformation in the A-form with a barrier of 2.0 to 3.0 kcal/mol[44]. As
stated earlier, the effective barrier for the B—A transition is around 19.0 to 20.0
kcal/mol. Hence, origin of the cooperative nature was expected due to switching of
the sugar pucker values from C2’-endo to C3’-endo conformation. However, a novel
computational study based on the reversible B—A transition[36] observed that sugar
puckers changed in the last step of the B—A transition. This study also revealed that
electrostatic interactions between DNA backbone and counterions present around the
major groove stabilize the A-DNA conformation. This study also suggested that
changes in the sugar pucker during B—A transition were a consequence and not the
mechanism of transition. The electric field jump experiments were performed[45] on
poly[d(A-T)] sequence as it exhibits high cooperativity in B—A transition. A fast
process of ~10 ps timescale and a slow process of ~100 ps timescale was observed
during this study of global B—~>A DNA transition. The slow process was attributed to

the nucleation driven B—A transition in an ethanol solution. The linear Ising model
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was implemented[33] to understand thermodynamics and Kinetics of the cooperative
B—A transition. The nucleation parameter (o) for the B—>A transition was estimated
between 10 and 1073, indicating a low cooperative length of 10 -30 base pairs for
B—A transition, as it is related to the nucleation parameter as 1/+/c.

The simulation study[46] of B-DNA and A-DNA in water and water-ethanol
mixtures was carried out to understand limitations of the Cornell et al. [47] force
field. The study found that B-DNA stability is overestimated in low water activity
system such as water-ethanol mixture. Further improvements of a/y torsion angles of
the same force field lead to improved description (parmbscO force field[48]) of A-
DNA — B-DNA transition in water as well as accurate description of DNA:RNA
hybrid conformations. Recently developed PARMBSC1[49] force field improves
overall description of B-DNA geometry and the microsecond long simulations of B-
DNA observed twist values close to experimental values. The simulation study[50] of
24-mer sequence d(CTGTATCTATATAAAACGGGCTGG), was performed using
CHARMMZ22 force field, which has a bias to form A-DNA conformation irrespective
of the sequence. This 24-mer sequence provided a detailed insight into the mechanism
as it contains a combination of A-philic G-tract, an alternating TA-tract, and B-philic
A-tract. This study observed that water molecules achieve an economy of hydration in
the A-DNA by forming water bridges between phosphate oxygen atoms because of
the reduced intra-strand phosphate-phosphate distance. The strong B-philicity of
AA/TT step was expected due to the spine of hydration in the minor groove and the
presence of bifurcated hydrogen bonds in the major groove[29], whereas GC base
pairs easily adopt the A-form due to the ability of cytosine to achieve C3’-endo
conformation. The strong interactions of sodium ions with DNA phosphate and major
groove atoms stabilize the A-form. The study by Banavali[51] calculated the free
energy difference between the A- and B-forms for the sequence d(CTCGAG); as ~2.8
kcal/ mol in the aqueous solution. The study found no intermediates along the
pathway and no well-defined minimum for the A-form.

The sugar pucker changes faster to the C3’-endo conformation in guanine and
cytosine bases compared to adenine and thymine. It was found that the complete
B—A transition requires 11.4 kcal/mol barrier for a short hexamer sequence[52]. It
was noted that although a slight deformation pushes B-DNA close to a structure

similar to A-DNA, attaining the complete A-DNA structure in solution was difficult.
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Therefore, complete A-DNA geometry in water is possible only in the presence of
proteins or other molecules.

The experimental and simulation study indicated the sequential mechanism
rather than all-or-none mechanism as expected earlier. The A—B transition in water
indicated changes in sugar pucker followed by changes in a base stacking
arrangement[17]. The solvent-accessible surface area (SASA) is less in A-form
compared to B-form. The magnitude of reduction in SASA is significantly different
for AT and GC base pairs. The SASA of the major groove region in AT base pairs is
greatly reduced and hence more water rearrangement was observed in AT base pairs
during A-DNA to B-DNA transition. The Raman spectroscopic observations found
strong binding of water molecules in the major groove in A-form of DNA. In case of
B-DNA, water molecules bind strongly to the narrow A.T minor groove to make a
spine of hydration and thus high A.T content resists B—A transition.

The above discussion indicates that the previous studies lack a detailed
atomistic picture of local as well as global B—A transition in an agueous environment
in the context of protein-DNA interactions. These observations necessitate
exploration of thermodynamics as well as mechanistic details at the atomistic level of
B-DNA to A-DNA transition at the local level (partial B — A transition in DNA) as
well as on a global scale (complete B— A conversion in DNA sequence). This thesis

aims to bridge this gap. A general outline of the thesis is described in the next section.

1.7 Outline of the thesis

In this thesis, we performed MD simulations along with umbrella sampling
technique to understand the A-philicity or B-philicity of 10 unique dinucleotide steps.
The study provides an insight on the complex B—A transition mechanism at the local
level. It explores the effect of dinucleotide sequence, the role of water and the
flanking base pairs in this local B — A transition. The knowledge of sequence
dependent free energies is implemented to develop a model for a priori prediction of
A-DNA or B-DNA conformation merely from the knowledge of sequence. The study
is extended to understand another unexplored aspect of nucleation mechanism in
global B—A transition of long DNA helices. A chapter-wise summary of the thesis is

provided below.
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Chapter 2 describes a novel reaction coordinate Z, and details of
methodology implemented to explore the one-dimensional free energy profiles of all
10 unique dinucleotide steps embedded in d(CGCGAXXTCGCG); in an aqueous
environment. The details of cluster analysis, thermodynamic and mechanistic analyses
are also described.

Chapter 3 describes the results of the umbrella sampling simulations
performed along Z;, and thereby comments on the A-form or B-form conformational
preferences of all 10 dinucleotide steps, role of different interactions such as stacking
and solvation energy of dinucleotide step under study as well as the heterogeneity in
B-form — A-form transition mechanism at a local level.

Chapter 4 describes the effect of flanking base steps on the local B-form to
A-form transition and derives the B/A junction free energies for AA/TT and GG/CC
steps. The absolute free energies gained after removal of B/A junction energies are
also discussed thereby.

Chapter 5 describes the method to predict a B-DNA or A-DNA
conformational preference of a DNA sequence merely from the knowledge of its
sequence. This chapter demonstrates the prediction accuracy of the method when
applied to crystal structures and Xenopus tropicalis genome.

Chapter 6 describes the study of the global (whole DNA) B-DNA— A-DNA
transition of a single DNA helix in solution, which showed the existence of a
multistep non-classical nucleation mechanism for B—A transition for the first time.

Chapter 7 describes the salient conclusions of the local as well as global B-
DNA — A-DNA transition observed from various approaches. This chapter also
comments on the possible future directions such as possible simulation study to
understand the role of 2’-5’ phosphodiester linkages during prebiotic world and
possible designing of DNA nanodevices exploiting continuous B-form — A-form —
B-form transition based on Scrunchworm hypothesis.

Chapter 8 describes two studies based on the DNA — ionic liquid interactions
mainly (a) ) a collaborative project based on G-quadruplex ionic liquid interactions
and (b) the DNA translocation study as Addendum | and Addendum |1 respectively.

Addendum | discusses the computational study to understand the possible
interactions between ionic liquid molecules and G-quadruplex to understand the

stabilization mechanism by specific ionic liquid.
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Addendum Il comments on the computational efforts to understand the
possible application of DNA-IL interactions to resolve the present limitations of

DNA-Graphene nanopore technology for sequencing
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Chapter 2
Methodology

2.1 Molecular Dynamics simulations

Classical MD simulations play an important role in determining the structural
and dynamical properties of different systems at the atomistic level. MD simulations
employ the force fields that define the inter-atomic interactions via harmonic potential
functions. The Eq. 2.1 represents general form of force field,

k k
U= ) 2(ror,) 4 Y (g -g,)" +

bonds angle

ij  4i49;
1+ cos(n® — +Z ”+ , Eq.2.1
( nl [R 12 Rij6 R;; 1

V,
i

torsions i>j

Where, kponas Kangie: V, @re force constants, n is multiplicity and y is phase
angle for dihedral angles. r,;and 6., represent equilibrium values for bond and angle
parameters. The last term of equation Eq. 2.1 represents all non-bonded interactions -
a combination of Lenard-Jones 6-12 potential and electrostatic interactions. The force
field consists of constant values for kyona: Kangie: Var My Vi Teqs Beq Aijy Bijs @ir Qs €
whereas the variables r, 8, @ , R;; are updated during simulation.

The biological processes span a range of timescales[1] from picoseconds
(photosynthetic electron transfer) to microseconds (helix-coil transitions, ion channel
gating) to milliseconds (protein folding, ligand binding) involving single or multiple
steps. However, at present, the timescales accessible to MD simulations are in the
order of microsecond with the advent of GPU units and special hardware
architecture[2]. The sufficient phase space sampling is necessary to capture the
reliable sampling of phase space of such long timescale processes. Hence, enhanced
sampling techniques like umbrella sampling, metadynamics, parallel tempering, are
often employed to explore such long timescale processes.

As discussed below, the preliminary information of B—A transition also
points towards the existence of a barrier for the local B-form to A-form transition.
The sequence dependence of B—A transition arises from the complex interactions

between various base steps simultaneously undergoing global B-DNA to A-DNA
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transition in solution. The cooperativity affects the barrier of global B—>A transition.
As discussed in Chapter 1, the free energy of B—A transition is estimated to be ~21.2
kcal/mol at a physiological salt concentration in ethanol solutions.[3] This free energy
is required to convert the structure of DNA of length equal to the cooperative length
of DNA, which is roughly 20 base pairs long. This indicates that 1 kcal/mol is roughly
the cost per dinucleotide step for B—>A conversion[3]. The B—A transition of a short
hexamer in an aqueous solution possess free energy barrier of 13.5 kcal/mol [4],
indicating the free energy per dinucleotide step is ~ 2.0 kcal/mol(>3kzT) in aqueous
solutions. The conversion of a single dinucleotide step to A-form in a long B-DNA
sequence in water is an extremely rare event (one A-form step in 1000 B-form
steps[5]). Hence, in this thesis, umbrella sampling technique has been employed to

determine the possible barriers involved during the local B-form to A-form transition.

2.2 Umbrella sampling simulations

The free energy between two thermodynamic states — reactant and the product
can be obtained by performing umbrella sampling simulations along one or multiple
reaction coordinates. The reaction coordinate can also be an order parameter which is
capable of distinguishing the reactant and product states. Since the sampling along the
reaction coordinate is adequate when the system is in equilibrium with all the other
degrees of freedom, it is advisable to choose the slowest degrees of freedom as the
reaction coordinate. In practice, however, one often uses heuristic explanation to
choose the reaction coordinate.

Along reaction coordinate, a process of interest progresses via close equally
spaced “windows” in a quasi-static manner using a harmonic bias potential. The term
“window” refers to the position of the biased potential along the reaction coordinate.
The position of the bias potential allows sampling of that particular region of the
reaction coordinate. Such multiple overlapping closely spaced windows provide a
well-converged free energy profile and allow reliable sampling of a conformational
space along the reaction coordinate. The unbiased free energy profile can be obtained
by removing biases and combining the free energy obtained from each “window”
using methods such as weighted histogram analysis method (WHAM), [6,7] umbrella

integration [8], etc. The details of the umbrella sampling technique and application of
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WHAM to obtain the unbiased free energy surface are discussed below as explained
in Reference [6,7].
Consider a reaction progresses from a reactant to a product state along the

reaction coordinate ¢. For umbrella sampling simulations, ¢ will be divided into equal
windows of fixed values of the reaction coordinate fir ef (i= 1, 2 ... N). The harmonic
bias potential is applied over each window to obtain a distribution of the reaction
coordinate ¢;.

The bias potential w;(&) can be expressed as,

ki re
wi(§) = ?(f—fi f)z. Eq.2.2

This harmonic bias provides the biased distribution of & (indicated by p?(£)). The

unbiased distribution p;*(¢) for a certain window is given by the equation below:

wron _ Jexp[—BE(]1S8[E() — E]dNr
pi(§) = T explBECIdNT Eq.2.3

where, € is a fixed value at the centre of the window.

The biased distribution of & under the influence of external harmonic bias potential

w; (&) is expressed as

[ exp{—BIE() + w; (¢ () IS[ER) — EldNr
b —
Pi) = DCBE® + o GNa ¢ aRd

As the bias w;(&) is present on the reaction coordinate & and integration in the

numerator is performed over all degrees of freedom except &, the Eq. 2.4 can be

presented as

exp[—Bw; (§(1))] [ exp{—BIE(M)}S[E(r) — E]dNr
J exp{=BIE(r) + w;(§(r))]}dNr

p (&) = , Eq.2.5

Thus, from Eqg. 2.3 and Eqg. 2.5, we get

pi(§) = p{ (§) explBw; () exp[-pwi(D)]),  Eq.2.6

The combined unbiased distribution P*(¢) is given as,

[24]



windows

PUO= D Wipl(E), Eq.2.7

Where, W; are weights calculated in WHAM method to reduce statistical error while

combining all windows.

windows
Z W, =1 Eq.2.8
i=1
W, = Lﬂ' a;(§) = Niexp[—Bw;(&) + BF] Eq.2.9
e T l *

Where, N; is number of steps in window i.

exp(—BF,) = j PU(E) exp[-Bwy(E)]dE,  Eq.2.10

The terms P*(&) (from Eq. 2.7) enters Eq. 2.10; and F; enters Eq. 2.10 via Eq. 2.9
The free energy A(&) is obtained by reiterating above equations until convergence is

achieved and free energy A(¢) is obtained as

A(¢) = —%lnP”(f), Eq.2.11

The details of the reaction coordinate have been described in the next section.

2.3 Reaction coordinate

The choice of the reaction coordinate is often based on the heuristic
knowledge. However, an important criterion for the choice is that the coordinate
should be able to capture both the reactant and product states unequivocally. Also, the
coordinate should be the slowest one[9,10] so that all the other degrees of freedom
can easily equilibrate along the reaction coordinate. Previous free energy studies on
DNA conformational transition focussed on the global B-DNA — A-DNA transition
in water[4] as well as in aqueous ethanol solution[11]. The reaction coordinates

implemented in these studies were torsion angle 6 and root mean square deviation
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(RMSD) or the difference between RMSDs (ARMSD) from A-DNA and B-DNA.
However, these coordinates were suitable only for global B-DNA to A-DNA
transition. Thus, we explored the possible reaction coordinates to drive local B-form
to A-form transition in water of a middle dinucleotide step in a 12-mer DNA
sequence.

The order parameters that efficiently distinguish B-form and A-form at the
local level would be the choice as a reaction coordinate. One such parameter-
Z, [12,13], was discussed in section 1.3 of Chapter 1. In the calculation of Z,, for a
dinucleotide step, first each DNA base is aligned with standard coordinate frame of
reference, so as to find the virtual middle plane for a pair of base pairs. Then, Z,
parameter is calculated form the positions of antisense strand’s phosphorous (Pantisense)
atom and sense strand’s phosphorus atom (Psense) from middle base pair reference
frame.

Z, distinguishes efficiently between A-form and B-forms of static (e.g.,
crystal) structures as well as dynamic structures obtained from simulations[14].
However, Z,, cann’t be used in MD simulation because the force calculation is
difficult using the midframe convention used in Z, calclation. Also, use of standard
geometry in Z, calculation will not distinguish various fluctuations in atomistic
configuration in MD simulation.

Therefore, in this study, we have introduced a new coordinate Z,,, based on a
relatively rigid sugar framework, similar to Z,, to induce localized (dinucleotide step)
transition from B- to A-form. To do that, we created a local DNA triad axis system
(Fig. 2.1) following the qualitative guideline by Dickerson et al.[15], subsequently

adopted in Tsukuba convention[16].

G19

ADNA (Zp =2.77,Zp’' =4.30) BDNA (Zp =0.39, Zp’ = 0.70)
Figure 2.1 Schematic presentation of Zz', for a middle base step C6G7/C18G19 of the DNA sequence
d(CGCGACGTCGCQG),.
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Figure 2.1 illustrates the definition of Z; for the middle base pairs as
C6G7/C18G19. The red vector (x) in Fig. 2.1 is created from the center of mass
(COM) of four sugar groups (C6, G7, C18, G19) to the COM of two sugar groups on
the 3’ ends (sugars of G7 and G19). This vector thus points towards the minor groove.
Green vector (y) is constructed from the COM of two C1’ atoms of the sense strand
(6C1° and 7C1’) to the COM of the two C1’ atoms of the antisense strand (18C1’° and
19C1”). The unit vector along DNA axis, Z, is constructed by the cross product of unit
vectors X and ¥, 2 = £ x 7, shown in yellow. Finally, a vector p is created from the
phosphorous atoms joining the antisense strand bases (19P) to that of the sense strand

bases (7P), shown in blue in Fig. 2.1. Z;, is defined as the projection of the vector p

onzie,Z,=p.z2

Derivation of Z,,:

The derivation of the forces to implement Z,, coordinate in umbrella sampling
has been briefly discussed. Umbrella sampling simulations are carried out with
external harmonic potential around the value of reaction coordinate where sampling is

intended. The following potential can be written as,
1 , , 2
U= EK(ZP — Zprer) Eq.2.12

Where, K (kcal/mol A) is the force constant and Zpref (A) is value around which

sampling is done in a particular simulation. Z,, is defined as,

_p' - -
PR x|

Eq.2.13

Each of the above vectors is connected between a group of atoms. To derive the force
due to this external potential (Eq. 2.13), we express below the vectors using the

notation from Allen and Tildesley[17].

x:daz a " Ta-1
y=dp =1, —Tp4

N
N

<.
Il
Qy
o
Il
Q
[
(9}
|
=

Therefore Eq. 2.12 can be written as,
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Forces on a particular atom a (or group of atoms) can be calculated from the negative

gradient of the potential on the particular atom as shown below.

/T(; = _VraU = _K(Z;) - C)Vrazp,

Gradient on a particular atom “a” can be written as,

. o [. d,xd
V.7, =V, [dc.ﬁ
a b

Simplifying further the cross products, we get the following relations.

dax dy] = (e x dy).(de x d)

= (@ do)-(dy - dy) ~ (du do)-(d - d)

= /Caacbb - Cc%b

_ pl/?

— ab
Here, Cl] = Ji . c?] Slmllarly, Cijk = Cii . (Ci] X (ik)
After some algebraic manipulations, gradients on each of the atoms (or group of

atoms) involved in the Z;, coordinate can be written as,
— —3 - - —l - -
VraZz’7 = _CabcDabz(Cbbda - Cabdb) + Dabz (dp x d;)
3 1
VrbZz’J = _CabcDa;(Caadb - Cabda) + Dalf(dc X dg)
1
V. Zyp= D, (dg xdp)

3 1
Vra_lzz’) = CabcDa;(Cbbda - Cabdb) - Dabz(db xd.)

<l

3 1
rb_lzzla = CabcDa;(Caadb - Cabda) - Dalf(dc X dg)
1
Vi _Zp= —D,(dq X dp)
The capability of Z;, to detect A-DNA and B-DNA is analyzed by plotting
both Z,, and Z,, for several A- and B-DNA crystal structures used by Olson et al.[12].

Figure 2.2 shows an excellent correlation between Z,, and Z, (correlation coefficient
is 0.96).
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Figure 2.2 The correlation between Z,, and Zl',values for all base steps of crystal structures of A- and

B-DNA taken from Ref. [12].

Typically, Z, > 1.5 A was used by Olson et al. to ascribe B-form to A-form
transition [12]. From this correlation plot, we ascribe the corresponding value of Z,, to
be 3.6 A to define A-form. However, the correlation between static structures may not
hold for small dynamic deformations during simulations. Therefore, even though Z,,
is implemented as a reaction coordinate, Z,, coordinate is used as an order parameter

i.e., the parameter that indicates that the transition has taken place beyond its certain

value. We use average Z, value belonging to certain cluster as 1.5 A to ascribe B- to

A-form transition following Olson and coworkers’ criteria [12]. Some studies used
different values of Z,, such as 1.3 A by Bansal[18,19], 1.0 A by Orozco[11], etc. to
identify A-form occurred in B-A transition, due to the gap in Z,, values between A-
and B-forms in various crystal structures. The value of Z,, in canonical A-DNA is 2.7
A; the average value of Zy, in crystal structures of A-DNA is 2.2 A[12]. Therefore, we
have chosen average Z, value as 1.5 A to ascertain the B- to A-form transition
amongst different prescriptions, which will provide the upper bound of the free
energy cost for B — A transition. The analysis procedure carried out in this thesis is

described in the next section.
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2.4 Analysis Procedures
2.4.1. Cluster Analysis:

The calculations of the average DNA parameters, total energy, and other
analyses were performed on the members of the biggest cluster of structures within a
certain value of Z, to avoid large unphysical fluctuations. The schematic presentation
of cluster analysis is shown in Fig. 2.3. First, the structures were collected within a
particular value of Z,, with 1 A deviation (Green circles in Fig. 2.3). Subsequently,
cluster analysis was performed using gromos[20] method implemented in the
g_cluster utility of GROMACS[21] on the collected structures with 0.8 A root mean
square deviation (RMSD) cut-off such that the member of the biggest cluster is
approximately 80% of the total number (Red circles in last step of Fig. 2.3). The
values reported for the properties against Z,, are the averages on the members of the

biggest cluster.

Figure 2.3 Schematic presentation of cluster analysis along reaction coordinate Zz'J .

2.4.2. Structure analysis:

We calculated changes in some of those DNA parameters as they vary along
Z,. We analyzed both the base parameters (such as Slide, Roll, Twist) and backbone
parameters (such as average 8upg, Xavg. anNd Payg) Of the sugar groups for the
dinucleotide step undergoing transition. Earlier studies pointed towards the sequential
nature of the transition through base parameters, Slide and Roll[22-24]. However,
Roll has already been shown to be uncorrelated[18] with the transition. To probe into
the role of both the backbone and base parameters, we introduce here a normalization
function (Eq.2.11) to capture the change in both the parameters together. For a

property X, we have calculated the normalized value as X;,,ym.
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X(Zp) = Xp-pna

XA—DNA - XB—DNA

Xnorm(Zp) = ) Eq. 2.11

where, X(Z,) is a certain DNA parameter at a particular value of Z;,. Xapna
and Xg.pna denote the values of the DNA parameter at canonical A- and B-form,
respectively. Therefore, any of the parameter in A-DNA will attain 1. At B-DNA, it
will be 0 and between 0 and 1 during the transition. However, the values may go

above one and below zero due to the unconstrained nature of the parameters.

2.4.3. Thermodynamic analysis:

We have calculated various interaction energies viz. stacking interactions,
dinucleotide step-water interactions, and total potential energy along with the free
energy. The total potential energy of the subsystem comprises the interaction between
dinucleotide step and water molecules in the first hydration shell around it. Each
dinucleotide has a different number of water molecules in their hydration shell.
Therefore, to preserve the number of atoms in the subsystem, we took a maximum
number of water molecules (46) found (through proximal radial distribution
function[25]) for any dinucleotide step within 3.25 A. (See Fig. 2.4)

Figure 2.4 The dinucleotide step and first solvation shell to calculate the total potential energy.

The rationale for calculating the total energy in this way is two-fold. First, the
fluctuation is much larger for the total energy of the system if all the atoms are
considered. Hence, subsystem of interest was chosen. Secondly, this choice is based
on the knowledge that each system is identical and unchanged except for the
dinucleotide step. Therefore, the relative energy contribution from the complement of

the subsystem is assumed to cancel out in the difference in the energy for a long
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simulation. We have collected the configurations around a particular Z, and

performed cluster analysis to further minimize the error.

2.5 Summary

We have discussed the brief details of umbrella sampling technique and
development of reaction coordinate Z,,. Z, correlates well with the order parameter
Z, and it successfully discriminates between A-form and B-form for static crystal
structures. Thus, Z,, is shown to be a reasonable reaction coordinate to drive local B-
form to A-form transition in aqueous solution. The evolution of structural parameters
or thermodynamic quantities is calculated along clusters defined around Z;, values.
The gromos method was implemented to find largest cluster and remove fluctuations.
The free energy of all 10 unique dinucleotide steps along Z, are derived and

presented in next chapter.
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Chapter 3

Sequence-Dependent Free Energy
Profiles of Localized B- to A-Form
Transition of DNA in Water

3.1. Introduction
The 10 unique dinucleotide steps AA, AT, AC, AG, CA, CG, TA, GA, GC,

and GG, possess heterogeneity at an intrinsic level. It arises from the variability of
stacking energy, exposure of base atoms on major and minor groove as well as
interactions with the solvent molecules. This intrinsic heterogeneity is a source of
particular conformational preferences towards A-form or B-form in these steps.
Previous studies have shown that, in general, AA, AT are B-philic steps and GG, AC,
AG is A-philic steps [1,2].

The previous attempts to understand the sequence specificity at local level
focused on the free energy scale of 10 unique dinucleotide steps or 32 trinucleotide
steps. However, a comprehensive study of a reaction pathway of a local dinucleotide
step undergoing B — A transition in water was not addressed.

The development of problem-specific reaction coordinate Z, (Section 2.3,
Chapter 2), based on the unique order parameter Z, to drive B- to A-form transition
locally enabled us to calculate free energy profiles for all 10 unique dinucleotide steps
embedded in a 12-mer DNA. This study is performed in aqueous environment so as to
relate the results with biological process and to understand the role of water. We
investigated the structural mechanism and thermodynamics of local B — A transition
in water for various DNA sequences at a local dinucleotide step level. The results
explain the possible role of water entropy in B-form stabilization in water and
mechanistic heterogeneity of all 10 dinucleotide steps while transforming from B-

form to A-form.
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3.2 Computational details

3.2.1 Construction of the initial configuration

The basic DNA sequence is taken as d(CGCGAXYTCGCG), based on
Dickerson’s dodecamer d(CGCGAATTCGCG);[3]. The middle base pair (BP) “XY”
is changed to have the ten possible dinucleotide steps (AA, AC, AT, AG, CA, CG,
TA, GA, GC, GG) to understand the transition at dinucleotide level. For example, to
study “AA” we have used d(CGCGAAATCGCG), sequence. The reason for
considering Dickerson dodecamer is that this sequence is essentially B-DNA.
Therefore, we should get an upper bound for the conversion to A-form. Secondly, the
sequence is capped with CG at the terminals, therefore, reducing the chance of fraying
for reasonably long simulations[4].We calculated Z,, (and Z,,) values for the canonical
A-form and B- form created using NAB[5]. The average values of Z,, and Z,, for the
equilibrated B-form structures calculated from 1 ns unrestrained simulations are
presented in Fig. 3.1. Fig. 3.1 indicates that GG has higher Z,/Z, value for
equilibrated structure compared to other dinucleotide steps, indicating its A-philicity.
Canonical A-form has fixed Z,, (2.73 A) and Zy (4.31 A) values. Canonical B-form
has Z,, =0.39 A and Z,,=0.7 A. While canonical A- and B-forms have fixed Z, and Z,,

values, equilibrated B-form has different values for different dinucleotide steps,

which reflect differential propensity towards A-form in the equilibrated B-form itself.
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Figure 3.1 The values of (a) Z. II’ and (b) Z. p for the ten different dinucleotide steps for equilibrated B-

DNA. The values of Zj, (solid lines) and (b) Z,, (dashed line) for canonical A-form and canonical B-

form are presented by red line and green line, respectively.
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3.2.2 Force-field and Equilibration.

All the simulations were carried out using GROMACS][6] by employing PBC
conditions. Particle Mesh Ewald[7] was used for the coulombic interaction with long
range cutoff at 10 A. We used amber99 force-field[8] with parmbsc0 [9] modification,
a well-established force field for B-DNA simulation[10]. The initial configuration of
the canonical B-DNA was placed in a cubic box of side length 60 A, subsequently
solvated by TIP3P[11] water molecules, and 22 randomly placed Na® ions were used
to neutralize DNA. The final system contained 756, 757 or 758 DNA atoms
(depending on the sequence), 6847 water molecules, and 22 Na* ions. The final
density of the system was 1006 kg/m®.

The canonical B-form was used as a starting structure for all the simulations.
A series of standard minimization, position restraints, and equilibration step[4] was
performed. Initially, each solvated DNA structure was minimized by applying 50
kcal/mol/A? harmonic restraint potential on heavy atoms of DNA. The system at
constant pressure was heated to 300 K over 100 ps using Berendsen thermostat and
barostat[12], with a coupling constant of 0.4 ps, with a time step of 2 fs. The restraints
were slowly reduced to zero during a series of energy minimizations and 50 ps
equilibration steps. The final step was 1 ns NPT equilibration using Noose-Hoover

thermostat[13] and Parrinello-Rehman barostat[14].

3.2.3 Umbrella Sampling Simulation Procedures.

With this equilibrated structures, a series of Umbrella Sampling[15]
simulations was carried out for all ten DNA structures using GROMACS[6] with
PLUMED software[16] after incorporating Z,, reaction coordinate in PLUMED. The
forces on the atoms generated from the harmonic potential on this coordinate are
outlined in Section 2.4 of Chapter 2. The umbrella sampling simulations were carried
out by varying Z,, within the range of 0.7 A (for canonical B-DNA) and 4.3 A (for
canonical A-DNA\) initially with a step of 0.2 A and extended whenever necessary.
These simulations required approximately 25 simulations for each DNA structure,
where each simulation was performed for 3 ns with a time step of 2 fs. Thus, the
complete set of calculations amounts to ~ 0.75 ps long. The length of the simulation
was determined based on the convergence of the free energy profiles as discussed

later.
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3.3 Results and Discussion

3.3.1 Free energy, Energy and Entropy.
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Figure 3.2 Potential of mean force (red line) for conversion from B- to A-form for all dinucleotide

steps (shown in the legend) against Zz,)' The average values of the Zp [17] (with its standard deviation)

along Zz', is also shown (black line and dots). Total potential energy variation for the subsystem

containing a particular dinucleotide step with 46 closest water molecules is also shown. The error for

total energy (green) is significant (15-25 kcal/mol). However, average values maintain a continuous
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trend along ZIIJ' For energy and Zp calculations, cluster analysis was performed by collecting

structures around each Zp. The values plotted here are averages over the members of the biggest

cluster.

We performed umbrella sampling simulations (~25 simulations of 3 ns each
for every system) to obtain free energy profiles for B — A conversion at the local
dinucleotide level along Z,,, shown in Fig. 3.2, for each of the ten dinucleotide steps
embedded in the twelve base pair DNA. In the absence of any stable state in the A-
form region, we ascribe the cost of B — A transition by the free energy at which
average Z, value attains 1.5 A. This choice is governed by the reasons discussed
before. Table 3.1 shows the free energy cost for all the dinucleotide steps for B — A
transition. Free energy costs for all the dinucleotide steps follow the trend observed in
experiments that AA and AT are B-philic whereas AC, GG, and GC are A-philic. GA
appears to be intermediate rather than a B-philic step[1]. Therefore, even at the
dinucleotide level, “A” and “B”-philicities are preserved. Protein-bound DNA
systems show a significant proportion of CA step[1], which is A-philic according to
calculation (relatively lower free energy cost).

Table 3.1: Free energy cost (kcal/mol) and standard deviations for B — A transition

for ten dinucleotide steps measured at Z,, value at which average Z,, is 1.5 A.

Dinucleotide step Zp7p-150 AFp>a
AA 4.9 57+1.2
AT 5.1 56+1.3
AC 4.4 35109
AG 4.2 3.1+1.1
CG 4.2 39+09
GC 4.1 30£0.8
GA 4.5 39+1.5
CA 4.4 35+14
TA 4.6 47+1.1
GG 4.3 33+£0.8

Each free energy profile has converged within two ns indicating adequate sampling (see Fig. A-3.1 in

Annexure 3). Note that; all the ten systems are identical except for the difference in the pair of base pairs
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sequence of the DNA in the middle. Therefore, the free energy profiles obtained here should reflect the free

energy associated with the B — A transition at the local dinucleotide level.

Since A-form DNA is not stable in water, the free energy profiles do not show
any stable region for any of the dinucleotide steps. However, all the free energy
profiles attain a stable minimum at the B-form (see Fig.3.2). To understand the free
energy cost for A-form formation, we also plot the average Z, values, calculated
using 3DNA software[18] along Z,, in Fig. 3.1. Although Z,, correlates well with Z,,
for static structures (Fig. 2), the correlation is not expected to be good where
structural deformation takes place (note, that Z, uses rigid canonical base pair
geometry[18]. For Purine-Purine steps (e.g., AA, GG, GA, AG), Z, does not grow
linearly in the beginning. However, the growth is linear for all the dinucleotide steps
at higher values of Z,. This observation ascertains the use of Z, as a reaction

coordinate for studying the local deformation in the DNA.

3.3.2 Energetic Analysis and Entropy Interpretation

Along with the free energy, we calculated the total potential energy of the
subsystem comprising the dinucleotide step and water molecules in the first hydration
shell of the dinucleotide step. Each dinucleotide has a different number of water
molecules in their hydration shell. Therefore, to preserve the number of atoms in the
subsystem, we took a maximum number of water molecules (46) found (through
proximal radial distribution function[19]) for any dinucleotide step within 3.25 A.
This approach allows us better comparison of total energy as each system is identical
except for the dinucleotide step. Fig. 3.2 shows the change in the relative total energy
of the above subsystem against Z, . Therefore, for a long enough simulation, the
relative energy contribution from the complement of the subsystem is assumed to
cancel out in the difference of the energy, giving rise to an energy profile similar to
that captured in Fig. 3.2 through the energy of the subsystem. To further minimize the
error, we have collected the systems around a particular Z,, and performed cluster
analysis (see Section 2.4.1 of Chapter 2). The plot of the subsystem’s total potential
energy in Fig. 3.2 shows mild change up to a certain value of Z, beyond which
energy decreases for all dinucleotide steps. This indicates that the localized A-form

created using Z,, is energetically more stable than the corresponding B-form in water.
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This result is unprecedented as the interpretation of Fig. 3.2 indicates that B-form in
water is stable perhaps due to entropy. Previous studies primarily pointed towards the
contribution of DNA electrostatics[20] and counter-ion condensation[21] for B-DNA
stability.

- | Stack
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Figure 3.3. Free energy, total (potential) energy, stacking energy, and entropy (multiplied by 300K)

5.0
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(@]

difference (kcal/mol) for conversion of B — A (A-form minus B-form) for all ten different
dinucleotide steps. Data obtained by subtracting the respective values at average Zp:1.5 (A-form)

from the values where free energy is minimum (stable B-form). Total energy denotes the energy of the
subsystem consisting of dinucleotide steps and 46 closest water molecules. Entropy is estimated by

taking the difference of free energy from the total energy.

The result is further summarized in Fig. 3.3 where we plot the difference in
free energy, total energy, entropy, and stacking energy (interaction energy between
two different base pairs including sugar-phosphate[22,23]) from B — A to understand
the contribution of each in the process. Due to less number of counter-ions, we did not
include their energetic contribution in the total energy. However, earlier studies show
that counter-ions make A-form more energetically stabilized[20]. Therefore,
including ions will further strengthen the trend observed here.

Note that, previous studies mostly focused on the DNA energetic, which
showed that the transition from B — A is opposed by DNA electrostatics[20]. It is
evident from Fig. 3.3 that indeed the stacking energy opposes the transition, as the
cost is positive for all the ten dinucleotide steps. CG has the largest stacking energy
penalty.
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Figure 3.4. Electrostatic (green) and van der Waals (blue) components of the total energy (orange),
along with the free energy plot (black). Note that the electrostatic contribution mainly drives the total
energy change. The general range of error for total energy is 15-25 kcal/mol, van der Waals energy (10-
15 kcal/mol) and electrostatic energy (15-25 kcal.mol)

Decomposition of the total energy shows that 90% of the contribution is
electrostatic in nature (see Fig. 3.4). However, the total potential energy comes out to
be favorable to form the local A-form, thus implying a negative entropy contribution
for the transition as shown in Fig. 3.3. Entropy contribution is calculated by
subtracting free energy from the total energy. Note that; any energy calculation is
associated with a significant error[24]. Here, cluster analysis helps to reduce error.
Yet, the error is large enough to debate about entropy contributions presented in Fig.
3.3. However, variation in the average energy along Z,, is rather smooth. The trend in
energy and entropy is unavoidable as it appears in every dinucleotide step. Therefore,
for the localized transformations from A- to B-form in water may be driven by
entropy.
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Figure 3.5 Decomposition of the total energy difference for B — A transition for all dinucleotide steps

into various components of differences in intra-DNA, DNA-water, and water-water interactions.

To understand the origin of the energetic stability of the A-form, we
decomposed the total energy difference into DNA-water, water-water and intra-DNA
contributions as shown in Fig. 3.5. Intra-DNA interactions consist of self-interactions
(both van der Waals and electrostatic) of base pairs involved in the transition (base
pair 6 and 7) including the interactions between base pairs (i.e. stacking energy).
DNA-water interaction consists of the interaction of middle base pair under study and
closest water molecules. For A-tract dinucleotide step (AA, AC, AG, AT), the intra-
DNA interaction (part of which is stacking energy) is stabilizing, whereas it is
destabilizing for rest of the steps. Surprisingly, for all the dinucleotide steps, either
DNA-water or water-water interaction is stabilizing in the A-form pointing to the
source of an overall negative energy change towards A-form in water (Fig. 3.5). CG is
also an outlier here showing significant intra-DNA energy cost for the formation of
A-form compensated, however, by larger DNA-water stabilization. Variation of
different energy components along Z,, is shown in Fig. A-3.2 of Annexure 3.

Therefore, as expected, water is probably an important driving factor for the
transition, albeit in an unintuitive way as our study shows that water energetically
stabilizes the A-form. Therefore, water may contribute to the entropic stabilization of
the B-form.
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Figure 3.6. Correlation between entropy difference and different energy components for B- to A-form
transition (a) correlation with total energy. Correlation coefficient (CC) is 0.96 (b) correlation with
solvent energy (DNA-water and water-water) contribution (CC=0.78) (¢) correlation with DNA-water

interaction energy (CC=0.39) (d) Correlation with water self-interaction energy (CC=0.86).

To ascertain the role of water in the overall entropy change, we first plot the
entropy and total energy changes in Fig. 3.6(a) for all dinucleotide steps. It shows an
excellent correlation, which indicates that the enthalpy-entropy compensation prevails
in the present system of DNA structural changes as well. After that, we plot the
entropy cost with only solvation energy cost (involving DNA-water and water-water
interaction energy) in Fig. 3.6(b). Apart from two dinucleotide steps (CG and AT),
correlation is still acceptable. Further decomposition of solvent energy to DNA-water
(Fig. 3.6(c)) and water-water (Fig. 3.6(d))) shows that the water-water interaction
energy is highly correlated with the total change in entropy. This correlation
ascertains that water may play an important part in the entropic destabilization of A-
form compared to the B-form. An indirect corroboration is found from the recent
study, where restraining of some water molecules in the major groove was shown to
lead the transition of DNA from B — A [25].

3.3.3 Structural Analysis and Mechanism.

We have demonstrated above that Z, as the reaction coordinate successfully
captures the B- to A-form transition at the local dinucleotide level measured in terms
of the standard order parameter Z,. However, other conventional markers show

significant differences in the above two forms of the DNA. We have normalized the
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structural parameters as discussed in Section 2.4.2 of Chapter 2. In general, we have
used following Eq. 3.1 so that all values become 0 for B-form and 1 for A-form.
For a property X, we have calculated the normalized value X,,,,,defined as,

X(Z)) — Xz-pna

XA—DNA - XB—DNA

Xnorm(Zy) = ) Eq.3.1

where X(Zi,) is a certain DNA parameter at a particular value of Zz',. Xa-onaand Xg.

ona denote the values of the DNA parameter at canonical A- and B-form,

respectively.

o
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Figure 3.7. Normalized DNA structure parameters for ten dinucleotide steps from B — A. Backbone
parameters are drawn using dashed lines while base parameters are drawn using solid lines. Each

dinucleotide step is indicated in the legend.
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Figure 3.7 shows the variation in the normalized values of the DNA
parameters for all the ten different dinucleotide steps, which suggests that there is no
general trend for conversion from B — A at the dinucleotide level. RR steps (AA,
GG, GA, AG) show that Slide, Twist, and Pseudorotation angle (Payg) are involved in
B — A transition. For RY steps (AC, AT, GC), except for AT, Slide and Twist
achieve A-form values. Surprisingly, AT shows that only Slide and Payq achieve A-
form values. The individual variations in torsional parameters y, 8, Pseudorotation
angle (P), and base step parameters Roll, Slide, and Twist are provided in Fig. A-3.3
to A-3.8 of Annexure 3. In general, we can observe that motions of backbone
parameters of residue 6 and 19 are correlated with base step parameters of these
residues.

For a given Z, value, Slide, in general, is larger than other parameters (See
Fig. 3.7) indicating that Slide may be the first parameter to change in all the ten
dinucleotide steps. For all base pair steps, except for AA, Slide values are between the
canonical B- and A-forms in equilibrated B-DNA itself (Fig. A-3.7 in Annexure 3).
For AA step Slide is close to the canonical B-form, while for GG (most “A”-philic)
Slide is close to canonical A-form. YR steps (CA, CG, TA), on the other hand,
maintain high Roll angle values from B — A transition indicating Slide and Twist-
mediated B — A transition. This observation supports Olson’s suggestion[26] that
YR steps are more easily deformable. Backbone parameters (except Payg for certain
dinucleotide steps), on the other hand, show almost linear variation between canonical
B- and A-forms.

To understand whether the local deformation caused at the central
dinucleotide step propagate to other base steps, we analyzed all base steps except
terminal CG’s for Z,, and Slide along our reaction coordinate Z,,. Figure A-3.9 and A-
3.10 in Annexure 3 show the variation of Slide and Z, for two flanking base pairs
along Z,. We observed that only two base steps are at most affected due to the
deformation. This observation is not surprising as Fig. 3.2 shows that A-form for all
dinucleotide steps is free energetically unstable compared to B-form. Therefore,
natural propagation to a complete A-form in water is not to be expected.

In general, we observe that the concerted changes in Payg, Xavg, and 8y
along with Slide cause B — A transition. Even though in some cases Payg, Xqvg, and

8avg do not achieve A-form values, their continuous variation towards it indicates a
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concerted mechanism at least at the dinucleotide level. Calladine and Drew[27]
observed that the backbone-switching during B-A transition accommodates a
continuum of base step conformations in terms of Slide, Roll and helical Twist. El
Hassan and Calladine [28] studied the conformational map of dinucleotide steps and
divided them into Rigid (AA, AT, GA), Bistable (GG, GC, CG, AC) and Flexible
(CA, TA) categories according to their Roll, Slide and helical Twist values. They
observed that homogeneous G/C steps are bistable and their interactions cause a base
step to adopt low slide values, which in turn cause backbone to attain A-DNA
conformation. Our study again reinforces the point mentioned by Marathe et al.[1]

that mainly Z,, and to some extent Slide and Pseudorotation phase angles, &, and y are

better indicators of A- and B- conformations at the dinucleotide level .

3.4 Comparison with experiment

Free energy cost per dinucleotide step obtained here may seem to be higher
than that normally observed for the same estimated from whole DNA conversion
either theoretically[29], or experimentally[2,30]. Tolstorukov and coworkers[2]
proposed the following model to derive the free energy cost for B — A transition for

each dinucleotide step from the experimental estimates of several DNA sequences[2],
RT

AGgy = ? n(a—a;) = Z AGg,(I) + 2AG3, Eq.3.2

where, AGg, and AGg, (1) are the free energy costs for whole DNA and each

I€all steps

base pair conversion. R is universal gas constant, T is the temperature, n is the number
of base pairs in the DNA, a is the water activity and a; is the apparent water activity
(AWA) where free energy cost is zero. Q is a coefficient based on B — A transition
width (and also depends on cooperative length[31]) and taken to be 14.5% relative
humidity (RH). By calculating AWA for various DNA sequences, AGg, Was
estimated and subsequently fitted to obtain the free energy cost for each dinucleotide
steps AGg,(I). AG? is the cost for the terminal base pair due to interaction with

solvent and taken to be fixed value 1.5 kcal/mol.
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Figure 3.8. Correlation between experimentally derived D-10/32 model[2] and the present estimate of
the free energy cost for B- to A-form transition for dinucleotide steps. The correlation coefficient is

0.81.
The values obtained through above procedure provided the free energy cost

within the range of 1.39 to 0.97 kcal/mol for AA to 0.89 to 0.19 kcal/mol for GG
steps (and similar ranges for other dinucleotide steps). Although there are minor
deviations in different fitting models, the values are much smaller than our theoretical
estimate. However, the correlation between these experimental estimates and our
calculation is very high as shown in Fig. 3.8, where our results are compared with one
of the best experimental models D-10/32 in Ref. 2. Therefore, our calculations capture
the trend in the free energy cost of each dinucleotide at par with experimental
estimates, albeit with a higher estimate.

To test whether the origin of the discrepancy comes from the choice of our
collective variable, we have also tried another local coordinate such as average &
angle to convert a certain dinucleotide step to A-form. However, even at a free energy
cost 20 kcal/mol, the conversion to A-form was only 15% as discussed in Annexure 3

and shown in Fig. A-3.11 in Annexure 3. Therefore, the choice of Z,, for localized B

— A transition seems reasonable.

The discrepancy in absolute estimate, however, can be resolved based on the
following observations. The first thing to note is that B — A transition is cooperative
in nature[25,32]. Therefore, conversion of the first basic unit would cost the most.
However, the cooperative unit is estimated to be around 10 base pairs[33], making our
estimate huge for the conversion of a dodecamer. Therefore, cooperativity may not
be a sufficient criterion. To find the other reasons, we noted that the significant

difference between experimental estimate mentioned above and our theoretical
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approach is that we created a A-form unit in the middle of a B-DNA. This A-form, in
turn, creates one B/A and one A/B junction on both sides. Experimental estimates of
B/A junction vary from 1.4 kcal/mol to 2.1 kcal/mol.[31] If we subtract 2.1 kcal/mol
as the cost of each B/A (or A/B) junction from our free energy calculation, it comes to
1.5 kcal/mol. Taking B/A junction for GG to be 1.4 kcal/mol, the estimate for GG
transition comes to 0.5 kcal/mol. Both the above estimates are close to experimental
values. The higher estimate may be obtained due to various other factors such as the
choice of the high value of the order parameter (1.5 A), selection of the DNA
sequence (we used Dickerson dodecamer which is known to be strongly B-philic[3]),
minimal ion concentration, etc. However, with a variety of assumptions in
experimental model and approximations in theoretical force-field, results are still in
excellent agreement with each other. Note that the free energy cost estimated here
will be more appropriate for the cost of protein-DNA and drug-DNA interaction
causing local A-form[17], which will invariably suffer from the extra cost of B/A

junction.

3.5 Conclusion

This study captures the B- to A-form transition in water through the most
basic unit of DNA — a dinucleotide step. It depicts the sequence dependent effect of
the transition in molecular details through rigorous free energetic method carried out
for all the ten dinucleotide steps using a new reaction coordinate Z;, capable of
driving local B — A transition, and unique local order parameter Z,,. High correlation
with experimentally obtained values for the free energy costs of different dinucleotide
indicates that “A” or “B” philicity is preserved even at the dinucleotide level. The
higher estimate for the free energy cost compared to experiment is attributed to the
formation of B-form/A-form junctions in addition to the formation of a local A-form.
Our current estimate agrees well with experiments after subtracting the cost of B/A
junction. Therefore, our calculation of the free energy cost is similar to that caused by
local deformation of the DNA to A-form by proteins and drugs[17].

Prevalence of dinucleotide sequences of lower free energy cost (such as GG,
AG, AC) is often observed in those regions[17]. We also find that the overall energy
is favorable towards the local A-form, although intra-DNA electrostatics opposes the

transition from B — A as shown earlier[20]. This A-DNA stabilization in water and
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positive free energy indicates that entropy opposes B — A transition. In other words,
the origin of B-DNA stability in water seems to be dictated by entropy. This entropic
stabilization shows that at a lower temperature or in the crowded environment, A-
form will be more preferred, as demonstrated by a Raman spectroscopic study on
poly(dG).poly(dC)[34]. We found that water-water interaction energy correlate with
the entropy change, thereby indicating the role of water in the entropy reduction in B
— A transition. However, this needs further investigation.

We also proposed a new analysis of the mechanism of transition including
both backbone and base parameters. The general mechanism of B — A transition at
local level involves concerted motions of backbone parameter, however, triggered by
base parameter Slide. In the light of protein-DNA interactions where local, base pair
level transitions occur in DNA, this study provides detailed molecular insight of the
sequence-dependent effect of those local transitions in the DNA. The free energy
values obtained here are influenced by the formation of B-form/A-form junctions on
both 5’ and 3’ side. The details of these B/A junction effects are discussed in next

chapter.
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Chapter 4
B-form/A-form Junction Free Energy in
DNA

4.1 Introduction

4.1.1 B/A junction and its biological significance:

The protein-DNA interactions induce B-form to A-form transition at the local
level in DNA. This local A-form induction has a penalty of free energy for the
junction formation at B-form/A-form interface. In 1993, Jacobo-Molina et al.[1]
observed the A-form/B-form junctions (A/B junction or B/A junction) in HIV-1
reverse transcriptase and DNA complex. A significant bend of 40° - 45° was observed
at A/B junction, and hence authors hypothesized the plausible role of A/B junction in
reverse transcriptase fidelity, translocation, and other mechanisms. A crystallographic
analysis study[2] observed the presence of B/A junctions commonly involved in local

B— A transition.

A
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Figure 4.1. The local A-form and A-form/B-form junction in case of (a) cisplatin-DNA complex (PDB
ID: 1AIO) and (b) DNA-endonuclease complex (PDB ID: 1IPP).

The bending at B/A junctions depends on the binding protein or drug molecule.
For example, cisplatin-DNA complex [3] involves a smooth global bend at A/B

junction and affects the two dinucleotide steps below A-form region (See Fig. 4.1(a)).
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The I-Ppol homing endonuclease [4,5] interacts with DNA at two binding sites and
creates a superhelical bend of 25° at each location, thus increasing overall global bend
up to 55° due to two B/A junctions. Hence, the presence of B/A junctions causes local
deformations, beneficial for protein binding via exposure of base atoms or minor
groove widening [2]. A previous study[6] indicated that the B/A junction in
contiguous DNA segment influences a B—A transition by affecting hydrodynamic
properties of a sequence at the junction. An experimental study on 5S Ribosomal
RNA gene proves that the sequence specific behavior of DNA causes B/A junction
formation at a small fragment of CCTT[7] and prolongs B—A transition on B-side of
the junction. lvanov and co-workers experimentally detected stable B/A junction and
its free energy and estimated the junction energy to be ~2.1 kcal/mol at CT/AG
step|[8].

4.1.2 Contribution of junction energy in AG(Z})

Recently, we studied local B-form to A-form transition in water using a
designed reaction coordinate Z,, (inspired from structural parameter Z,, [2]). In our
previous study[9], we performed umbrella sampling simulations and calculated free
energy profiles for B-form — A-form conversion for all 10 different dinucleotide
steps embedded in a DNA. Although our study captured the B- and A-philicity of the
dinucleotide steps in right trend as obtained through experimental model of
Tolstorukov and co-workers[10], our calculated values were higher. This led us to
realize that creating A-form locally in a B-DNA also creates two B/A junctions.
Experimental estimate of the B/A junction energy can vary from 1.4 to 2.1 kcal/mol
depending on the base steps. [8,11-13] Therefore, creating an A-form locally in a B-
DNA (as typically done by proteins[2]) is more costly.

In this study, we attempted to calculate the B/A junction free energy and its
conformational preference based on the rigorous free energy estimates for B—>A
conversion. By careful choice of DNA sequences as mentioned in computational
details, we estimated the absolute free energy of a dinucleotide base step, which does
not include the junction free energy cost. We show that our absolute values can
capture the known “A” and “B” philicity of dinucleotide steps. The junction energy
values also predict the expected cooperative length of B-A transition. The brief

computational details are described in the next section.
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4.2 Computational Details

4.2.1 Reaction coordinate: Z;, and Z},

We learnt from our previous study[9] that free energy along Zp’ is indeed a
better coordinate compared to other available choices[14]. Fig. 4.2 shows the
construction of Z,, again, which measures the distance between phosphorous atoms of
two strands along the local DNA axis. The Z;, coordinate, however, is designed for a
single dinucleotide step. This limits use of Z, to study one-dimensional free energy
profiles for multiple dinucleotide steps (such as trinucleotide steps used here).
Therefore, we used average Z,, (Z;) in the systems where more than one dinucleotide

steps are converted from B- to A-form.

G19
ADNA (Zp=2.77,2Zp’=4.30) BDNA (Zp=0.39, Zp'=0.70)

Figure 4.2. Schematic presentation of ZI/, indicating vectors. Red vector (X) is from the centre of mass
(COM) of four sugar rings to the COM of two sugars at the 3’-end.Green vector (3) is from the COM
of two C1’ atoms of the sense strand to the COM of the two C1’ atoms of the antisense strand. Cross
product of X and y gives the yellow vector (Z) along the DNA axis. Finally, a vector 7 is created from
the phosphorous atoms joining the antisense strand bases to that of the sense strand bases Z;, is the

projection of p on the unit vector 2. Figure is plotted using UCSF Chimera[15].

4.2.2 The design of DNA sequences.

With four possible nucleotides, there can be ten unique dinucleotide steps and
32 unique trinucleotide steps. Therefore, the design of the sequences in this study is
motivated to minimize the number of computationally expensive free energy
calculations to obtain B— A conversion free energy of all the ten dinucleotides and
associated junction values. Based on the general Dickerson-Drew dodecamer[16]
sequence d(CGCGAATTCGCG),, we have designed 12 DNA sequences of 13 base
pairs each so that we get 10 different dinucleotide steps with only homonucleotide
junctions. The general sequence can be described in general by
d(CGCGXXYYYCGCG),, where X/Y can be either A, T, C, or G. Reason for

keeping the CG sequences in both termini is to reduce the chances of fraying at the
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ends[17]. Table 4.1 lists all the sequences. The corresponding dinucleotide (bold and
underlined) and trinucleotide (underlined) steps that are transformed from B—A are
underlined. The second column lists dinucleotide step studied, and the third column
lists trinucleotide steps studied in this chapter. We will subsequently explain how this
design helped us to obtain the absolute free energy values (without junction effect) for
all ten unique dinucleotide steps. Note that, in our previous study[9] all ten
dinucleotide steps were flanked by different steps. Thus, we also have a chance to
compare the same dinucleotide free energy for B—A conversion in a different

environment.

Table 4.1. List of DNA sequences used to perform Umbrella sampling simulation.

Sequence Dinucleotide step  Trinucleotide step
CGCG AAAAA CGCG AA AAA
CGCG GGGGG CGCG GG GGG
CGCG TITTT CGCG TT TTT
CGCG CCCCC CGCG CcC CCC
CGCG AAACC CGCG AC —-
CGCG AAAGG CGCG AG ——-
CGCG AAATT CGCG AT ——-
CGCG GGAAA CGCG GA ——-
CGCG CCGGG CGCG CG ——-
CGCG GGCCC CGCG GC ——-
CGCG TTAAA CGCG TA ——-
CGCG CCAAA CGCG CA ——-
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AG,,, =AG +AG, +AG

sim bsolute Junction
Figure 4.3. Schematic presentation of junction free energy.

Junction

The free energy obtained along Z, for the conversion of XY step to A-form in

the sequence d(CGCGXXYYYCGCG), can be decomposed into junction free energy
and absolute energy (See Fig. 4.3) as shown in Eq. 4.1 below,

AGeim (XY) = AG;(XX) + AG,(XY) + AG;(YY), Eq.4.1

Where, AG;,, (XY) is obtained from free energy simulations. AG;(XX) and
AG;(YY) are the free energy costs for creating a B/A junctions created on either side
of a local A-form in a B-DNA.AG,(XY) is the absolute estimate of the free energy for
conversion of a local XY dinucleotide step. For the conversion of the whole DNA
from B- to A-form, there will be no junction free energy cost. To estimate AAG,, for
all ten different dinucleotide steps, we performed four sets of free energy calculations
for homo dinucleotide steps AA, TT, GG, and CC for DNA sequences
d(CGCGXXXXXCGCG), (X= A/ C/ G/ T). The pair of base pairs converted to A-
form using Z,, is shown with underline. The free energy cost here can be decomposed
as,

AGyim (XX) = AG;(XX) + AG,(XX) + AG;(XX). Eq.4.2

Subsequently, we converted two adjacent dinucleotide steps (i.e., a
trinucleotide step), underlined in the sequence d(CGCGXXXXXCGCG),, to A-form

using average Z,, (Z) coordinate. The free energy decomposition here can be written

as,

AGsim(XXX) = AGi(XX) +2 AG,(XX) + AG;(XX) Eq.4.3
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Subtracting Eq. 4.2 from Eq. Eg. 4.3, we obtain the absolute free energy for
homo dinucleotide steps AA, TT, GG, and CC (A G,(XX)).

AGy(XX) = AGgm(XXX) — A Gy (XX). Eq.4.4

Now, we can get the junction free energy cost from Eq. 4.2 and Eq. 4.3 as,
1
AG(XX) = AGgm(XX) — A Geim (XXX). Eq.4.5
Similar simulations are performed along Z,, for the rest of the heterodimers to

get the absolute free energy. Since we know junction free energies A G;(XX)and

AGj(YY) for XX and YY steps separately, we can easily calculate A G,(XY) using
Eq. 4.6 as,
AG (XY) = AGgm(XY) — AGi(XX) — AG;(YY) Eq.4.6
Note that; there are multiple ways one can construct free energy equations
along with different set of simultions to obtain absolute free energy values for the
conversion of B- to A-form. However, the scheme presented here minimizes the
number of free energy simulations. The simulation details are presented in the next

section.

4.2.3 Simulation Details.

All initial configurations are modeled as the canonical B-DNA using NAB
module of AMBERTOOLS.[18] For simulations. The Amber99 force-field[19] with
parmbsc0[20] correction was used which is capable of reliable conformational space
of B-DNA as well as to depict fast conformational transitions such as A-DNA — B-
DNA transition in water at nanosecond timescale. The reaction coordinate Z,[9], and
Z,, were incorporated by us in PLUMED[21] and it was patched with GROMACS[22]
before implementation. The DNA was solvated in TIP3P water model. Simulations
were carried out at physiological ion concentration. Umbrella Sampling simulations
were performed to obtain PMF along the reaction coordinate. PMFs were constructed
using weigthed historgram analysis method (WHAM) [23] using the program by
Allen Grossfield[24].
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4.3 Results and Discussion

4.3.1 Free energy profiles along Z; and Z_f,.

Figure 4.4 shows the free energy profiles for ten dinucleotide steps against Z,.
It also shows the free energy profiles for four homo trinucleotide steps against Zj,. As
expected, we found a stable state for all the nucleotides steps in the B-form region
(lower value of Z,). Since there was no metastable state found for the A-form, we
tried to estimate the minimum free energy cost for A-form conversion by ascertaining

the average Z,, parameter as discussed previously.
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Figure 4.4. Free energy along Z{D (black line) and ZT, (red line) for dinucleotide and trinucleotide steps,
respectively.

Thus, Z,, -, obtained for each free energy profile was used to calculate the
minimum free energy required for B—>A conversion. Table 4.2 lists the free energy
cost for B—>A transition for homo dinucleotide steps and trinucleotide steps. The
values were decided based on the free energy at Z}, ..., the values of Z,, at which

average Z, is greater than 1.5 A.Z! ... is also listed in Table 4.2. Note that, AA and

p,cu
TT have comparable total free (A Gg;y,,) COSt, SO do the GG and CC steps. Even the
homo trinucleotide steps have similar free energy for complimentary base triplets
(AAA and TTT, GGG and CCC). This indicates that AA/TT and GG/CC are really

unique dinucleotide steps in terms of total free energy of B—A conversion.
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Table 4.2. Free energy values (kcal/mol) along Z,', for homonucleotides steps AA, GG,

TT, and CC. Errors are indicated in parentheses.

PMF (error)

Sequences Zyy cue (A) (keal/mol)
Simulations along Z,, AGgjm (XX)
CGCG AAAAA CGCG 4.80 5.20 (0.79)
CGCG GGGGG CGCG 3.80 1.77 (0.64)
CGCG TTTTT CGCG 5.00 5.80 (0.72)
CGCG CCCCC CGCG 3.80 2.06 (0.55)
Simulations along Z;, AG i (XX)
CGCG AAAAA CGCG 5.00 8.57 (0.39)
CGCG GGGGG CGCG 3.80 2.84 (0.65)
CGCG TTTTT CGCG 4.80 7.10 (1.09)
CGCG CCCCC CcGCG 3.80 2.71 (0.60)

4.3.2. Absolute and junction energies of homo-nucleotide steps:

We further decomposed the total free energy ( A Gy, ) cost for homo
dinucleotide steps into junction (A G;) and absolute free energy (A G,) following Eq.
4.4 and 4.5 and shown in Table 4.3.

Table 4.3. Absolute and Junction values (kcal/mol) for homo-nucleotide steps AA,
GG, TT, and CC.

Dinucleotide —— e
step AG,(XX) AG;(XX) AG,(XX)  AG,(XX)
AA 3.37 0.92

2.34 1.
TT 1.30 2.25 3 >9
GG 1.07 0.32
CC 0.65 0.71 0.86 0.52

This decomposition gives a different picture. Regarding the absolute free energy cost,
AA is more B-philic than a TT step, and GG is more B-philic that a CC step.
However, junction free energy cost is higher for TT and CC compared to AA and GG,
respectively. This makes the overall free energy cost similar. It is important to
understand that the junction free energy values are important in the context of local
B—A transition, which happens during the interaction of DNA base pairs with

proteins and other biomolecules[2,8]
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During B—A transition, a DNA sequence possesses contiguous segments of
both A-form and B-form. The junction free energy[8] is related to mean cooperative
length (9) of such A and B stretches by the following equation..

AG; = RT In9. Eq. 4.7

Hence, substituting our values of A G; for AA and GG steps in Eq. 4.7 we get
the mean cooperative length of 14.4 and 2.4, respectively. Hence, the presence of A-
philic steps like GG will reduce the cooperative length for nucleation and will
expedite B—A transition as expected. We connote the expected experimental
cooperative length between 10-20 base pairs as a combined effect of possible A-/B-
DNA patches in a sequence.

Therefore, the high junction free energy cost for TT indicates that it will
oppose B—A transition when it is present as a flanking base pair. GG has the lowest
junction energy; it is even lower than the thermal energy. This result supports
Minchenkova and co-workers’ observation that GG/CC facilitates B/A transition[25].
The A-philic GG/CC step occurs abundantly (~ 40%) in A-DNA helices[2]
suggesting that proteins take advantage of the low free energy cost of GG/CC step to
convert base step towards A-form. The PMF values for remaining heterodinucleotide

steps are listed in Table 4.4.

Table 4.4. Free energy values (kcal/mol) from simulations along Z,, for remaining

heteronucleotide steps (underlined in the sequence). Errors are indicated in

parentheses.
’ PMF(AGsim(XY))

Sequence Zy cur (R (keal/mol)
CGCG AAACC CGCG 4.40 4.02 (0.22)
CGCG AAAGG CGCG 4.00 2.78 (0.70)
CGCG AAATT CGCG 4.80 5.47 (0.73)
CGCG GGAAA CGCG 4.40 2.95 (0.54)
CGCG CCGGG CGCG 3.80 4.10 (0.87)
CGCG GGCCC CGCG 3.80 2.37 (0.65)
CGCG TTAAA CGCG 4.40 4.77 (0.73)
CGCG CCAAA CGCG 4.20 4.51 (0.77)
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It also shows the Z,, ., values used to obtain the free energy (A Gg;p,). The
Zy, cut Values for A-philic sequences GC, GG, and CC are small (~ 3.80 A), whereas
Zy cut Values for B-philic AA, AT, and TT steps are high (~ 4.80 A). It is interesting
to see that A-philic steps AC and AG have slightly higher Z,, ..., values because of the

flanking B-philic AA base steps as junctions. As mentioned before, A G;,, (XX) for
AA and TT as well as for GG and CC steps are comparable even though they have
different absolute and junction values. Therefore, we used average of absolute and

junction values for AA/TT and GG/CC for the calculation of the absolute free energy
values for rest of the hetero dinucleotide steps. Once we obtained absolute A G, (XX)

and junction A G,(XX) energy for homonucleotide steps AA/TT and GG/CC, we
calculated absolute free energy values for the remaining steps using Eq. 4.6. The

absolute values A G,(XY) are provided in Table 4.5.

4.3.3 Absolute free energies of hetero dinucleotide steps:

Once the junction and absolute free energy values are available for homo
dinucleotide steps, we used Eq. 4.6 to calculate the absolute free energy of all the
hetero-dinucleotides and listed them in Table 5. Table 5 shows that A-philic steps GG
and AG have lower absolute free energy values, and B-philic steps AA, CA, AT, and
CG have higher absolute free energy values. Surprisingly, absolute free energy values
suggest that CG is the most B-philic step. This observation is very similar to the
Tolstorukov’s D-12 model[10] where CG has the highest free energy value. It is
known from quantum mechanical calculations that CG has the most stabilizing
stacking energy[26] and it opposes the B—A transition at the local level[9].
Experimental study of Frank-Kamenetskii[27] also suggested that B-DNA is
primarily stabilized by stacking interactions and not by the hydrogen bonding
between the bases. Hence, we may attribute high absolute free energy value of CG
obtained here to its stacking energy as shown later.
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Table 4.5. List of absolute energy values (AG,) (kcal/mol) for all 10 possible

dinucleotide steps

Dinucleotide Steps AG,(kcal/mol)

AAITT 2.34
GGI/CC 0.86
ACIGT 1.91
CAITG 2.40
AT/IAT 2.29
TAITA 1.59
AG/CT 0.67
GA/TC 0.84
CG/CG 3.06
GC/GC 1.33

The absolute energy values (A G,(XY)) for A-philic AC step is high and for
B-philic GA step is low, whereas Tolstorukov’s results correctly predicted
conformational preference for AC and GA steps. To understand this, we analyze the
trinucleotide patch in which these dinucleotide steps are embedded. GA step is a part
of 5’- GGA-3’ trinucleotide step and AC step is a part of 5’-AAC-3’ trinucleotide step.
Heys and co-workers[28] observed that AAC and GGA containing DNA sequences

were crystallized as B-DNA and A-DNA respectively. Low AGg;,,(GA) and
A G,(GA) values can also be attributed to less thermodynamic stability of GGA

triplet as observed earlier[29]. The intermediate A G,(AC) may arise here due to the 5’
flanking AA step. This clearly indicates that conformational preference of a

dinucleotide step is significantly affected by flanking base pairs.

4.3.4 B-philicity of AA/TT step.

Here we discuss the rationale behind resistance of AA/TT step to adopt A-
form. The strong B-philicity in AA/TT arises from the steric hindrance caused by the
interaction of hydrophobic cluster of C2’ methylene of sugar ring, the exocyclic
methyl group of thymine, and C6 ring atom of thymine (see Figure 4.5(a) and (b))[10].
In B-form, exocyclic methyl groups of thymine are 4.76 A away, and this distance

reduces to ~3.8 A in A-form.
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Figure 4.5. (a) The ball and stick representation of AAA.TTT trinucleotide step in the canonical A-
form to indicate possible clashes between different groups. (b) Close-up of same steric clash (c)
Variation of Sugar puckers along Zp’ for AgA; and T¢T; steps. Sense strand bases Base 6 (black line),
base 7 (red line) and antisense strand bases base 20 (green line), base 21 (blue line) are shown in the

figure.

Given that the van der Waals radius of carbon is 1.7 A, these groups cause a
significant steric hindrance in A-form. We intended to examine the effect of such
steric clashes on B—A transition when TT step is a part of the antisense strand
(AA/TT) and a part of the sense strand (TT/AA). The plot (See Fig. 4.5(c)) of phase
angle values for AgT7/TxoT21 and TgT7/A20A21 suggests all pucker values are going
close to C3’-endo value in case of AA step, whereas in the case of TT only sense
strand pucker values only achieve C3’-endo values. Schneider et al.[30] have studied
conformational preferences for dinucleotide steps from crystal structures of A-DNA
and B-DNA.. The study categorized all 16 dinucleotide steps based on & angle values.
It suggests that TT step has an equal population in A/B and B/A conformation,
whereas AA step has pronounced population in B/A conformation, indicating the
different behavior of AA and TT step in crystal structures. Hence, it suggests that our
reaction coordinate and method are capable of capturing such heterogeneity in unique
dinucleotide AA/TT step, and it is not variation induced by the method.
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4.3.5 The role of solvation energy and stacking interactions in B-A transition.

We have calculated solvation energy and stacking interactions along the
reaction coordinate during B—A transition for the base steps of interest (Fig. A-4.3 in
Annexure 4). The results are summarized in Fig. 4.5, where we have plotted energy
difference for B—A transition for PMF, solvation energy, and stacking energy. The
results indicate that the solvation energy stabilizes A-form for most cases while
stacking interactions resists the transition, consistent with our previous study[9]. In
the case of CG and TT steps, the retarding effect of stacking energy is pronounced.
Surprisingly, solvation energy opposes B-form to A-form transition in case of TT, GG
and AT steps. In our previous study, for the GG step solvation energy was found to be
stabilizing B—A transition. This discrepancy could arise from the flanking base pairs

around GG, which may have a strong effect on the solvation energy.
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8.00 B solvation energy

W stackingenergy
6.00

4.00

11111 |

-2.00

Energy difference (kcal/mol)

-4.00
-6.00
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Figure 4.6. The energy difference between PMF, Base solvation energy and stacking energy.

4.4 Conclusions

In this study, we have developed a method to calculate the free energy at the
junction of two different conformations of DNA -- B-form, and A-form. Please note
that the junction free energy values during protein or drug induced B-A transition may
differ from the values obtained in the present study being affected by interactions with
this protein/drug molecule. Nevertheless, the junction free energy values obtained
here are in close agreement with the experimental values, as both, the present study

and previous experimental study[8] , investigated B-form/A-form junction formation

[64]



in the absence of biomolecules. Using the junction free energy values, we could
extract the absolute free energy associated with the change of B- to A-form at a
dinucleotide level. These absolute free energies, AG,, devoid of any junction
influence, are termed as absolute free energy. The AG, values indicate AG, GG, TA,
and GC as A-philic steps and CA, AT, AA and CG as B-philic steps. The mean
cooperative length derived from junction free energies indirectly shows the effect of
A-philic DNA fragment to shorten B — A transition time. The absolute free energies
obtained here may be used to predict the conformation of DNA, enabling one to
understand the possible functional implications of certain segments of DNA for their
propensity to adopt a particular conformation. The predictive model based on absolute

energies is described in the next chapter.
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Chapter 5

Prediction of A-DNA or B-DNA
Conformational Preference of
Sequence: Application to Crystal
Structures and Xenopus tropicalis
Genome

5.1 Introduction

The prediction of a possible DNA conformation from the mere knowledge of its
sequence presents an opportunity to presume its role in certain biological processes.
The biological processes such as direct and indirect readout mechanism in protein-
DNA interactions exploit the conformational flexibility exhibited by DNA. The
reduction in relative humidity[1] around DNA due to the presence of other solvents
like ethanol or presence of protein molecules causes B-DNA to A-DNA transition[2].
The A-DNA conformation is shorter and more compact compared to B-DNA. During
B— A transition, the phosphate groups protrude out, and minor groove becomes
broad and shallow to make more water bridges in agreement with the theory of

economy of hydration proposed by Saenger et al.[3]

The protein molecules such as transposase, endonuclease, and polymerase
interact with B-DNA locally and convert a few dinucleotide steps to A-form in a
whole DNAJ[2]. The indirect recognition involves A-DNA conformation, where
proteins take advantage of A-philic DNA segments in the genome to commence
transcription processes. The A-form also participates in the protection of bacterial
cells under extreme UV exposure[4]. Recently, Whelan and co-workers have shown
fully reversible B—>A-DNA transition in living bacterial cells on desiccation and
rehydration using FTIR spectroscopy[5]. Extremophiles like SIRV2 virus (Sulfolobus
islandicus rod-shaped virus 2) survives at extreme temperatures of 80°C and acidity
of pH 3 by adopting complete DNA in A-form, and aids protein to encapsidate
DNA[6]. Thus, it has become clear that A-DNA is merely not a non-biological
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conformation of DNA but rather presents a mechanism to protect DNA under harsh
conditions. Thus, it necessitates the understanding of sequence specificity of B-form
— A-form transition and a priori detection of the A-philic segment in the genome to
unveil the possible hotspots of certain biological processes in specific genes of
organisms. We have developed a method to realize a priori prediction of
conformational preference of a DNA sequence towards A-form or B-form.

The polymorphic nature of DNA makes the DNA conformation’s prediction a
challenging task. The local or partial B-form to A-form transition of a small segment
of DNA sequence always possesses the penalty of B-form/A-form junction formation
on both 5” and 3’ ends of newly formed A-form DNA segment in a whole sequence.
Considering this fact, we previously[7] performed rigorous umbrella sampling
simulations to calculate this junction free energy values and characteristic local B-
form to A-form free energy values for all 10 unique dinucleotide steps. The free
energy values obtained therein are termed as “absolute free energy” values (AG,) as
they are devoid of any effects from flanking base pairs. A method is developed in this
chapter to predict A-DNA or B-DNA conformational preference of a DNA sequence
based on these absolute free energy values.

Earlier attempts to predict DNA conformation from its sequence include
Basham’s A-DNA Propensity Energy (APE) triplet code[8] and Tolsturukov’s
work[9]. Basham and co-workers derived A-DNA propensity energy (APE)[8] based
on the solvation free energy to determine DNA structural preferences. However,
APEs are unavailable for certain trinucleotide steps, thereby making this method
inapplicable in some cases. In a different approach, Tolstorukov and co-workers[9]
derived free energy model for all 10 unique dinucleotide steps (D-12 model ) and also
32 unique trinucleotide steps (T-32 model ) from experimental data of midpoints in B
—A-DNA transition studied earlier by others[10,11]. The T-32 model was found
more accurate than the D-12 model due to an intrinsic consideration of stereochemical
effects present along the transition. However, the absence of the TAA/TTA free
energy values limits the application of this dataset for a DNA structure prediction.

Hence, this chapter focuses on the development of a general and more
accurate method based on the knowledge of B—A transition free energy values of 10
unique dinucleotide steps to predict the conformational preference of a DNA. We

show that the method based on our absolute free energy values can capture the known
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“A” and “B” philicity of DNA sequences, previously crystallized as A-DNA or B-
DNA structure. The better structure prediction capability encouraged us to predict A-
DNA promoter sequence (APS) in Xenopus tropicalis genome using recently
developed APTE method[12]. The present method predicted 358 potential APS, out
of which four are experimentally verified to adopt A-DNA conformation under
physiological conditions. In next section, we provide brief details of the free energy

calculations to elaborate the significance of absolute free energy values.

5.2 Material and Methods

5.2.1. Brief details of previous free energy calculations

The free energy values of local B-form to A-form transition were calculated using
umbrella sampling simulations along a novel reaction coordinate Z,'j and average Z,',
(Z)[?] for 10 unique dinucleotide steps and certain trinucleotide steps embedded in

the 13-mer DNA sequence. These sequences in general can be presented as
d(CGCGXXYYYCGCG),, where X/Y can be either A, T, C, or G. The presence of
CG sequences on both termini reduces the possibility of base pairs fraying at the
ends[13]. The free energy obtained here for the dinucleotide step XY (underlined in

13-mer sequence) from simulation can be decomposed as,
AGgim(XY) = AG;(XX) + AG,(XY) + AG;(YY).  Eq.5.1

At this stage, we are only aware of AG;,,,(XY) value. We then performed
simulations on di- and tri- homonucleotide sequences d(CGCGXXXXXCGCQG), to
find the junction and absolute free energy values for homo-dinucleotide steps. The
free energy cost to convert XX step along Z;, in sequence d(CGCGXXXXXCGCQG),

can be decomposed as
AGsim (XX) = AGi(XX) + AGo(XX) + AG;(XX). Eq.5.2

Also, the free energy cost to convert XXX step in the same sequence
d(CGCGXXXXXCGCG), using average Z,'[, (z) can be decomposed as,
AGsim (XXX) = AG;j(XX) + 2AG,(XX) + AG;(XX) Eq.5.3
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Subtracting Equation 5.2 from Equation 5.3, one can obtain absolute free
energy value AG,(XX) and eventually junction free energy values for homo
dinucleotide steps AA, TT, GG, and CC. Table 5.1 below lists these absolute and
junction free energies. Using this junction free energy values (AG;(XX) or AG;(YY))
one can calculate these absolute free energy values (AG,(XY)) for rest of the hetero-
dinucleotide steps. These values are also listed in Table 5.1 below. Please note that,
there are multiple ways one can construct free energy equations to obtain absolute
free energy values for the conversion of B- to A-form. However, the scheme

implemented minimizes the number of free energy simulations.

Table 5.1. List of absolute energy values (AG,) for all 10 possible dinucleotide steps

D 9 AGq(Kealimol) - AG(keal/mol)
AATT 2.34 1.59
GGI/CC 0.86 0.52
ACIGT 1.91 NA*
CAITG 2.40 NA
ATIAT 2.29 NA
TAITA 1.59 NA
AGICT 0.67 NA
GA/TC 0.84 NA
CGICG 3.06 NA
GCIGC 1.33 NA

* Please note, AG; values were calculated only for homonucleotide steps and not heteronucleotide
steps.

5.2.2 Predicting A-DNA formation propensity

Here, we hypothesize that the absolute values obtained (Table 5.1) are additive
and can be used to predict the conformation of a given DNA sequence. We used
average absolute free energy per dinucleotide step (AG,,rg) to predict conformational

preferences. It is calculated as,

N
1
AGavFE = Nz AGa(XY), Eq 5 4
i=1
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Where, N is the number of dinucleotide steps in a DNA sequence. For a DNA
sequence with N basepairs, there will be N — 1 dinucleotide steps. Note that the free
energy value obtained this way is only for the purpose of structure prediction, and
may not be used to calculate the free energy for global B—A transition as it is not a
simple additive function due to cooperative effects. To predict whether a given
sequence will crystallize as A-DNA or B-DNA, we calculated AG,r¢ for the training
set to define A-DNA and B-DNA conformational boundary limits of AG,, g Values.
The training set for A-DNA consists of approximately 50% octamer sequences.
Octamer sequences are known to adopt A-form due to crystal packing effects exerted
by one sequence on the adjacent sequence. However, to allow comparison on the

same grounds with the APE triplet code, we have used the same training set.

5.2.3 Prediction of A-DNA promoter elements in Xenopus genome

The transcription process exploits the presence of TATA box, A-DNA in
promoter region near transcription start site of the genes. Recently, Whitley and co-
workers[12] applied Basham’s APE triplet code to predict A-DNA promoter sequence
(APS) in Xenopus tropicalis genome as authors found an occurrence of APS in 3.2%
cases of the Xenopus tropicalis genes. The authors studied the role of A-DNA in the
indirect readout transcription process of Xenopus genome to gain insight about gene
regulations. The study observed that transcription factors ilf3 and gata2 require the
presence of A-philic sequence towards 5’ side of certain direct read-out motif
sequences such as CCAAT, GGGCGG, AGATA, and TGATA. The Perl code
(APTE) was developed by Whitley et al.[12] to find the potential A-form promoter
sequence from Xenopus tropicalis JGI 4.2 genome assembly. In each gene, APTE
code searches for the A-Philic sequence of length greater than 12 base pairs preceding
the motif sequence or its complementary sequence up to 500 base pairs. The Circular
dichroism study reliably detects A-form structure for DNA lengths above 12 base
pairs. In the original APTE code, the A-philicity of the sequence was defined using
Basham’s A-DNA triplet code. However, due to the lack of APE values for certain
trinucleotide steps certain A-DNA promoter elements remain unregistered. Hence,
we used our AG,(XY) valuesto predict A-philic DNA sequences in Xenopus
genome. AG,(XY) values have been developed for dinucleotide steps whereas APTE

code used Basham’s APE values for trinucleotide steps. For that, we have calculated
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the AG,,rg Values for all possible trinucleotide steps and used them to predict A-
DNA promoter sequence. These values are provided in Table A-5.3 of Annexure 5.
We have maintained the same search conditions as in Ref. [12] except we decided
cut-off value of AG,,rr < 0.96 to define A-DNA conformation rather than the choice
of regular cut-off of 1.80. The cut-off of 1.80 provided more than 9000 predictions of
A-DNA sequence in Xenopus genome. Hence, we have decided a stricter cut-off
based on the average AG,,rgValue calculated from known 86 A-form promoter
sequences already predicted by Whitley et al. This cutoff provides more reliability

and assurance in the prediction.
5.2.4 CD spectroscopy of potential A-DNA promoter elements

The AG,,rg Mmethod developed here has predicted 358 sequences as potential
A-DNA promoter elements from Xenopus tropicalis genome. We have listed all these
358 sequences in the Table A-5.5 in Annexure. We have randomly chosen 4
candidates belonging to CCAAT, GGGCGG, AGATA and TGATA motif to verify
the A-DNA conformation using CD spectroscopy.

Table 5.2. List of DNA sequences

) Predicted A-DNA Predicted Observed
Motif AGavre . .
promoter sequence conformation conformation
GGGCGG GGG GGG GGG GGG g g A-DNA A-DNA
GGG CGG (Oligo-1)
GGG GGG GGG GGG
AGATA GGG TGTATCT 0.86 A-DNA A-DNA
(Oligo-2)
AGA GAG AGA GGG
CCAAT GGG GTG ATT GG 0.79 A-DNA A-DNA
(Oligo-3)
TGATA AGGGAGGGGAGA g1 A-DNA A-DNA

TAT CA (Oligo-4)

All purified DNA sequences, 5'-GGGGGGGGGGGGGGGCGG-3'(Oligo-1,
€260 169600 L.mole™.cm™), 5-GGGGGGGGGGGGGGGTGTATCT-3'(0ligo-2, £260
217600 L.mole™.cm™), 5-AGAGAGAGAGGGGGGGTGATTGG-3'(0ligo-3, €260
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247200 L.mole™.cm™), 5-AGGGAGGGGAGATATCA-3'(0ligo-4, £,60 186600
L.mole™.cm™) were purchased from Integrated DNA Technology (IDT) and used
without any purification. The concentrations of all DNA sequences were measured
using the respective molar extinction coefficient at 260 nm. DNA was annealed for
about 5 minutes by heating DNA samples at 90°C. The sample was then gradually
cooled down to room temperature. All the DNA samples were prepared using 100
mM KF salt in 10 mM phosphate buffer (pH = 7.4). We are thankful to Dr. Partha
Hazra and Sagar Satpathi for providing experimental support with CD spectroscopy
experiments and helpful discussions.

5.3 Results and Discussion

5.3.1. Prediction of a Crystal Structures as DNA sequence.

As described earlier, we have calculated AG,,rr values for the “training”
DNA sequence set used by Basham et al. to define the critical value of AG g tO
distinguish A-DNA and B-DNA form. This set of sequences will be termed as the
training set. Table A-5.1 in Annexure 5 provides the sequence used in the training set
and the predictions for each sequence from the different methods. This allowed us to
compare our AG,,rg With APE values of Basham and co-workers (see Table A-5.1 in
Annexure 5 for APE values of sequences used in the training set). We observed that
B-DNA sequences have an average AG,,rr Of 2.08 (£0.13) and A-DNA sequences
have an average AG,,rg Of 1.37 (£0.36). Figure 5.1 shows the comparison of our
calculated average absolute free energy values with Basham’s APE values for the

training set.
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Figure 5.1. Plot of A-DNA and B-DNA crystal structures using Basham’s APE values and (AG g, rg)
values for the sequences in training set (Table A-5.1 in Annexure 5). The dashed line indicates the

border region defined at AG,,,zz=1.80.

Figure 5.1 shows that AG,,rg calculated here are capable of distinguishing A-
DNA and B-DNA conformations. The border between the two conformations are
defined here to lie at AG,,rr=1.8. We chose this point since it is almost in the
midway between the lowest value of among all B-DNA structure (1.9) and highest
value among all those A-DNA structures below which no B-DNA structure is present.
Therefore, for a given sequence, AG,,rr > 1.80 will indicate crystallization to B-
form while AG,,,rr <1.80 will indicate that the sequence may be crystallized as A-
DNA. For example, for GCCGGC sequence, AG,,rg is calculated to be (From
Equation 5.4) 1.05, which rightly predicts the above sequence as A-DNA[14]. To
confirm the ability of our model, we tested our method on more nucleotide sequences
from NDB dataset [15-17] and referred as the testing set. We have also calculated
APE values for all these sequences to understand the efficiency of both methods at
predicting conformational preferences. The palindromic sequences GTACGTAC,
CCGTACGTACGG and GCGTACGTACGC exhibit high AG,,rp values and appear
in B-DNA region. This may be due to higher proportion of AC and/or CG steps as

explained later.
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5.3.2. Comparison with Previous studies.

We have compared APE triplet code and our AGg,,rr methods for DNA
structure prediction. The training and testing set (see Table A-5.1 and A-5.2 in
Annexure 5) suggests that both models have limited success to predict correct
conformation for a DNA sequence. However, APE triplet code cannot be used for
sequences as they are not available for some trinucleotide steps like CAG, CTG,
CCT, CTT, GTT, AGC, AAC, AGG, AAG, ACA, ACT, AGT, TGT and GCT. In the
testing set, there are 5 A-DNA and 14 B-DNA sequences where APE triplet code is
not applicable.

Combining the training and testing sets, we have used 59 sequences (35 A-
DNA and 24 B-DNA sequences), excluding sequences for which APE values are not
available, to calculate the accuracy of both models. Our method correctly predicts the
conformation for 49 DNA sequences (indicating the accuracy of 83.1%), and
Basham’s APE triplet code correctly predicted conformation for 36 DNA sequences
(accuracy 61.0 %). Table A-5.2 in Annexure 5 lists the conformation predicted for all
sequences using 3 methods discussed here including sequences having no APE
values. Figure 5.2 shows the comparison of the efficiency of different ways in

predicting the right conformation.

100% -
90%
80% |
70% -
60% -|
50% -

% accuracy

40% |
30% |
20% -
10% |
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Figure 5.2. Percentage of accuracy achieved using Basham’s APE method and our AG,,rg values
(green colour for correct predictions and red colour for wrong predictions). Only those sequences from

the combined set (training plus testing) are considered where both methods are applicable.

To understand the origin of failure of our method for certain DNA sequences,

we analyzed the distribution of all 10 unique dinucleotide steps present in the wrong
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predictions and presented in Fig. 5.3. The analysis based on distribution helps to
understand the limitations or inapplicability of both the methods. Figure 5.3 indicates
that our method might predict the wrong conformation for DNA sequences containing
a higher proportion (more than 30%) of AC and/or CG dinucleotide steps. Similarly, a
greater proportion of CG, GG steps (ca. 46.1%) in the case of Basham’s model may

result in the wrong conformational prediction.
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20 E AG(]\'FE
20.0
m I ]
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= 2

(=]

0.0

Dinucleotide step
Figure 5.3. Percentage distribution of dinucleotide steps in the sequences for which wrong DNA

conformation is predicted using Basham’s APE code and our AG ¢ values.

5.3.3 Xenopus Genome analysis and observed predictions

We have predicted 358 A-DNA promoter sequences (APS) using modified
APTE Perl code[12]. The only modification incorporated was our free energy values
and new criteria to define A-DNA segment in Xenopus tropicalis genome. First, we
confirmed that whether our method has also predicts 86 putative A-DNA promoter
sequences predicted by Whitley et al.[12]or not. The analysis in Table A-5.4 in
Annexure 5 shows that our method has predicted 76 APS out of 86 predicted by Ref.
[12]. Some of these APS predictions belong to the gene aliases of certain genes. For
example, for GGGCGG motif, Whitley et al. found that certain APS belong to c5orf4
gene however we have found that same APS prediction belongs to faxdc2 gene using
AG 4, rr Method, which is a gene alias of the same c5o0rf4 gene. All these 76 sequences
which are studied as training set have been listed in Table A-5.4 in Annexure. The
average value of AG,,r¢ for these sequences is found to be 0.96 and hence we have
chosen AG,,rr < 0.96 as a condition to define APS. Using this condition in modified
APTE code, 358 potential A-DNA promoter sequences are predicted. Out of these
358 sequences, we have confirmed A-DNA conformation of four random sequences
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belonging to each motif (See Table 5.2) using CD spectroscopy, which is the mostly
used and reliable spectroscopic technique to understand DNA conformation. The
different structures of DNA causes distinctly different ellipticity pattern of DNA.
Conventional B form of DNA exhibits a positive band around 280 nm for n-n base
stacking and a negative band around 245 nm for hellicity[18], while the A-DNA
shows the positive band around 260 nm and a negative band around 240 nm[12,19].
Different DNAs (Oligo-1, oligo-2, oligo-3, oligo-4) corresponds to the A-form of
DNA in 100 mM KEF salt of 10 mM phosphate buffer (pH = 7.4) solution exhibiting
similar CD spectral features like a positive peak around 260 nm and a negative band
around 240 nm (Figure 4). Absence of any significant positive peak around 280 nm
and negative peak around 250 nm indicates the absence of B-DNA in the CD
spectrum of different DNA sequences (Figure 4). In between different DNA
sequences, G rich sequences (Oligo-1, Oligo-2, and Oligo-3) found to have intense
ellipticity pattern over Oligo-4, which has less humber of guanine (G) bases in the
sequence. This observation supports the A-DNA conformational preference of

guanine rich sequence as observed earlier.

CD (mdeg)

T T
200 240 280 320
Wavelength (nm)

Figure 5.4. Circular dichroism spectra of different DNA sequences (~ 4 uM of Oligo-1, ~ 4 uM of
Oligo-2, ~ 3.6 uM of Oligo-3, ~ 4.5 uM of Oligo-4) in 100 mM KF salt of 10 mM phosphate buffer
(pH = 7.4) solution.
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The A-DNA promoter sequences predicted here were not recognized
previously. However, further experimental support will be needed to ascertain the role

of these predicted sequences in the transcription mechanism.

5.4. Conclusion

In Chapter 4, we had calculated the free energy values of al 10 unique
dinucleotide steps, which are free from effect of flanking base steps and hence termed
as “absolute” free energy (AG,) of a step. The AG, values indicate AG, AC, GG, TA,
and GC as A-philic steps and CA, AT, AA and CG as B-philic steps. In this study,
based on these AG, values we have developed a simple free energy method to predict
the preference of a right-handed DNA helix towards A-DNA or B-DNA
conformation.

We have applied this method to 59 DNA sequences listed in NDB dataset (35
A-DNA and 24 B-DNA sequences) to predict A-DNA or B-DNA conformational
preference and observed ~83% accuracy. The limitation of our method is that it may
predict the wrong conformation for DNA sequences having a high percentage of AC
or CG steps, the reason of which is currently under investigation. We have
implemented our method to predict the A-DNA promoter sequences in Xenopus
tropicalis genome as recently studied. We have modified the APTE Perl code
accordingly to access our free energy values and AG,,rg criteria. We have
successfully predicted the 76 APS out of 86 APS predicted by Ref. [12]. These 76
APS also include the five sequences that are experimentally verified by Whitley et al
to have A-DNA conformation (See Table A-5.6 in Annexure 5 for details of these five
sequences). We have applied AG,,rz Mmethod on the Xenopus tropicalis JGI 4.2
genome assembly and found new 358 A-DNA promoter elements belonging to
different gene IDs. We believe that the proposed model based on AG,, ¢ Value can be
implemented on other genomes to find unknown A-DNA promoter elements a priori
and further study is underway to understand its application to eukaryotic genome
analysis as well as to the genome of organisms that survive under stringent conditions
using A-form of DNA.

This study thus indicates that the conformational preference of a DNA lies in
the fundamental free energetic driving force at a local dinucleotide level. Most of the

DNA sequences used here, however, are short. Therefore, the cooperative effect may
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play a role in the case of longer DNA sequences, and an effort is underway to

understand this in the next chapter.
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Chapter 6

B-DNA to A-DNA Transition In
Aqueous Ethanol Solution: Evidence of
Multistep  Non-classical  Nucleation

Pathway

6.1 Introduction

6.1.1. Hypothesis of nucleation driven B — A transition

In previous chapters, we have seen that the conformational preferences towards A-
form and B-form are preserved at local level. The global B—A transition (i.e.
transition in whole DNA length) involves complex interactions between dinucleotide
steps converting to A-form. The differential preferences of each dinucleotide step
towards A-form give rise to the complexity in global B—A mechanism. As discussed
in Chapter 1, The cooperative length for B—A transition is of the order of 10-20 base
pairs according to one-dimensional Ising model[1]. The free energy barrier of B>A
transition under physiological conditions is ca. 21.0 kcal/mol. This free energy
corresponds to the conversion a cooperative length of DNA (20 base pairs) indicating
~ 1.0 kcal/mol as the cost per dinucleotide step undergoing B—A form[2]. This
scenario is similar to the theoretical framework of classical nucleation theory
(CNT)[3-6], which states that the actual barrier of nucleation-driven process is the

free energy required to convert a small part of it.

6.1.2. Classical Nucleation theory and its limitations

According to CNT, the first-order nucleation-driven phase transition involves
the competition between an evolution of stable product phase and opposing surface
effects. These competitive forces eventually lead to the formation of a stable cluster
due to stochastic fluctuations in the system when intramolecular potential overcomes

surface effects. The characteristics of a stable cluster are assumed similar to the
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product phase. This formation of a stable cluster is an activated process, and the
barrier to form this nucleus is the overall free energy barrier.

The nature has adapted nucleation mechanism as an efficient way to carry out
global structural transitions in long polymers like DNA and proteins. Some
illustrative examples include formation of cruciform-like DNA structure induced by
negatively supercoiled DNA[7], plectoneme formation in supercoiled DNA under
stress[8], toroid formation in single DNA molecules[9], nucleation of denaturation
bubbles[10] in non superhelical DNA. The gas or solute condensation, melt
crystallization in water, n-butanol presents typical examples of classical nucleation
theory[3]. The understanding of crystallization process in the synthesis of many
industrial products such as pigments, drug molecules [11] play an important role. The
crystallization can be understood in terms of nucleation theory and hence its accurate
description is necessary for modulation and enhanced efficiency of the crystallization
process.

However, the application of CNT to real life problems like polymeric phase
transition, solid-solid transitions is often limited. This limitation arises from certain
assumptions of CNT[12]:

(i) CNT assumes presence of free energy barrier for nucleation process. However,
when spinodal region plays a role in the nucleation mechanism, barrier vanishes (for
e.g. in case of nucleation processes involved in superheating of liquids or solids [12]).
(i) CNT assumes the presence of a sharp interface between the nucleus and the
surrounding phase, which is always not possible and hence nucleation rate derived
using CNT may deviate from the experimental values.

The deviation from CNT due to poor description of kinetics of the nucleation process
leads to the different mechanisms, and are often termed as “non-classical nucleation”.
The polymers like DNA and proteins tend to proceed via non-classical nucleation
pathways due to restrained degrees of freedom and deviate from the typical spherical
critical nucleus formation pathway as expected by the classical nucleation theory[3-
6]. The examples of non-classical nucleation-driven transitions include DNA melting
transitions[13], the B-DNA to Z-DNA transition in d(CG), sequences flanked by rigid
A-tracts[14,15], protein crystallization[16] as well as protein folding[17].
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6.1.3. Experimental evidence of nucleation driven B—A transition

This chapter focuses on the plausible nucleation driven process during global
B—A transition. The B-DNA to A-DNA transition is considered as a first-order
transition due to the coexistence of mixed B/A conformation along B-A transition
pathway[18,19]. Sanyal[20] implemented Landau theory to study phase transition
between A-DNA and B-DNA and speculated it as a first-order B-A transition. Leal et
al. [21] have experimentally studied hydration of DNA-Amphiphile complex. They
have discussed that A—B transition should exhibit first-order transition which is
indicated by a jump in the number of water molecules at the constant water activity.
But this behavior deviates due to inhomogeneities and various Kinetic effects present
in the system. However, in general, B—A transition is considered as a first-order
transition. Many first-order phase transitions involve nucleation mechanism and
hence there is a possibility of nucleation mechanism in B—A transition.

Jose and Porschke studied the B—A transition in poly(AT)[22] and natural
DNA helices[23] using electric field jump experiments. The B—A transition was
observed to have two time constants. The slower one (100 us) was speculated to be
the nucleation process while the faster time constant (10 ps) was attributed to the
growth of helical regions in DNA segments. The nucleation mechanism was
accounted for cooperative length of 20-30 base pairs of B-form —A-form transition.
The experiments were performed on long (1600 base pairs) as well as short (70 base
pairs) DNA sequences and the results were found to be independent of the chain
length. These experimental findings showed the presence of multiple steps during
B—A transition and hence provided the first indirect evidence of multistep nucleation
in global B—A transition. Hu et al.[24] have shown that the intramolecular polymer
crystallization is a multiple nucleation process and can be divided into primary
(formation of metastable state) and secondary nucleation (chain growth). Hence, it
deviates from the classical nucleation theory and represents Ostwald’s step rule. Thus,
B-DNA being a polymer, the same mechanism may exist in B-DNA to A-DNA
transition in solution.

The linear Ising model was implemented[23] to understand thermodynamics
and kinetics of the cooperative B—~A transition. The nucleation parameter (o) for the
B—>A transition was estimated to be 10 to 1073, hence indicating a low cooperativity

for the B—> A transition.
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In this chapter, we have investigated (i) the possible underlying nucleation
mechanism in global B-DNA to A-DNA transition, (ii) the possibility of applying
CNT framework, and (iii) sequence dependence of this mechanism.

We have studied 40 base pair B-philic poly(AT) and A-philic poly(GG) DNA helices
in 85% (v/v) aqueous ethanol solution using rigorous trajectory path sampling. The
study comments on the cooperative length, the nature of A-DNA in solution (i.e.
product state), the nucleation barrier and effect of diffusion of conformational
transition via flanking base steps around A-form nucleus( rate of attachment or

detachment of other base steps) at critical nucleus size.

6.2. Methodology:

6.2.1 System Preparation:

The canonical A-DNA and B-DNA geometry of 40 base pairs of poly(AT)
and poly(GG) were generated using NAB[25] module of AMBERTOOLS[26]. The
DNAs were placed in the center of rectangular box having dimension of
approximately 8.5 nm x 8.5 nm x 17.2 nm box and aligned along the longer length of
the box. The DNA was presented by CHARMMZ27 force field. Sprous et al.[27] have
shown that the well equilibrated solvent structure around DNA is necessary to
observe reliable A-DNA dynamics in ethanol solutions. Hence, the DNA was
solvated with pre-equilibrated box of 85% ethanol solution. The final system
contained approximately 6780 TIP3P water molecules and 10162 OPLS-AA ethanol
molecules, constituting 85% (v/v) ag. ethanol. The system was neutralized by
randomly adding 78 Na" ions in the system. The final system consists of more than
114000 atoms in both cases of poly(AT) and poly(GG).

6.2.2 Choice of force field:

We have tested AMBER99 parmbsc0[28,29], recently developed parmbscO-
¥OL[30], and CHARMMZ27[31,32] parameters to find the reliable force field for the
present study. We have observed the distribution of DNA dinucleotide step
conformations of 40 base pairs poly (AT) sequence. The potential of mean force
along Z,, parameter indicates that CHARMMZ27 force field stabilizes most of the
dinucleotide steps in A-DNA conformation as expected under experimental condition.

We can see that the minimum in PMF lies at Z,, ~ 2.00 (which indicates A-form)
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while for the AMBER99 parmbscO and parmbsc0-yOL, the minimum lies between
Z, =1.00 and 1.20, i.e., at an intermediate conformation between B-DNA and A-
DNA.
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0 | | | | | 1 |

Zp (A
Figure 6.1. Comparison of the effect of force field on A-form stability in 85% (v/v) ethanol. PMF is
plotted against Z,, parameter for all dinucleotide steps of the 40 base pair poly(AT) (excluding terminal

base steps) for CHARMM?27 (black), AMBER99/ parmbsc0 ( red line) and parmbscO yOL (green
line). Figures show that PMF is most stable for higher Z, value in CHARMM27 force field.

6.2.3 Equilibration:

The system was annealed first to assure proper mixing of water and ethanol
molecules around DNA while keeping DNA heavy atoms restrained. Then a
restrained equilibration run was performed for 2 ns using 5 kcal/mol/A? force on
heavy atoms of DNA, followed by energy minimization using the steepest descent
method. This procedure was followed to avoid the significant deviation from initial
structure of DNA geometry from canonical A-DNA or B-DNA geometry.

6.2.4 Order Parameter to study the nucleation:

The study of nucleation process using deterministic molecular dynamics
simulations is difficult due to stochastic nature of nucleation process and barriers
involved to form the critical nucleus. We have implemented trajectory path sampling
(TPS) method, which allows exploring reliable realistic routes of the nucleation
process once converged[33].

We need a good order parameter capable of distinguishing between the starting state
(state A) to the end state (state B) efficiently, to observe the nucleation barrier along

pathway. Auer and Frenkel[34-36] suggested that the investigation of nucleation
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mechanism should not depend on any order parameter or reaction coordinate.
Although, the choice of the order parameter may result in different shapes of the
nucleation free energy landscape, ideally the barrier height will remain unchanged.
Also, the absolute nucleation rate should not depend on choice of an order parameter.
Hence, we have implemented the usual largest nucleus size as a reaction coordinate

I.e. size of largest A-form cluster (Nyq;4.)[37-39].

6.2.5 Definition of product state i.e. A-DNA in solution:

Unlike crystallizing conditions, it is not feasible to have all the base pairs in A-form
for the DNA sequences with chain length above the cooperative length (10-20 BP) in
a thermal environment. Hence, we have calculated the distribution of the percentage
of A-form present in the DNA sequences from long simulation runs starting from A-
DNA conformation. We have used Z, to define A-form of DNA. As described in
section 1.3 of Chapter 1, Z, indicates the displacement of a phosphorous atoms (P) of
phosphate groups of a dinucleotide step relative to virtual middle plane passing

through a base step[40].
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Figure 6.2. Figure showing percentage of A-form using various Zp conditions such as () Zp > 1.50,

(b) Z,, >1.30, and (c) Z;, > 1.00.

Previous studies have used Z, > 1.00 A [41], Z, > 1.30 A [42,43]or Z, >
1.50[40] to define A-form due to the gap in Z,, values between A- and B-forms in
various crystal structures. For poly(AT), from 80 ns of A-DNA simulations, we have
observed that for Z,, >1.50 condition, 80% of steps are in A-form (See Fig. 6.2(a)),
whereas for Z, >1.30 and Z,, > 1.00, 90% of steps are in A-form (See Fig. 6.2(b)).
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Hence, we have defined a continuous stretch of dinucleotide steps in A-form as a

largest A-DNA cluster (N, g¢) if it contains 80% or 90% A-form steps for Z,, > 1.50
and for Z, > 1.30, Z, > 1.00 criteria, respectively. We have also verified the
percentage of A-form in poly(GG) sequence (See Fig. 6.3(b)) using Z, > 1.30
condition and found that more than 90% of steps exist in A-form. Hence, Z,, > 1.30

and 90% A-form is the condition decided for the product state for poly(AT) as well as
poly(GQG).
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Q50 70 80 90 100 %0 60 70 80 90 100
% of A-form % of A-form

Figure 6.3. Probability of observing percentage of A-form (Zp >1.30) for (a) poly(AT)s (b)
poly(GG)ao.

Hu et al.[24] observed that there are 20% disordered units in the
intramolecular nucleation of long polymers. Hence, the absence of some dinucleotide
steps in A-form may be considered as a usual observation in line with the
intramolecular phase transitions of polymers. Note that, here we study an
intramolecular B—A transition. In solution, at a certain instant, it is possible to
observe multiple clusters of A-DNA but our order parameter is the largest cluster of
A-DNA keeping in mind of our objective to look for a possible nucleation driven

B—A transition[37].

6.2.6 Trajectory Path Sampling Simulations:

We have randomly chosen largest nucleus cluster sizes for trajectory path sampling
simulations. The trajectory path sampling simulations refer to the unrestrained
simulations starting from different points in the configuration space. We have

performed 10 ns simulations starting from various N4, values listed below for

poly(AT) and poly(GG) DNA.
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Table 6.1. The list of the largest nucleus size (Nyg.g¢) in poly(AT) and poly(GG)

case using two different condition to define A-form.

Poly(AT) N qrge (Largest nucleus size)
Z,>1.30&100% 1 2 7 12 17 33 37 -
Z,>1.30&90% 1 2 10 14 21 37 37 -

Poly(GG) N qrge (Largest nucleus size)

Z,=1.30&100% 5 9 14 13 25 30 32 37
Z,=>1.30&90% 10 15 20 36 37 371 37

o1

The “largest cluster size” changes according to the definition, and hence we
have provided value of N4, according to two different conditions of percentage of
A-form. We observe that 90% A-form with Z,, > 1.30 condition suggests that for
Niarge = 30 base pairs shows 37 as largest nucleus size. However, 100% A-form
with the Z, > 1.30 condition give rise to different sizes for the largest nucleus.
Hence, all these simulations (Z,, > 1.30& 100% ) were considered for the calculation
of free energy along Ny 4rge-

The free energy along the largest nucleus size was calculated using WHAM
method[44]. For each nucleus size, three different simulations were performed having
different initial velocity to assure an unbiased evolution of the A-form cluster. Also,

the convergence was confirmed (data not shown)

6.2.7 Attachment/detachment rate calculations:

The nucleation free energy indicates the presence of the 4 critical nuclei sizes
in case of poly(AT) and 3 critical nuclei sizes for poly(GG) sequence. We have
calculated the fluctuation of these largest clusters to see the evolution of the cluster.
We have also calculated the attachment/detachment rate using similar method as in
Ref. [45]. The attachment rate is the frequency at which the neighboring A-form steps
attach to the preformed critical A-DNA nucleus evolving to bigger nucleus and vice
versa for a detachment rate. Along with fluctuation we also have calculated the
diffusion of these largest clusters using mean square displacement formalism. To
understand the rate of attachment or detachment of base steps to these critical nuclei,
we have performed 20 simulations (for 1 ns each) starting from each critical nucleus
size. For each simulation, different initial velocity was implemented. Then, the time-

dependent mean square fluctuation (6n? = (n(t) — (n(t)))?) was calculated, which
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was averaged over 20 trajectories to find average mean square fluctuations((6n)?).
The diffusivity (D) was calculated by a linear fit to the MSD of the cluster size
evolution, averaged over 20 trajectories as discussed in Result and Discussion.

| am thankful to Dr. Suman Chakrabarty from National Chemical Laboratory,
Pune for his numerous helpful discussions and guidance to understand the nucleation
driven B — A transition. | am also grateful to my friend and colleague Mr. Reman
Kumar Singh for his help to carry out multiple trajectory path simulations required to

calculate attachment/detachment rate and diffusivity at critical nuclei.

6.3. Results and Discussion

6.3.1 Comment on cooperative length.
02— —

Probability

Probability

30 40
Continuous A-form Cluster

Figure 6.4. Probability of observing continuous stretch of A-form dinucleotide steps (ZI,J >1.30) for (a)

poly(AT)so () poly(AT)go and (c) poly(GG)ao.

We have performed unrestrained 10 ns simulations with A-DNA as a starting
conformation in 85% aq. ethanol solutions for 40 BP poly(AT) and poly(GG)
sequences. We also studied the cooperativity with 80 BP poly(AT) DNA to find out
the whether the cooperative length was dependent on the DNA length. Figure 6.4
shows the probability distribution of continuous stretch of A-form in three systems
above. The cooperative length was defined as the largest continuous stretch of
dinucleotide steps having the A-form. Fig 6.4 shows that the probability is maximum
for ~20 bp. Fig 6.4c shows maximum at ~30 base pairs along with at 20 bp.
Therefore, we realize that cooperative length to be between 20 to 30 base pairs.

Previous studies have observed the cooperative length of B—A transition between 10
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to 30 base pairs depending on the sequence. Hence, our result is in agreement with

experiment.

6.3.2 Transition path sampling simulations.

The time evolution of Ny4,4. for all the 3 runs of poly(AT) and poly(GG) is presented
in block averages of 200 ps each in Fig. 6.5. In some cases, the end portion of
trajectory is absent due to unacceptable Z,, values, arising due to periodic boundary
conditions. In case of poly(AT), we can see that above 14 BP, the trajectory
approaches global A-form and seems like one of the critical nucleus size. In case of
poly(GG), simulations starting from 20 BP initially approaches a lower Ny 4,4, Value,
but eventually sample the reaction coordinate space around 20 BP again. This can be
observed through the presence of plateau region around 20 BP in PMF (See Fig. 6.6).

[91]



poly(AT) 10

(a)40
K s ] — | BP
30 \\«f W" —2BP
—— 10 BP
20 ~— 14 BP
%1 BP
- 37BP
10 Ny i 37 BP
fose foeteteeanta etslorsspesesy
(b) 40 I (C)
30 RN e N MV“::: EW\/\/‘""VV-"“"\JV/\/ N
L "W"“"\vf\_/’""'“ i
20 ;vvJJ ‘ BN AN PO,
Dptmee |
0%me !

0 2 4 6 8 100 2 4 6 8 10
Time (ns) Time (ns)

poly(GG)
(a)40 O AR S N

% 2 4 6 8 100 2 4 6 8 10

Time (ns) Time (ns)

Figure 6.5. Time evolution of N, ,,.4.for all the 3 runs of poly(AT) and poly(GG) for (a) Run 1, (b)

Run2 and (c) Run 3.

The PMF along Nj 4,4, Was obtained using data from all 3 runs and WHAM

method. The error bar is calculated using bootstrap error analysis method[46]. As
described in Ref. [37], The initial dynamics of the nucleation process involves
contribution of all small nuclei. The coalescence of these small nuclei leads to the

bigger critical nucleus and hence their contribution is considered. And hence, please
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note that, for the initial small N4 Cluster sizes i.e. 2 BP, 7 BP, 10 BP of poly(AT)
and 5 BP, 10 BP of poly(GG), all nucleus sizes are considered while calculating PMF.
Figure 6.6 shows the free energy along N4, and indicates the presence of a
multistep non-classical nucleation in long DNA helices poly(AT) and poly(GG). The
nucleation is termed as non-classical when nucleation free energy surface is presented
by either multiple-step mechanism or may be presented by different nucleation free
energy landscape that what is expected from CNT[47]. A multi-step non-classical
nucleation mechanism represents a special case of nucleation following Ostwald’s

step rule[33].

i
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Figure 6.6. Nucleation free energy along largest cluster size for (a) poly(AT) 4o (b) poly(GG).e.

Fig. 6.6(a) and (b) show that formation of 2 BP nucleus starting from a B-
DNA conformation is a downhill process. However, there are multiple metastable
states are involved in the formation of largest 39 BP cluster. This indicates the
multiple step nucleation process similar to polymer nucleation multistep process.
The multi-step nucleation processes in polymers involve a primary nucleation and a
secondary nucleation step. The primary nucleation step is referred to the formation of
a small nucleus, which is a 2 BP nucleus in the present study for both poly(AT) and
poly(GG) sequences. These primary clusters[47] are suggested to work as hotspots for
further heterogeneous nucleation or secondary nucleation. The secondary nucleation
refers to a growth of A-form in the DNA chain and can be considered as the limiting
step for further nucleation.

The free energy minimum in each case can be observed around 10, 20, and 30
base pairs, thereby indicating that B—A transition may occur in steps of helical
repeats (~10 BP is one helical repeat in DNA). However, small barriers of 1-2

kcal/mol for each nucleation step in the present case would not be able to explain the
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experimental microsecond timescale observed by Jose and Porschke[23] using
transition state theory. Therefore, by analogy with the Kkinetically controlled
intramolecular nucleation present in protein folding[48], we have hypothesized here
that the barrier of intramolecular nucleation driven B—A transition may be diffusion

controlled.

6.3.3 Attachment/ detachment rate at critical nucleus size

The free energy barriers for multi-step nucleation are found to be low, unable
to justify experimental observed microsecond timescale. Zahn[47] reviewed the
classical and non-classical nucleation as well as the role of prenucleation clusters in
nucleation mechanism. Author suggested that each step in multiple step nucleation
free energy profile can be individually treated as classical nucleation step.
According to CNT[49], for the liquid to solid transition the nucleation rate per unit
volume (1) is given by
16w v
3keT (p_[Apl)’

Where, I' is prefactor related to growth of critical nucleus, y is the solid/liquid

Eq.6.1

I =T exp [—

surface free energy, p, is the number density of bulk solid, and Ap is the chemical
potential difference between solid and liquid. Auer and Frenkel[49] in their seminal
work assumed that the barrier crossing in nucleation free energy surface is diffusive.
The prefactor (I') depends on the rate at which nuclei grow and shrink at critical
nucleus size in this diffusive region and hence it is expressed as

T'=7Zp ff, Eq.6.2
where, Z is the Zeldovich factor which arises due to the inability of all clusters at the

critical size (n.) to proceed to the product state.

Z=\|Aul/(6 ks Tn.). Eq.6.3
fa. is the attachment or detachment rate at the critical nucleus size and it is related to
the mean square fluctuations of critical nucleus size (n.) obtained from multiple
short trajectories. f;_is give by

1{An¢ ()
2t

+
fa. =

Eq.6.4
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fa. is often called[49] as effective diffusion coefficient of attachment of other nuclei

with critical nucleus at the top of the barrier. Thus, we have calculated the detachment
or attachment rate of base steps at the critical nuclei sizes of poly(AT) and poly(GG)
from the time dependent mean square fluctuations of largest nucleus size as shown in
Eq. 6.4.

We have calculated attachment rate at a largest critical nucleus size from the
mean square fluctuations of the nucleus size according to Ref. [45] and according to
Eq. 6.5 and Eq. 6.6 provided below:

((6n)?) = ~Z= (ny(0) — ((D))?  Eq.6.5
where, N = number of short trajectories

o= 1((6n)?)
ne T2 ¢

6.3.4. Variance of largest cluster size near critical N4, 4, values

Eq.6.6
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Figure 6.7. The time-dependent mean square fluctuations of starting from four critical nuclei sizes viz.
4 bp, 12 bp, 18 bp, 28 bp in case of poly(AT)4 sequence. The red line indicates the linear fit to
calculate the effective attachment/detachment rate of nucleus.

Fig 6.7 and Fig 6.8 shows the fluctuation of the largest cluster for poly(AT)
and poly(GG) respectively. Note that, the attachment/detachment of the largest cluster
obtained by a linear fit to the time dependent mean square fluctuations of nucleus size

(n(t)), these fluctuations have been averaged over 20 independent simulations. Slope
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of the linear fit represents the attachment/detachment rate to the largest cluster
nucleus. Positive slope shows the growth of the cluster (attachment to the largest
cluster) and negative slope represents the shrinking (detachment from the largest
cluster) of the cluster. In case of poly(AT), we have analyzed the
attachment/detachment at 4 critical nuclei sizes viz. 4 BP, 12 BP, 18 BP and 28 BP
and for poly(GG) at 9 BP, 18 BP and 26 BP critical nucleus sizes. Fig 6.7 shows that
in poly(AT) DNA, all the largest cluster have positive slope except 4 BP cluster. 4 BP
poly(AT) has -0.30767 slope which shows that 4 BP cluster prefer to break whereas
all other clusters (12BP, 18BP and 28BP) with positive slope, prefer to grow.
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Figure 6.8. The time dependent mean square fluctuations of starting from three critical nuclei sizes viz.
9bp, 18 bp, 26 bp in case of poly(GG), sequence. The red line indicates the linear fit to calculate

effective diffusion or attachment/detachment rate of nucleus.

Contrary to poly(AT), all clusters in poly(GG) show a negative slope (Fig 6.8).
Critical nucleus sizes 9 BP and 28 BP have less negative slope compare to 18 BP. So,
any cluster of poly(GG) prefer to break. The rate is different because of different
slopes in all clusters.

On the same line, we have calculated the diffusion of the largest cluster at critical
nucleus sizes over 20 independents trajectory by linear fit to the MSD. Fig 6.9 and Fig
6.10 show the diffusion of poly(AT) and poly(GG), respectively. Slope of the linear
fit represents the diffusion of the clusters. 9 BP cluster of poly(GG) has lesser
diffusion (0.16 steps/ns®) compared to the other clusters. On contrary to the poly(AT),
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poly(GG) clusters have very less diffusion coefficient (Fig 6.10 and table 6.2). These
small diffusion coefficients suggest that even though the barrier is less, origin of the
microsecond timescale in the B—A transition is probably lies in the low diffusivity.

The values of diffusion coefficients are tabulated in table 6.2.

6.3.5 Diffusion at critical nucleus in poly(AT) and poly(GG)

3 60 o)
F a
25F @) S0
: . P =
2 | * 40
2 15k Z 30
vl b= z -
2P Siope=0329 = Slope = 3.961
1F 20
05k 10F
0 E . Lo s s o0 5 5 2 20 2 2 2 20 o o 44 O " 1 " L . 1 L 1 a
0 02 04 06 08 1 0 02 04 06 08 1
Time (ns)
140
t (d)
120 F
100 F
o | 2 80p
Saf  Slope=14.135 > 60F Slope = 14.029
f 40
20F :
[ 20F
0'....|....|....|.....|.... 0-----I--..I...-I-...I..-.
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 |
Time (ns) Time (ns)

Figure 6.9. MSD of each largest nucleus of poly(AT) DNA. (a) 4 BP (b) 12 BP (c) 18 BP (d) 28 BP.
Red line in each graph represents the slop of MSD. Here, reported MSDs are an average over 20

trajectories.
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Figure 6.10. MSD of each largest nucleus of poly(GG) DNA. (a) 9BP (b) 18BP (c) 26BP. Red line in
each graph represents the slop of MSD. Here, reported MSD has been averaged over 20 trajectories.

Table 6.2. List of diffusivity along critical nucleus sizes of poly(AT) and poly(GG)

poly(AT) 4BP  12BP 18BP 28BP

Diffusivity (D) 0.16

(base steps)’/ns 1.98 7.07 7.01

poly(GG) 9 BP 18BP 26BP -

Diffusivity (D) 0.57

(base steps)z/ns 2.5 0.09 —

Auer and Frenkel[49] observed that the short time diffusion, studied here, is a

non-Markovian process. The short time diffusion (f5 ) always differs from the
diffusion calculated from long runs (D). The difference between fy and D values

arises due to contribution from diffusion over the barrier.

6.4. Conclusion

In this Chapter, we have explored the plausible nucleation driven B — A
DNA transition with 40 BP sequences in 85% aq. ethanol solution. The length of the

sequences studied is more than the cooperative length of the B — A transition. The
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nucleation is studied on strongly B-philic poly(AT) sequence as strongly A-philic
poly(GG) sequence. This approach allowed us to understand the sequence specific
nucleation driven mechanism.

The nucleation study can be affected by the choice of force field and hence,
test calculations helped us to realize that CHARMM27 force field could be the
appropriate choice. To further assure force field choice, we have studied cooperative
length for B — A transition in ag. ethanol and it came out to be close to experimental
value of 10 to 30 BP, depending on the sequence length.

We have implemented the approach of trajectory path sampling simulations as
explained in Section 6.2. The PMF along cluster size, surprisingly, indicated the
presence of multistep non-classical diffusion limited nucleation in long poly(AT) and
poly(GG) helices. However, the barriers failed to explain the microsecond timescale
barrier involved in the global B — A transition. This made us hypothesize the
presence of diffusion limited barrier for B — A transition.

Thus, we have calculated the mean square fluctuation and diffusion around
each critical nuclei for both poly(AT) and poly(GG). The attachment/detachment rate
indicates that for B-philic poly(AT) sequence, the detachment of other A-form steps is
prominent at critical nucleus size of 4 BP and hence it retards the further growth of A-
form nucleus, thus enhancing B — A transition timescale. However, in case of
poly(GG), the detachment is prominent at each critical nuclei, indicating its tendency
to break into shorter A-form segments. The low diffusivity values near critical nuclei
for both poly(AT) and poly(GG) (See Table 6.2) indicates that the nucleation driven
B — A transition (if present) is most probably limited by the diffusion and the barrier
is not thermodynamic one.

Thus, the present simulation study speculates the presence of multistep non-
classical diffusion limited nucleation in long poly(AT) and poly(GG) helices. The
relevance of these observations will be enriched after analyzing them in case of
natural DNA helices with varying GC content. However, the correlated fluctuations of
different A-form domains in long DNA helices do not necessarily indicate a
nucleation phenomenon. Hence, the further investigations to assure the nucleation

phenomenon in DNA are in still progress.
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Chapter 7

Summary and Future Directions

7.1. Summary
The thesis entitled “Theoretical Study of B-DNA to A-DNA Transition: from

Local Dinucleotide step to Global Helical Conversion” discusses the
thermodynamics and mechanistic details of 10 unique dinucleotide steps undergoing
B —A transition in an aqueous environment. Here, we have implemented umbrella
sampling simulations along the novel reaction coordinate Z,. The simulations are
performed in aqueous solution in order to understand local B-form to A-form
transition in the biological context. The simulation methodology and definition of A-
form (Z,> 1.50) allowed us to get upper bound estimate of free energy in the absence
of stable A-form minima. This methodology allow us to trace the pathway of local
B—A transition for all 10 unique dinucleotide steps AA, AG, AC, AT, GG, GC, GA,
CA, CG and TA embedded in 12-mer DNA sequence, as described in Chapter 3.

The free energy values (AG(Z,’J) ) of all 10 unique dinucleotide steps correctly
captured the A-philicity and B-philicity of these steps. The steps AA, AT are
observed to be B-philic and AC, GG, GC are observed to be A-philic steps. Thus, it is
interesting to note that conformational preferences are even maintained at smallest
dinucleotide level. We have captured clusters of structures along intermediate values
of Z,,. This ensemble of structures were analyzed to understand thermodynamic and
structural details along pathway.

It was observed that stacking energy opposes the transition as indicated by its
positive value for all the ten dinucleotide steps. CG has the largest stacking energy
penalty. The electrostatic interactions dominated the contribution to the total energy.
The total potential energy is observed to stabilize the local A-form. The positive free
energy and negative stabilizing total energy indicates that the localized
transformations from A- to B-form in water may be driven by entropy. In conclusion,
our study shows that water energetically stabilizes the A-form. Therefore, the stability
of B-form in water might be originated from water entropy surrounding it. However,

further detailed study is necessary to confirm this hypothesis.
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We have used the normalized quantity Xnorm(Z,’,) (please see equation 2.11,
Section 2.4.2, Chapter 2) to compare various structural parameters like Slide, Roll,
Twist and torsional parameters. This unitless quantity allows us to compare all
parameters simultaneously. There is no general trend for B—~>A transition at local
level. All the steps involve Slide as a general parameter undergoing transition.
However, AA, GG, AG, GA (Purine-Purine steps) involve Twist and sugar pucker
along with Slide. AC and GC steps couple Slide-Twist motions to adopt A-form. In
B-philic AT step, motions of sugar pucker and slide causes the local transition. The
CA, CG, TA steps intrinsically possess high Roll angle and hence also involve Slide-
Twist mechanism like Purine-Purine steps. Thus, B—A transition mainly involves
Slide as a prominent parameter rather than Slide and Roll as observed for global
transitions. The effect of local B— A transition on the flanking base steps at most
propagates to two base steps in aqueous environment.

The free energy values of this study (AG (Z,’J)correlated well with experiment
based D-10/32 free energies of Tolstorukov et al. [1] albeit with higher estimate. The
free energy values are more appropriate as the local A-DNA formation cost during
protein-DNA and drug-DNA interactions. The local A-DNA formation suffers the
cost of B/A junction formation on both 5’ and 3’ side. The implementation of astute
strategy regarding choice of DNA sequences in Chapter 4 allowed us to get junction
energy values for AA/TT and GG/CC steps. The junction energies for extreme B-
philic AA/TT step and A-philic GG/CC steps are 1.59 kcal/mol and 0.52 kcal.mol,
respectively. The mean cooperative length and junction energy are related to each
other as

AG; = RTIn 9 Eq.7.1

And hence, it corroborates that low junction energy of GG/CC actually
reduces mean cooperative length to 2-3 base steps, eventually leading to easy B—>A
transition in agueous environment.

The removal of junction energies from AG(Z}) values of rest of the
dinucleotide steps provides absolute energy values (AG,). These values are called
absolute energies as they are devoid of any influence from flanking base steps. The
AG, values indicate AG, GG, TA, and GC as A-philic steps and CA, AT, AA and CG
as B-philic steps.
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The AG, values developed in Chapter 4 are implemented to develop a simple
free energy method to predict A-DNA or B-DNA preference of a DNA merely from
the knowledge from its sequence. In Chapter 5, the novel parameter AG,,r based on
absolute free energy values is applied on A-DNA and B-DNA crystal structures. The
59 DNA sequences listed in NDB dataset (35 A-DNA and 24 B-DNA sequences)
were analyzed and accuracy of ~83% is observed. However, the method may fail for
DNA sequences with a high percentage of AC or CG steps. We have implemented
AG,,rg method to predict the A-DNA promoter sequences in Xenopus tropicalis
genome as recently studied and predicted new potential 358 A-DNA promoter
elements. The reliability of this method is further established by confirming A-DNA
conformation of 4 randomly selected DNA sequences by CD spectroscopy. This
present work is extended to find unknown A-philic DNA sequence around
transcription sites in other genomes and further study is underway.

We have further investigated the possibility of sequence dependent nucleation
driven mechanism in Chapter 6 for 40 base paired B-philic poly(AT) and A-philic
poly(GG) sequences. The nucleation process here refers to a partial transformation of
a small segment in long DNA from B — A form, which eventually leads to B—>A
transition in a whole DNA sequence. The results found that global B-DNA to A-DNA
transition in solution is a multistep non-classical nucleation process and the barrier is

diffusion controlled.

7.2. Future Directions:
7.2.1. 2°-5’ linkage in DNA, A-form and pre-biotic RNA world:

Molecular Origin of Life

™

Prebiotic £ rRNA T DNA-RNA-
world *Q vorid ¥ Brotein world
Phosphodiester
heterogeneity -
Sugar =

heterogeneity

Figure 7.1. The schematic figure with proposed role of backbone and sugar modifications during

evolution from prebiotic world. The figure is reproduced from reference [2] with permission.
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The mechanism involved in the formation of nucleic acids and various amino
acids from primordial soup of elements is a still an open question. The researchers are
attempting to understand the evolution of DNA and protein molecules in the quest to
understand Life’s origin. The seminal discussions by Woese [3] , Crick [4] and Orgel
[5] pointed towards the possibility of existence of an organism, where all the
biological functions would involve RNA alone due to absence of protein and/or DNA
molecules. This phase of the evolution is termed as RNA world. The RNA enzymes
[6] or ribozymes can synthesize RNA from RNA template and catalyze the same
process and hence term “RNA world” was coined by W. Gilbert [7] while speculating
only RNA-based primordial world.

During the evolution, the protein and DNA molecules could have been
emerged as an alternative to perform different biological functions, rather than
complete RNA based system. However, the transition from RNA world to DNA-
protein world and the obscurity regarding first emergence of either protein molecules
or DNA molecules in this transition pose the problem similar to a “chicken and egg
problem” [6].

One of the major postulates of prebiotic RNA world is the presence of 2°-5’
phosphodiester linkage in the oligoribonucleotides. This rationale[6] supporting this
assumption is explained below:

(1) The linking of nucleotides needs the chemical activators such as ATP or
imidazole based molecules, the existence of which is impossible in prebiotic world.

(2) There is a possibility of an unknown molecule or metal catalyst that could
have assisted linking of these nucleotides.

(3) If there were a plausible activation of phosphate groups, then it would lead
to mixture of 3 polymer products mainly having 2°-5 phosphodiester linkages, 5°-5’
pyrophosphate linkage and 3°-5” phosphodiester linkages.

The presence of RNA molecules with combinations of 2°-5” and 3°-5” linkages
is theorized to play an important role in RNA world as mentioned in the above

postulates.
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3'-5' DNA 3'-5' RNA 2'-5' DNA 2'-5' RNA

Figure 7.2. The figures showing 2’-5” and 3’-5’ linkages in DNA and RNA. The figure is reproduced

from reference [8] with permissions.

Robinson and coworkers [2] studied the 2°-5” connected octamer DNA helix
and observed that it adopts A-DNA conformation. It was observed that the sugar
pucker values of alternate bases are in C2’-endo and C3’-endo conformations. Thus,
the presence of linkage at 2’ position in DNA forces it to adopt A-DNA conformation
and hence such 2’-5’ linkage in DNA is speculated to have connection to the RNA
world.

However, it is well-known that 2°-5” linkages in DNA or RNA destabilizes[9]
the double helical structure. The presence of a single 2’-5’ linkage reduces the
thermal stability by 8.6° C in a 10-mer RNA duplex. The addition of more 2’-5’
linkages in RNA duplex partially unfolds it and effectively reduces the thermal
stability. However, the experimental and MD simulations study of Sheng et al. [9]
observed that even though 2’-5" linkages reduces thermal stability, the overall
structural perturbation in whole RNA sequence is very less. The neighboring base
steps around 2’-5’ linkage adopts according to the perturbation and screens the spread
over global level.

The various crystallographic and molecular modeling studies have attempted
to unveil the atomistic details for 2°-5” induced thermal instability [8,9]. However, the
effect of such modifications on the structural perturbations at the local level is a
missing piece of a puzzle. The 2°-5" linkages are still observed in the RNA and are of
biological importance. The presence of these linkages do not disturb the RNA

template dependent biological machinery and hence, presence of 2°-5’ linkages are

[ 106 ]



thought to be the fossil imprints from RNA world. Recently, Xu et al. [8] observed
that RNA polymerase Il enzyme can tolerate a sugar heterogeneity such as presence
of ribose sugar in genomic DNA but its transcription speed gets reduced by ~ 5400-
fold in the presence of 2°-5” phosphodiester linkage in ribose sugar.

It is well known that protein-DNA interactions involve long range correlations
in structural parameters. Here we hypothesize that the 2°-5" phosphodiester linkages
are unable to induce such long range correlated dynamic motions and hence are
eventually omitted from transcription process during the evolution.

The study will focus on 2 major questions:

(a) The possible long range correlations of structural parameters in both RNA
and DNA in the absence and presence of 2°-5” linkages and

(b) The influence of 2°-5’ linkages on the flexibility of neighboring base steps
in both DNA and RNA and

The study will further focus on the role of sequence specificity by
implementing 2°-‘5’ linkage using adenine, cytosine, guanine and uracil base in DNA
or RNA duplex. In the present case, we can calculate the time averaged correlation
coefficients and cross-correlation coefficients between various structural parameters
such as Roll, Slide, and Twist etc. to realize the long range correlation, if present.
Also, the time correlation functions between structural parameters at 2°-5 linkage site
and rest of the base steps will help to realize the origin of long range correlation
functions.

To understand the effect on the flexibility of DNA/RNA helix, we can derive
the stiffness matrix of 3 translational (Slide, Rise, Shift) and 3 rotational (Roll, Twist,
Tilt) structural parameters as first demonstrated by Olson et al. [10]. This approach is
later adapted by Lankas et al.[11] to study the stiffness matrix of DNA basepair step
deformability. This methodology is based on the assumption that the structural
fluctuations in DNA or RNA are harmonic and occur within linear elasticity
framework, thus obeying Hooke’s law. The distribution of the structural parameters
due to these fluctuations is assumed to be Gaussian.

If p, and p, are structural parameters and (p,p,) is their correlation matrix

then the inverse of the stiffness matrix [12](A™1) as:

(p1p2) = kgTA™! Eq.7.2
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The diagonal elements of this stiffness matrix are force constants for structural
parameters and off-diagonal elements are force constants for coupled motions
between these parameters. Thus, in general, this study will help to understand the
possible reasons of moving from 2’-5’ linkages to 3’-5" linkages in modern nucleic

acid chemistry in terms of structural flexibility.

7.2.1. DNA nanoworm based on Scrunchworm hypothesis
A) Introduction:

The concept of “DNA naoworm” is based on the combined concepts of DNA
walkers and alternate B-form/A-form motions as proposed by Scrunchworm
hypothesis[13]. DNA walkers are DNA based molecular nanomachines capable of
“walking” along a predefined nucleic acid track. The sliding motions of DNA play an
important role in biological motors such as DNA or RNA polymerase, kinesin or
myosin motors and many others. These motors mainly convert chemical energy into
mechanical energy to drive necessary motions. These ATP driven motors use
mechanochemical forces of the order of 1072 N to impel DNA motions.

Recently Harvey[13] proposed a DNA-centered Scrunchworm hypothesis,
where continuous B-form — A-form — B-form transition causes worm like slithering
motions. The Scrunchworm hypothesis assumes that protein dehydrates the sections
of DNA (in multiples of 10 base pairs approximately), converting it from B-DNA to
A-DNA and again rehydrates it to B-DNA. These repeating B-A-B motions cause the
propagation of DNA in the forward directions by 8.5 A. This hypothesis is presented

schematically below:
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Figure 7.3. The figure showing B-form — A-form — B-form transition according to Scrunchworm
hypothesis. Step 1: The top segment is held by grip 1 ( possibly a protein moiety ) and DNA undergoes
B-form to A-form transition, thus pulling bottom part of DNA upwards. Step 2: The bottom grip 2
holds the DNA now and DNA is again hydrated thus elongating top portion. This propagates DNA in

forward direction by approximately 0.85 nm. The figure is reprinted with permission from ref. [14]

B) Limitations of present synthetic DNA walkers:

The synthetic DNA walkers are powered by conformational transitions, fuel
strand hybridizations, strong DNA metal interactions or photochemistry. for example,
the continuous DNA walker movement was achieved by a repeated annealing/melting
reaction of the walker strands by an alternating UV/vis illumination [15]. Such DNA
walkers possess potential applications in cancer cell identification, therapeutics
delivery, nanorobotics, DNA computing and possibly in the low-cost diagnostics of
heavy metal contamination in water. However this technique is in nascent stage and
limited by multiple factors such as precise control over multiple DNA walkers, small
number of walking steps per fueling cycle, low fidelity and mainly the speed of the
walker.

The current speeds of DNA walkers range from 0.02 to 0.10 nm/sec which are
presumably slow for many applications listed above. The above speed translates to
approximately 3 years to travel 1 cm distance. Recently Yehl et al. [16] developed a
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rolling DNA walker to achieve better speed and achieved a speed of 1 cm per week
showing significant improvement. Here, we propose a model for a DNA nanoworm

which may cross distances faster than the present DNA walkers, albeit theoretically.
C) Proposed Project of DNA naoworm:

DNA nanoworm is the DNA walker on the grapheme like surface based on the

Scrunchworm hypothesis.  The schematic presentation of DNA nanoworm is

5” ]'NH};AB-DNA & =180 /
I < >
NS ezo/

presented below:

N
7

’i— 7 \« y/ BDNA
WP /
(

Figure 7.4. The schematic figure showing DNA nanoworm. The DNA adsorbed on the graphene like

surface (indicated by grey color) can undergo continuous B-A-B transition by frequent alterations
between low and high dielectric constant of the surrounding medium by controlling alternate Electric

field and variation in environmental humidity.

There design of the DNA nanoworm is dependent on 2 major factors viz. (a)
the B-philicity of DNA sequence and (b) the interaction between surface and DNA.
transition. As recently indicated by Waters et al.[17], the force exerted during
Scrunchworm motions is proportional to the free energy of B-A transition. Thus,
more B-philic sequence will give more thrust during A to B transition allowing fast
movement. Also, the hydrophobic and aromatic bases can strongly interact with the
surface like graphene and hence choice of surface material will also affect the DNA
nanoworm speed.

The continuous B-form — A-form — B-form can be made possible with
continuous change in dielectric of the surrounding environment using alternate

Electric field and variation in environmental humidity (See Fig. 7.4). Also, the
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electric field of the low frequency should be implemented so as to allow the changes
in polarizibality of the surrounding environment.

Here, we explain the possible efficiency or speed of such nanoworm. If we
assume that the DNA completes its single B-form — A-form — B-form cycle in 1 ps
to 100 ps, thus covering 0.8 nm according to Scrunchworm hypothesis.  This
assumption theoretically translates that a DNA nanoworm can cross approximately 1
cm distance per 3 hours, much faster than the present fastest DNA walker suggested
by Yahl et al. [16]. These DNA nanoworms might be a fast alternative to present
models even with 5% to 10% of efficiency in real life scenario. The factors such as
modulation frequency of dielectric constant of surrounding medium, choice of DNA
sequence as well as choice of the surface and practical experimental setup will surely
reduce the theoretically expected distance. Also, the Scrunchworm hypothesis expects
the presence of protein grips which will hold DNA during the B-A-B cycle; however,
in the present case the frictional forces due to surface interacting a single side of DNA
would act a grip allowing propagation of DNA. The concerted motions of such
multiple DNA nanoworm might be useful to perform some mechanical tasks. Thus, a
DNA nanoworm can act as a potential fastest DNA walker, albeit theoretically.
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Chapter 8

DNA-Ionic Liquid Interactions

Abstract:

Chapter 8 describes the studies based on DNA- lonic liquid transitions. The chapter
contains 2 addendums as described below:

Addendum | discusses the collaborative work wih Dr. Partha Hazra and Sagar
Satpahti. In this work, stabilization of G-quadruplex by ionic liquid molecules is
explored using molecular dynamics simulation.

The CD spectroscopy and thermal melting studies by Dr. Partha Hazra and Sagar
Satpahti  observed that ionic liquid guanidinium  tris(pentafluoroethyl)
trifluorophosphate (Gua-IL) forms as well as stabilize the Human Telomeric G-
quadruplex. However, the ionic liquid 1-Butylpyridinium chloride (BPyCl) was
unable to stabilize G-quadruplex structure.

Thus, we have performed the molecular dynamics simulation studies to understand
the interactions between G-quadruplex molecule and ionic liquid. The study observes
that in presence of Gua-IL, the G-quadruplex-water interactions, G-quadruplex-Gua®
interactions as well as spatial distribution of Gua® ions overall enhances the G-
quadruplex stabilization. In general, the simulation results are observed in agreement
with experimental observations.

Addendum 11 discusses the possible effect of ionic liquid on the DNA translocation
via graphene nanopore. The practical implementation of nanopore based technology
for DNA sequencing has been limited by fast translocation speed of DNA.

The previous experimental study has shown that ionic liquids strongly bind to double
stranded DNA, thus increasing the translocation time of DNA. In this study, we have
performed simulations to understand the plausible mechanism of ionic liquids to
reduce the DNA translocation speed. The major findings of the study suggest that
bulky BMIM™ ions accumulate near the nanopore, enhancing the effective positive
charge near it. The strong electrostatic interactions between the negatively charged

DNA backbone and accumulated positive BMIM® ions reduce the translocation speed.

[113]



Addendum |
lonic Liquid Induced Stabilization of G-

qguadruplex

Al.1. Introduction

The conformational flexibility of single stranded DNA allows it to adopt non-
canonical structures such as triplex, cruciform, hairpin and G-quadruplex structures
apart from canonical A-form, B-form and Z-form. The guanine rich sequences form a
planar G-quartet structure where 4 guanine bases form a plane with hoogsteen base
pairs. The 2 to 3 stacked arrangements of these G-quartets constitute a G-quadruplex
(GQ) structure. These structures are often stabilized by the presence of sodium or
potassium ion in the core channel of the G-quadruplex. These monovalent ions
interact with electronegative carbonyl oxygen atoms making an overall stable G-
qudruplex structure. The flexibility of Guanine rich single stranded DNA (ssDNA)
provides the broad conformational landscape for GQ structures under various
conditions. Some of the important polymorphs include parallel, anti-parallel, basket
type, [3+1] hybrid structures.

The biological significance exhibited by these numerous topologies of GQ
structure is still unclear. The enormous efforts are involved to decode the possible
role of these structures in translation, genomic instability, replication and regulation
of transcription process [1]. It is observed that the location of GQ forming sequences
in genome is non-random and they are conserved and present in the functional regions
of genome.[1] These sequences are found abundantly in telomere regions (end regions
of the chromosomes). The G-quadruplex formed by 50 to 600 nucleotides in the
telomere region suppresses the telomerase activity, thus avoiding telomere extension.
[2-4] The cancer cells generally exhibit a high telomerase activity and hence small
binding molecules which can enhance the stability of GQ structures are considered as
potential anticancer molecules[5]. The absence of methods to predict the possible 3D
structure of GQ and the selective stabilization of GQ over duplex DNA pose a serious
challenge of the small molecule stabilizers for GQ. The ionic liquid assisted
stabilization of nucleic acids and proteins to enhance the shelf-life is recently

developed as an efficient way for small volume applications. [6] The hydrated ionic
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liquids such as choline di-hydrogen phosphate and deep eutectic solvents (choline
chloride: urea 1:2) are known to stabilize nucleic acids. However, the underlying
mechanism of such long term stabilization of biomolecules is not clear yet. Thus
various experimental and theoretical studies are attempting to understand the possible

interaction between ionic liquids and nucleic acids so as to modulate them.

Al.2 Simulation Methodology:

Al.2.1. Force field:

The Gua-IL induced GQ structure shows similar ellipticity pattern with that of
[3+1] hybrid structure observed in case of K* ion, hence we have used the starting
geometry of [3+1] hybrid G-quadruplex (PDB ID 2GKU). The G-quadruplex
structure is presented by AMBER94 force field[7] parameters. The simulations are
performed to understand stability and interactions of two ionic liquids Gua-IL and
BPyCI. Also, to understand role of cations the simulations in the presence of GuaHCI
are also performed.

All simulations are performed using GROMACS 4.5.3 version[8]. Force field
for all IL cations and anions is adopted from previous literatures as they displayed
reliable structure and dynamics of these ions. The parameters are derived from ref.
[9] for Guanidinium, ref. [10] for FEP, and ref. [11] for BPy. The LJ parameters for
chloride ion (CI') are obtained from AMBER94][7] force field.

Al.2.2 System Preparation:

The cubic box having each side length of 5.2 nm is created and G-quadruplex
molecule is kept in the center of the box. The length is chosen such as G-quadruplex
molecule will get covered by 3 layers of water solvation shells and periodic boundary
images would not interact with each other. First, 61 cation molecules (Gua/BPy) will
be added randomly in the box and later, 61 anion molecules (FEP / CI") were added
randomly. Then, 3385 TIP3P water molecules were added to the box and 23
potassium ions were added randomly to neutralize the charge on DNA. This
configuration is energy minimized using the steepest descent method.[12] The ratio of

IL pairs to water molecules is similar to the experimental conditions.
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Al.2.3 Equilibration protocol:

The system consists of G-quadruplex molecule, TIP3P water, corresponding
IL pairs and K* ions. K* ions were added to neutralize the G-quadruplex and it was
observed that they do not interfere in the stabilization mechanism of G-quadruplex
molecule. The heavy atoms of G-quadruplex were restrained during equilibration and
these restraining forces were slowly reduced along with energy minimization at each
step using NPT ensemble. This helps biomolecule to properly soak into the
surrounding aqueous environment. The Berendsen thermostat and barostat[13] is used
to maintain temperature and pressure of the system respectively. The equilibration
steps are as follows:

I.  The system was heated slowly within 100 ps to desired temperature with
restraining force of 25 kcal/mol/A? on heavy atoms of DNA and then energy
minimization was performed using steepest descent method.

ii.  Then 50 ps equilibrations were performed with restraining forces on heavy
atoms of G-quadruplex DNA. The restraining force was reduced as 5
kcal/mol/A?, 4 kcal/mol/A?, 3 kcal/mol/AZ, 2 kcal/mol/A?, 1 kcal/mol/A?, 0.5
kcal/mol/A? with energy minimization steps in between each restrained
equilibration run.

iii.  Finally, 1 ns unrestrained equilibration run with Nose-Hoover thermostat[14]
and Parrinello-Rahman barostat[15] was performed. It was assured that
RMSD does deviate much from the starting structure.

iv.  Every simulation was performed with periodic boundary conditions. The
particle mesh Ewald[16] method was used for Columbic interactions with a 10
A cut-off. Center of mass of the whole system was removed after every 5 ps to

avoid flying ice cube effect[17].

Al.2.4 Production runs protocol

The production simulations of 300 ns were carried out in the cases where G-
quadruplex forms stable structure. For rest of the simulation, the production runs were
performed for ~ 200 ns or till the simulation time when quartet core of stacked

guanines was disrupted.
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Al.2.5 Analyses:
a) Radial distribution function (RDF):

We have calculated the RDF using g_rdf utility of GROMACS 4.5.3[8]. We
have considered the central carbon atom (CZ) of Gua® cation, positive nitrogen atom
(N1) of Bpy' to calculate RDF with respect to surface atoms of G-quadruplex.
Similarly, oxygen atoms of water molecules (OW) were used to study RDF of water
molecules around G-quadruplex.

b) Spatial distribution function (SDF):

The SDF’s of cations and anions around G-quadruplex molecule in each case
of GualL, BPyCl and GuaHCI were calculated using TRAVIS software.[18] The
distribution was calculated considering CZ atom for Gua® and N1 atom of Bpy"
molecules. The DNA molecule was aligned with respect to the starting structure
before calculating SDF. The SDF is visualized using UCSF Chimera Software.[19] In
case of Gua-IL, the SDF was calculated from 130 ns onwards as Gua’ ions get

equilibrated around GQ.

Al.3 Results and discussion:

To test the above idea, we have performed MD simulations of GQ
structure with Gua-IL and BPyClI keeping the ratio of the number of ionic
liquid pairs and the water molecules same as used in the experimental

conditions.
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Figure Al.1l. (A) Root mean square deviations of the heavy atoms of (a) G-quadruplex, (b)
quartet region of G-quadruplex and (c) backbone region of G-quadruplex in presence of Gua-IL
(black line) and BPyCI (Red Line). (B) Radial distribution function (RDF) of (a) cations ( Gua+
or BPy+ ) with GQ ; (b) anions (FEP- or CI-) and (c) Oxygen atoms of water molecules around

G-quadruplex in presence of Gua-IL (black line) and BPyCI (red line).
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Figure Al.1 shows the root mean square deviations (RMSDs) of heavy
atoms of GQ, core guanine quartet structure and phosphate backbone of GQ
(O5'-C5’-P-01P-02P-03'-C3’) from the starting structure (t = 0 ps). All three
RMSDs clearly show relatively less fluctuation for Gua-IL than that of with
BPyCl. RMSD of backbone deviates continuously with time, where the quartet
region suddenly distorts beyond 150 ns for BPyCI. Interestingly, we also noted
that the quartet region got highly destabilized around 150 ns for BPyCI (see
Fig. Al.1(A)) leading to the disintegration of GQ. This continuous fluctuation
in backbone eventually leads to the disruption of the quartet region. RMSDs for
Gua-IL, on the contrary, exhibit a stable structure up to 300 ns.

Along with the RMSD calculation, we have also carried out the radial
distribution function (RDF) calculations of both these ILs and water molecules
around surface atoms of GQ (See Fig. Al.1(B)). These results clearly indicate
the presence of Gua® in the first solvation shell (within 0.5 nm) of GQ. In
comparison with Gua®, the presence of BPy" ions around GQ is very less.
Interestingly, GQ surface and its surrounding (within 0.5 nm) contains higher
numbers of FEP™ ions (anion of Gua-IL) compared to chloride ions (anion of
BPyCl). The RDF of water molecules shows the first solvation peak for Gua-IL
at a shorter distance than BPyClI.
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Figure Al.2. The figure showing interactions energy between (a) G-quadruplex and first solvation
shell cation molecule and (b) G-quadruplex and first solvation shell water molecules in case of Gua-IL
(black line) and BPyCI (red line).

The Interaction energy between GQ and cations (Gua® or BPy") in the
first solvation shell indicates the strong stabilization for Gua® ions and
convergence of energy after 50 ns (Figure Al.2(A)). Similarly, the interaction

energy between GQ and water molecules within 3.1 A distance (first solvation
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shell) show approximately 3 times stronger stabilization for Gua-IL than that of
for BPy-CI (FigureAl.2(B)). This indicates that not only cation-GQ interactions
but specific arrangements of water molecules are also a factor for the
stabilization in case of Gua-IL. Moreover, the results imply that the GQ
structure is stabilized by ion-pair rather than cation or anion alone. It is evident
from the experimental and simulation results that the formation and
stabilization of GQ structure by IL does not follow a general principle, rather it
Is a very much specific for the ion pair constituting the IL. It is interesting to
inspect the individual role of cations and anions towards the formation of GQ

structure.
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Figure Al.3. The RDF of various atoms around surface of G-quadruplex in case of Gua-IL
(black line) and GuaHCI (red line) for (a) cations i.e. Gua+ ions ; (b) anions i.e. FEP - for Gua-
IL and ClI- for GuaHCI and (c) water oxygen (OW) atoms.

To understand the role of ions in more detail, we have plotted RDF of
ions and water molecules with the surface atoms of GQ in case of Gua-IL and
GuaHCI simulations(Figure Al.3). The RDF of Gua® ions indicate a lesser
probability of finding cations in case of GuaHCI as well as for CI" ions in first
solvation shell. This clearly indicates the lack of ion pairs for stabilizing the
GQ structure, which accounts for the reduced stability of GQ in GuaHCI

solutions.
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Figure Al.4. The RMSD of heavy atoms of G-quadruplex, heavy atoms of Quartet and heavy atoms of
backbone in case of Gua-IL (black line) and GuaHCI (red line).

Figure Al.4 also shows that the RMSD sharply increases beyond 170 ns. Hence
we assume that with further sampling one can observe the disruption of GQ.
This suggests that even though GQ is not disrupted completely within 300 ns, it
may eventually be destabilized.
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Figure Al.5. The interaction energy of Gua® ions is stronger in Gua-1L than GuaHCI.

Moreover, energy analysis suggests that Gua® is comparatively less
stabilized in GuaHCI than in Gua-IL (Figure Al.5).

[120]



Dcz.6q,,, (nm)
[3%)
3] i w W

—
D

0 25 50 75 100 125 150 175 200 225 250 275 300
Time (ns)

Figure Al.6. Distance between carbon atom (CZ) of Guanidinium ion (Gua-1) and Center of the mass
of G-quadruplex quartet region along time. The Guanidinium ion is shown in magenta color. The
snapshots belonging to certain timeframes such as 0 ns (initial frame), 21 ns (Gua® reaches close to
GQ), 30 ns (Insertion of Gua® inside GQ) and 150 ns (stabilization of GQ by single Gua® ions) are

shown.

We have visualized the trajectory of Gua® entering into the GQ core in
Gua-IL simulations at 300 K (Figure Al.6). These simulations have been
performed multiple times with different initial velocity distributions, ensuring
that the observations are statistically reliable. These simulations suggest that
initially Gua® ions of Gua-IL interact strongly with GQ at terminal regions and
in the grooves. Subsequently, one of the Gua™ ions enters the G-tetrad core and
forms hydrogen bonds with guanine residues. These hydrogen bonds are
transient. We also attribute the stability towards the strongly bound, long-lived

certain Gua® ions in the groove of GQ.
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Figure AL.7. The Figure showing spatial distribution function of cations and anions around G-
quadruplex as shown in (a) side view presentation of Gua™ (Green) and FEP" (dark red) in case of Gua-
IL; (b) BPy" (light pink) and CI" (yellow) in case of BPyCl and (c) Gua® (Green) and CI (yellow) in
case of GuaHCI.

The strong interactions between Gua* and FEP" (anion of Gua-IL) create
a strong ion-pair distribution around GQ exerting Cage-like effect as indicated
by spatial distribution of ions around GQ (Figure Al.7(a)), which is lacking in
BPyCl and GuaHCI (Figure Al.7(b) and (c)).
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Figure Al.8 The figure showing distance between closest Gua+ residues such as Gua-1 (Gua+
present in the GQ core, black line), Gua-2 and Gua-3 (strongly bound from outer side, red and
green line) along time. The carbon atom of Gua+ (CZ) and CoM of quadruplex quartet is

considered for calculations.
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We have plotted the distance between the central carbon atom of Gua®
(CZ) and the center of mass (CoM) for Guanine quartet region to demonstrate
the trajectory of Guanidinium ions (Figure Al.8). We have considered 3 Gua®
ions mainly the one which translocate in the G-quartet core (Gua-1) and two
others (Gua-2 and Gua-3) that are strongly bound on the outer side of G-quartet
core. Figure Al.8 shows that one of the Gua® (shown as Gua-1) is initially 2.6
nm away from the core region. It then samples the conformational space and
eventually lands into the core region around 40 ns and remains strongly bound

there. Surprisingly, this process seems spontaneous in repeated simulations.
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Figure Al.9. Distance between central Gua+ (carbon atom of Gua+ (CZ)) and CoM of G-
quadruplex quartet region along time for Run 1 (black line) and Run 2 (red line) at 300K as

well as for Run 3 (green line) performed at 330 K.

We have repeated Gua-IL/GQ simulations three times, two simulations
at 300 K using different initial velocities as mentioned above and a third one at
330 K. The distance between CZ and the CoM of GQ is plotted for all these
three simulations (Figure Al.9) which shows that at each time, Gua® enters into
the core of GQ.

In our study, we notice that Gua-IL is the only IL among three (Gua-IL,
BPyCl, and GuaHClI) to instigate and stabilize the GQ structure. Interestingly, Gua-IL
comprises a smaller cation (Gua®) and bulky anion (FEP?) while BPyCl contains a
bigger cation (BPy") and a smaller anion (CI"). GuaHCI, on the other hand, consists of

same cation as that of Gua-IL, but with a smaller anion i.e. CI". Above observations
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suggest that a smaller cation with a bulky anion pair may have some edge over other
ion pairs for GQ formation and stabilization. Based on the experimental and
theoretical results, we can hypothesize that IL ion-pair constituting smaller cations
can penetrate into the G-tetrad region if bulky anions support it by surface binding. In
this study, the combined effect of Gua® and FEP is majorly responsible for GQ
formation and stabilization that is lacking in BPyCl and GuaHCI.

Al.4 Conclusion

In this study, we have performed molecular dynamics simulations to
understand the difference in the interactions between stabilizing and destabilizing
ionic liquids with G-quadruplex molecule. The simulations observe that rather than
individual cation or anion molecule, the combined effect of ion pair decides the
stability of G-quadruplex molecule. The stabilizing ion pair Gua-IL in this case is
also observed to make water — GQ interactions more stable as compared to other ion
pairs. The current observations are based on the long unrestrained simulations and
hence to understand in detail the stabilization mechanism by ionic liquids enhanced

sampling techniques are necessary.
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Addendum |1
lonic  Liquid Prolongs DNA
Translocation through Graphene

Nanopore

All.1. Introduction

The detection of DNA molecules at a single base resolution by employing
nanopore-based technology has paved the way for high throughout, label-free and
low-cost personalized genome sequencing techniques. The method is based on a
simple principle of measuring the reduction in ionic current while DNA passes
through a nanopore under the influence of an external voltage. The increasing
attempts to initiate practical application of the nanopore-based technique for genome
sequencing has not reached National Human Genome Research Institute’s (NHGRI)
proposed target price of $1000[1] due to various factors.

The biological pores like a-Hemolysin, Mycobacteria smegmatisporin A
(MspA), as well as solid-state nanopores are proved suitable materials for
translocation studies with their intrinsic advantages and disadvantages[2]. The
application of biological pores is limited due to less mechanical strength and
pronounced sensitivity towards pH, temperature, and salt concentration. Nanopores
grafted in solid-state materials such as single-layer of graphene, MoS,, or Hafnium
oxide are observed to be efficient and alternative materials to biological nanopores.
Solid-state nanopores allow calculation of tunneling current as well as ionic blockade
current and provide better accuracy to achieve single base detection.

During translocation experiment, DNA is divided into fragments of ~50000
base pairs and passed repetitively via nanopore to improve single base reading. Under
the influence of the voltage in the order of 10 volts, the translocation speed is
approximately 2 ps per base. The generation of pico-ampere level ionic currents
require high bandwidth amplifier for detection and are associated with high

magnitude pink noise in graphene nanopores. Thus, DNA sequencing using solid-

[126 ]



state nanopore is still challenged by fast translocation speed and possesses large error
in single base detection of a DNA sequence.

The translocation speed of a DNA depends on various factors such as diameter
of the nanopore (d), temperature, viscosity of a solution, applied electric field,
pressure, and interaction of DNA with electrolyte ions. The relationship between
viscosity of a solution (n) and DNA translocation[3,4] speed (v) is given by,

{a — Sw
U]
where, ¢ is the dielectric constant of the electrolyte. {; and ¢, are zeta

v=¢ E, Eq.AIL1

potentials of DNA and nanopore surface, respectively. E is the applied electric field.
Hence, DNA translocation speed can be reduced (a) by increasing viscosity of
electrolyte, (b) by applying low electric fields or (c) by reducing zeta potential
difference between the DNA and nanopore ({; — {,)-

Fologea, et al.[5] used glycerol-water solutions to slow down DNA
translocation through solid-state silicon nitride nanopores. The study suggested that
combined use of reduced temperature, low bias voltage, and high glycerol-water
(50%) ratio would effectively slow down DNA translocation speed. The same study
indicated that there exists an interplay between the dwell time (t;) and the amplitude
of blockade ionic current or current drop, when one attempts to modulate other
parameters like temperature, viscosity, and salt concentration. The dwell time is the
mean translocation time for which the open pore current gets reduced. Reduction in
the translocation speed also reduces the ionic conductivity, leading to a decreased
blockade signal.

The DNA molecule is recognized by both dwell time and current drop (Alp).
The current drop (Al,) is related to the thickness of nanopore (H), the solution
conductivity (o), hydrodynamic radius of the translocating molecule (Rpy4) and the

applied voltage as,

dVRpna
H )
The dwell time depends on the viscosity of electrolyte as,

Al, = Eq.AIL2

Nlpna
AV
where, n is viscosity of solution. 4 and Lpy, are linear charge density and

tde

Eq.AlL3

length of DNA molecule, respectively.V is applied voltage and K is a constant for
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complex possible conditions. The increased interaction between the nanopore surface
and DNA governs the translocation speed[6]. The experimental and MD simulation
study performed by Mirsaidov et al.[7] showed that the DNA translocation speed can
be reduced up to 1 bp / 2 ms by implementing reduced pore diameter (~2 nm) and by
modulating voltage and salt concentration (< 200 mV and 100 mM KCI). With such
reduced speed, enhanced base-pair discrimination between C-G and G-C base pairs
was observed. Akahori and coworkers[8] reduced nanopore diameter to enhance
graphene-ssDNA interactions, which reduced translocation time per base up to 1.4 us.

Wanunu and coworkers[9] have shown the effect of salt gradient on DNA
translocation motions. The “funnelling effect” exerted by salt gradient displays
increased current rates and improves translocation times. Molecular dynamics
simulation studies[10] also corroborated these effects and suggested that nanopore
surface charges play an important role in trapping and translocation of polymers like
dsDNA.

The nanopore created by high intensity electron beam using transmission
electron microscope (TEM) generally assumes negative charge. The electric field bias
IS needed to maintain electro-osmotic flow of ions near pore surface. Crowding of
ions near the pore reduces translocation speed[11]. Negatively charged surfaces create
competition in hydrodynamic coupling between the electro-osmotic flow of ions and
DNA motions[3], thus retarding DNA translocation through the nanopore. The
simulation study[12] also revealed that the reversal of DNA’s electrophoretic motion
is caused by the strong binding of large organic cations like spermine (+4) and
spermidine (+3).

The translocation speed can also be reduced by lowering the temperature[5,13]
or using small diameter nanopores and high pressures[14,15]. In a theoretical study of
pressure driven translocation, it is shown that the current reversal happens only in the
presence of trivalent or higher valency cations. Kowalczyk, et al. used LiCl
solution[16] to reduce DNA translocation speed. This study indicated that strong
binding of Li+ ions in the minor groove, primarily with O4” atoms as well as N3 (of
Cytosine and Thymine) and O2 (Adenine and Guanine) atoms of bases, reduces DNA
translocation.

The increased viscosity and strong DNA-ion interactions can also slow down

DNA translocation. Recently, room temperature ionic liquid BMIM-CI[17] was used
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to retard DNA speed while translocating through mutated o-hemolysin nanopore.
Both short-lived (~ 50-100 ps) and long-lived (~ msec) translocation events were
observed, albeit with a decreased current. The low current was attributed to the lower
conductivity of 1 M BMIM-CI (49.9 mS/cm) compared to 1 M NaCl solution
(81.6mS/cm)[17]. The study showed that there exists a strong interaction between
BMIM cations and DNA, which hinders the DNA to squeeze through the nanopore.

The thickness of a single layer graphene sheet is 0.34 nm, similar to the DNA
base pair separation. This makes the single layer of graphene a suitable material to
achieve single base resolution through ratcheting motions of DNA bases. However,
the effective use of graphene nanopores is limited by low (< 3) signal to noise ratio
(SNR). Also, the sticking of DNA to graphene surface and nanopore restricts its
effective use[18,19]. Now-a-days different materials like MOS,[20,21] and hafnium
oxide[22] are implemented to achieve enhanced SNR (> 15). In case of MOS,, the
hydrophilic-hydrophobic-hydrophilic (S/Mo/S) arrangement of atoms reduces noise in
the ionic current. Also, the problem of DNA sticking to pore surface is absent in
MOS; nanopores[20,23]. Recently, lonic liquid (BMIM-PFs) induced viscosity
gradient was used with MOS, nanopore to reduce translocation speed and achieved a
high SNR (> 10)[21]. HfO, membranes with less than 2.0 nm nanopore are also
proved as an effective material for DNA translocation[22].

Modi and coworkers[24] studied translocation behavior of BMIM-CL in
biological nanopore. Attaining the right orientation of BMIM® molecule near
nanopore’s constriction region was observed to be the rate-limiting step in its
translocation. This orientation of BMIM™ was speculated as an important factor to
slow down antibiotic translocation[24]. The passage of room temperature ionic liquid
(RTIL) bulky ions via nanopore channel creates ionic clouds near nanopore surface.
This accumulation of bulky ions alters the effective electric field and affects
translocation of molecules[25].

The single base resolution efficiency of a single layered graphene nanopore is
reported in the literature but its application is still limited mainly by the fast
translocation speed as well as graphene attachment of DNA on trans side during the
translocation process. The prolonged dsDNA translocation in a mutated a-Hemolysin

nanopore was achieved[17] using BMIM-CI as an electrolyte. However, the possible
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application of ionic liquids to reduce translocation speed in solid-state nanopore like
graphene was not demonstrated.

In the present study, we have investigated possible role of BMIM-CI in
reducing DNA translocation speed through a single graphene layer. Various
simulations were performed to explore the effect of nanopore diameter and voltage on
the translocation behavior of several homo-nucleotide sequences dAzg, dCy, dG2o and
dTo0. Comparisons are drawn with normal salt such as KCI for d(ACGT)s sequence
based system. The results indicate that single base resolution can be improved using
smaller nanopore at smaller voltage gradient in the presence of ionic liquids. The
translocation time increases as compared to KCI solutions. The increase in
translocation time is due to slow passage of strong DNA-BMIM™ complex via smaller

nanopore.

All.2. Simulation details

All.2.1. System setup

We designed five DNA sequences, each containing 20 base pairs, as dAj,
dCy, dGy, dTog, and d(ACGT)s. The length of the DNA ensures that there are two
helical repeats. Canonical B-form structures of DNA for the above sequence were
constructed using NAB[26] module of Ambertools[27]. The CHARMMZ27 force field
parameters were chosen to perform the simulation. Armchair graphene sheet of
approximately 9.8 nm x 9.8 nm was created using Nanotube builder in VMD[28]. The
atoms within the required radius from the center atom were removed to create the
pore. The ionic liquid 1-butyl-3-methylimidazolium chloride (BMIM-CI) was used as
an electrolyte. The BMIM optimized geometry was obtained using hf/6-31G*. The
parameters were derived from Ref. [29]. The potassium and chlorine parameters are
chosen from CHARMMZ27 force field for ions. GROMACS 4.5.3[30] version was
used to perform simulations. Each DNA-ionic liquid system was solvated
withCHARMM?27 TIP3P[31] water. lons were added randomly to make 1 M
concentration for both BMIM-CI and KCI solutions.

The interaction between DNA and graphene nanopore is a crucial parameter to
achieve base specific recognition. Hence, the choice regarding nanopore size is
critical, as the large diameter pores possess fewer interactions with translocating DNA

sequence and small pores can completely stop electro-osmotic flow of ions.
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Generally, a nanopore of radius 1.2 nm was used as it is close to the radius of a
dsDNA in B-form. In case of BMIM-CI, however, it was observed that use of such a
small nanopore allowed only dsDNA to pass and not bulky molecules of BMIM+ ions
(data not shown). This observation led us to choose nanopore radius by considering
hydrodynamic radius of BMIM+ cations.

The hydrodynamics diameter of BMIM is 0.57 nm[32]. We have considered
two possibilities assuming dsDNA as a cylinder: (a) BMIM™ molecules binding
preferentially to either major or minor groove sides of a DNA (see Fig. All.1 (a)) and
(b) BMIM molecules binding to both grooves (see Fig. All.1 (b)).

(a) BEMIM (b)

BMIM

0.57 nm

2.00nm 2.00 nm

Figure AIlL.1.Schematic diagram showing choice of pore radius based on DNA and BMIM ion size.
In the first case, the equivalent diameter of DNA and attached BMIM would

be 2.57 nm, thus requiring a nanopore of 2.6 nm diameter. In the second case, the
effective diameter would be 3.14 nm. Thus, the DNA translocation simulations were
performed for nanopores with diameters 2.6 nm (smaller nanopore) and 3.1 nm
(bigger nanopore). For each nanopore, we performed the calculations at two different
voltage gradients, 0.05 V/nm (smaller voltage gradient) and 0.10 V/nm (higher
voltage gradient). These simulations are listed in Table All.1.
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Table All.1. Table showing details of the systems and simulations performed in this
study.

Pore

Simulation Sequence  Electrolyte Voltage Diameter Tra_nslocatlon
ID (V/nm) time (ns)
(nm)
1 dAz BMIM-CI 0.05 2.60 5.00
2 dCy BMIM-CI 0.05 2.60 5.00
3 dGayo BMIM-CI 0.05 2.60 5.00
4 dT2o BMIM-CI 0.05 2.60 5.00
5 dAz BMIM-CI 0.05 3.10 2.50
6 dCy BMIM-CI 0.05 3.10 2.50
7 dGoo BMIM-CI 0.05 3.10 2.50
8 dToo BMIM-CI 0.05 3.10 2.50
9 dAz BMIM-CI 0.10 2.60 1.50
10 dCy BMIM-CI 0.10 2.60 1.50
11 dGyo BMIM-CI 0.10 2.60 1.50
12 dToo BMIM-CI 0.10 2.60 1.50
13 dAz BMIM-CI 0.10 3.10 1.00
14 dCy BMIM-CI 0.10 3.10 1.00
15 dGao BMIM-CI 0.10 3.10 1.00
16 dToo BMIM-CI 0.10 3.10 1.00
17 d(ACGT)s BMIM-CI 0.05 2.60 3.50
18 d(ACGT)s KCI 0.05 2.60 2.00
19 d(ACGT)s BMIM-CI 0.05 3.10 1.70
20 d(ACGT)s KCI 0.05 3.10 1.10

Open pore current simulations were performed to recognize mean ionic
current value and its fluctuations. This study was extended for pore diameter of 2.60
nm at different voltages to observe I-V relationship in case of BMIM-CI based
system. Also, the relationship between resistance and diameter of the nanopore is
studied using various open pore simulations. These simulations were performed with
different pore diameters (2.40 nm, 2.60 nm, 2.80 nm, 3.00 nm, 3.10 nm, 3.40 nm,
3.80 nm and 4.6 nm) at the higher voltage gradient (VG). These simulations were
performed for 5 ns each.

The graphene sheet was aligned along XY plane and the dsDNA was aligned
along Z-direction. Two terminal base pairs of DNA were inserted inside pore to avoid
unwarranted DNA diffusion in the solvent in search of a nanopore (See Fig. All.2).
The end part of graphene sheet was restrained. The graphene sheet was modelled as a

continuous periodic molecule to avoid end effects. Periodic boundary condition was
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applied along XYZ directions. The final box size of the system is approximately 9.8

nm x 9.8 nm x 19.8 nm.

B . .
1 Cis side

]I Trans side

Figure AIL2.Snapshots showing initial configuration. Bottom panel is a zoomed view of the top panel.

Particle Mesh Ewald method[33] was used to calculate -electrostatic
interactions with a cut-off value of 1.3 nm. We took 1.2 nm cut-off radius for vander
Waals interactions. Bonds involving hydrogen atoms were constrained during
simulation using LINCS algorithm. We have carried out 20 simulations with DNA
that involved four homo-nucleotide sequences at different conditions and four other
simulations using the hetero-nucleotide sequence d(ACGT)s. Each system contains
approximately 184000 atoms. Each system was simulated three times, starting with a
different initial velocity, to obtain the error estimate.

All.2.2 Equilibration and Data Collection

Each system was heated slowly up to 300 K followed by a 50 ps equilibration
using Berendsen barostat and thermostat[34]. The production runs were performed
using NVT ensemble and by implementing V-rescale[35] as a thermostat. A recent
study showed V-rescale thermostat maintains canonical ensemble and reduces ionic
current fluctuations[36]. Apart from 20 simulations monitoring DNA translocation
under various conditions, four open pore simulations were performed for nanopore
diameters 2.6 nm and 3.1 nm at both 0.05 and 0.10 VV/nm. For the smaller nanopore,

ten open pore simulations were performed at ten different voltages to confirm that the
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system obeys Ohm’s law and to study I-V relationship in ionic liquid-based solid-

state nanopore.

All.2.3. Analysis
(a) DNA-graphene COM movement:

Since graphene sheet is placed in the X-Y plane, movement of the DNA and
its translocation was determined by the change in the Z component of the distance
between the center of masses of the DNA and the graphene sheet. The Z-component
of DNA movement (D) is normalized by its value at t = 0(D,). We have calculated
normalized movement (D,/D,) in all cases.

(b) lonic blockade current:

As the electric field was applied along Z-direction, time-dependent ionic
current was calculated from the Z-component of ions using the following
equation[37],

-

I(t) = q; [z;(t + At) — z; ()], Eq. AllL 4

AtL, £

where, L, is the box length along Z-axis. At is the time lag, which depends on the
electrolyte of the system. It was suggested that At should be chosen such that signal to
noise ratio would be larger than five[38]. g; is the charge on the i-th atom. In case of
BMIM-CI, all atoms of BMIM™ and CI" ions were considered to calculate the ionic
current. Similarly, for KCI solution based systems, current due to K+ and CI- were
considered.

(c) Radial distribution Function:

We have studied radial distribution function of cations (BMIM™ or K*) around
DNA phosphate groups. In case of d(ACGT)s, we have also monitored the
distribution of CI" ions.

(d) Charge distribution calculations:

The charge distribution due to cations and anions for DNA translocation
simulations in KCI and BMIM-CI systems was calculated. The charge distribution
along the Z-axis was calculated by dividing the simulation box into 200 slices
perpendicular to Z-axis and using g_potential program in GROMACS[30]. The

number of charged atoms belonging to a particular slice provides the effective charge
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distribution caused by applied electric field. This potential is averaged over the

number of frames and plotted along length of a box in Z-direction.

All.3. Results and Discussion

All.3.1. Open pore current analysis
(a) Signal to noise ratio (SNR):

The success of nanopore sequencing technique depends on slow translocation
speed of DNA with a high signal to noise ratio (SNR) in blockade current
measurement. The open pore current calculations provide an opportunity to
understand SNR and conductance behavior of a simulation system under study. These
studies help reveal the effect of time lag on SNR ratio and I-V curves of the system
specific to simulation parameters like force field, thermostat, and other factors.
Hence, the reliability of MD simulations to explore DNA translocation can be
ascertained from open pore current calculations.

(a) ' (b)
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Figure AIL3. SNR for diameter (D) 2.6 nm at voltage gradients (VG) at (a) V =0.05 V/nm (b) V =
0.10 V/nm

The ionic current due to the passage of BMIM-CL molecules through the
graphene nanopore can be calculated using Eg. All.4. The ionic current calculations
are sensitive to the time lag (At), the choice of which in turn dictates SNR. We have
studied SNR dependence on At for BMIM-CI based systems to find the appropriate
value of At, so that SNR remains above five. We have estimated SNR using open
pore current, which is the current, estimated in the absence of the DNA containing
only 1 M BMIM-CL solution and the nanopore of a given size. Open pore simulations
were performed for two different nanopore diameters, 2.6 nm and 3.1 nm, at two
different voltages of 0.05 V/nm and 0.10 VV/nm. SNR was then calculated using Eqg.
AlLS.
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Figure All.3 suggests that the recommended SNR value (above 5) is observed
at 4 GHz (equivalent to 250 ps time lag). Hence, all further simulations to estimate
currents in case of BMIM-CL based systems were performed using At =250 ps. This
value is almost five times higher than the suggested value of 50 ps in case of KCL
solutions[36]. The SNR [39] is defined as,

I
SNR=-"%,  Eq.AIL5
ISD

Here,l,,4 is average open pore ionic current and Isp, is a standard deviation of
ionic current when a particular At is used. The noise in spectral density of a signal is
inversely proportional to the frequency (f) and possesses a stochastic origin; such
noise is called 1/f noise. At high frequencies, 1/f noise is comparable to the magnitude
of the signal and hence provides a poor detection. For a single conical nanopore, the
use of ILs like BMIM-TFSI and EMIM-SCN provide better SNR, due to crystal-like
self-assembled structures[40]. The eventual slow dynamics of the translocation of
ionic liquids exhibit jammed-like[41] motions which enhances the SNR[40]. Hence,
use of ionic liquid may help to enhance SNR in solid-state nanopores.

(a) V =0.05 V/nm (b) V =0.10 V/nm
20 T | T I T | T | T
— lag=150 ps
— lag=250 ps

Current (nA)

1 1 | 1 | 1 1 | 1 1 | 1 | 1
0 1000 2000 3000 4000 50080 1000 2000 3000 4000 5000
Time (ps) Time (ps)

ob——1 |

Figure AIL4. Open pore current behavior for nanopore of diameter 2.6 nm at (a) 0.05 V/nm and (b)
0.10 V/nm.

Figure All.4 indicates that for the smaller nanopore, the average current values
are 7.39 nA and 7.70nA for the smaller and larger voltage gradients, respectively.
Similarly, the open pore current values for the bigger pore are 8.28 nA and 9.92 nA
for the smaller and larger voltage gradients, respectively. Figure All.4(a) and All.4(b)
indicate that the average current values remain almost same in both cases. The choice
of At is independent of voltage applied on the above systems. Also, it indicates that
one needs high frequency apparatus to detect currents of such low values, eventually

increasing the chance of instrumental errors. Such errors can be reduced by using
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Al,O3 nanolaminated graphene membranes as shown earlier[42]. It is also shown that

nanopores with larger diameter possess better SNR in low salt regions[39].

All.3.2. Variation of current against voltage:

Since we used a non-conventional electrolyte, we wanted to verify if BMIM-
CL follows Ohm’s laws using voltage and current relationship. For this, we chose the
smaller nanopore and performed simulations at ten different voltages ranging from
0.01 to 0.20 V/nm. Each simulation was performed for 5 ns. The current was

calculated in each case using Eq. 3 for two different time lags (50 ps and 250 ps).

Lag =50 ps Lag =250 ps
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Figure AILS. I-V characteristic of the system.

The 1I-V plot (Fig. All.5) shows linear relationship between the voltage and
current as expected by Ohm’s law. However, it possesses a nonzero intercept on the
ordinate. The simulation at 0 V, performed to check the values of ionic current and
thermal fluctuations in the system, showed the presence of 0.01 nA current. The open
pore current and graphene pore conductance were calculated to determine the
accuracy of MD simulations. Open pore current study predicts higher bulk
conductivity for 1 M BMIM-CI than experimental bulk conductivity value as shown
below. The bulk conductivity of BMIM-CI solution is calculated using the method
implemented by Aksimentiev et al[37] in the previous study. The slope of I-V plot in
Fig. AIL5 provides a direct measurement of the bulk conductivity. The bulk
conductivity is found to be 67.1 S/m, which is higher than experimental value 4.62
S/m. The study by Modi et al.[24]also observed a slightly enhanced conductivity for
BMIM-CI using TIP3P water model. Hence, the unusual high conductivity observed
in this study may be attributed to the BMIM-CI force field parameters and partly due
to the TIP3P water model.

[137]



The accuracy of electrochemical properties of IL depends on force field of IL
as well as water model. We would like to stress that current IL force field model is
chosen on the basis of its capability to present accurate DNA-IL interactions,[43]at
the cost of loosing accuracy in the electrochemical property. We believe that even
though the bulk conductivity value is high, the qualitative trends in translocation will

remain unchanged.

Al1.3.3. Behavior of current:

Figure AllL4 shows open pore current fluctuations through the smaller
nanopore at two different voltage gradients. Open pore current fluctuations are
significant in both the cases, may be due to the fluctuation in the effective unoccupied
area of a nanopore by bulky BMIM ions, as demonstrated earlier[44]. Also, we can
see a dip around 2200 ps in case of smaller voltage gradient (Fig. All.4(a)). Hence,
bulky molecules like BMIM® can introduce a current blockade. The average current in
both cases is similar -- 7.39 nA for 0.05 V/nm and 7.70 nA for 0.10 V/nm.

All.3.4 Resistance and pore diameter relationship:

We have observed the dependence of resistance on the pore diameter, which
was found to follow a nonlinear relationship. The nanopore size can affect the
conductance of bulky BMIM® cations due to electrostatic interactions[45] with
graphene surface leading to a different arrangement of cations near the graphene
interface. The conductivity of ionic liquids depends strongly on the size of ions and
pore diameter. Experimentally low conductivity was observed in case of pores having
diameters less than 20 nm according to the hindered transport theory[46,47]. If
thickness of the electric double layer is comparable with the pore diameter, then the
ionic current rectification is observed. This rectification generates asymmetry in the I-
V curve. The experimental[48] and previous theoretical study[18] based on the KCL
electrolyte observed that the resistance varies inversely with the square of the

diameter of a nanopore.
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Figure.AIL6. Dependence of resistance on the pore diameter.

Surprisingly, Fig. All.6 shows that for BMIM-CI based system the data from
simulation fits well with the Hall’s equation for total resistance of a nanopore as
shown below[49]

R =ay/d*+a,;/d, Eq.AlL6

where, ay = 4L/m o and a; = 1/0, L is length of the nanopore, o is the bulk
conductivity of the BMIM-CI solution, dis the diameter of nanopore. The calculated
values obtained here are a, = 1976.41, a, = -292.17 with correlation coefficient of
0.98 and y2 = 834.4. A good fit to Eg. All.6 indicates the presence of an enhanced
nonlinear dependence of resistance of the system on the pore diameter. The first term
of Eq. All.6 represents the channel resistance and second term of Eqg. All.6 represents
the access resistance. The access resistance arises from a resistance of the medium
outside nanopore and causes significant reduction in potential near pore mouth. The
higher values of both ayanda,indicate that the channel resistance as well as access
resistance significantly contributes to the total pore resistance.

The current study does not allow to comment on the negative value of a,.
However, based on Eq. All.6, we would like to speculate possible reasons for the
negative value of coefficient a,. First, we assume that conductivity of a BMIM-CI
solution is different in the bulk solution (o nqnner) @nd near graphene nanopore
(04ccess)- The negative conductivity for the access resistance can be assumed due to
reversal of the current near the small region of nanopore. At the microscopic level,

some BMIM+ molecules might be dragged against the direction of the potential
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gradient due to strong binding with DNA molecule. These bound BMIM+ cations
may get stripped off near the nanopore surface while translocating and creates
negative access resistance near the nanopore. However, we strongly believe that
further study is required to verify this effect and to understand whether this
phenomenon is only a local effect or an overall signature for these particular types of

IL-nanopore systems.

Al1.3.5. Polynucleotide translocation time

The long DNA sequences threading through the small aperture are
discriminated based on signature translocation time and ionic current blockades of
individual bases. To understand the effect of IL on the DNA translocation, we have
performed a series of simulations with different DNA base pairs, different sizes of
nanopores and different voltage gradients.

The initial structure of a simulation contains the DNA partially inserted in the
nanopore. Hence, the time required for a DNA sequence to completely pass through
the pore may be considered as the “translocation time” for the DNA. The
translocation time is decided on the basis the center of mass (COM) position along the
Z-axis, also confirmed by visual inspection of trajectories.

For the smaller nanopore at both voltages, DNA sticks to the graphene surface
after translocation on trans side causing partial blockades (See Fig. All.7). In such
cases, the translocation time is estimated when last atom of DNA passes through the

pore and no partial blockades are observed.

Figure AIL7. Configuration showing dG,, stuck to graphene surface for nanopore of 2.6 nm diameter

and voltage of 0.05 V/nm.
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The DNA COM movement projected on Z-axis is normalized in Fig. All.8. It
helps to compare the behavior of translocation time under different conditions, as
D, value for different sequences varies slightly due to inherent difference in COM of
the sequences. Previous studies[39,50] have shown that smaller nanopores and low
electric fields enhance the interaction between solid -state nanopore and DNA,
eventually providing better discrimination of the bases. Figure All.8 indicates that
smaller nanopore at smaller voltage gradient (VG) and, surprisingly, bigger nanopore
at higher VG, individual bases can be discriminated on the basis of the translocation

time.
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Figure AILS8.The Z-component of DNA movement (D) is normalized by its value at t=0 (D;). We
have plotted normalized movement (D;/D,) in all cases.Normalized DNA COM movements for
polynucleotide systems (a) Diameter (d) = 2.6 nm, V=0.05 V/nm; (b) d =3.1 nm, V=0.05 V/nm; (c)
d=2.6 nm, V=0.10 V/nm; (a) R=3.1 nm, V=0.10V/nm. Color indicators: A- black, T- red, G- green, C-
blue.

The normalized DNA COM movement through the smaller nanopore at

smaller VG (see Fig. All.8 (a)) indicates that all bases exhibit translocation time for
more than 3000 ps. Such slow translocation is always affected by strong interaction
between DNA-graphene interactions, which eventually causes sticking of DNA to the

nanopore surface. This effect is observed in Fig. All.8 (a), where Dz/Dy values are
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converged beyond 2500 ps. This effect is absent in the larger nanopore of diameter
3.1 nm, where we can see a sharp COM movement indicating less interaction between
hydrophobic graphene surface and DNA. The steep slope of COM along time in case
of the large nanopore indicates fast translocation process and hence less interaction
with graphene. It is known that DNA-graphene interaction affects DNA translocation
speed[6].

The normalized DNA COM movement through larger nanopore at the lower
VG shows the signature translocation velocities for each type of nucleotide. Hence,
dAzo, dCy, dGyo, and dTyo possess significantly different electrophoretic mobilities
under this condition. The increased electric field enhances the electrophoretic force on
DNA in a nano-channel. It was shown that current blockades are caused by reduction
in ion mobility due to strong interaction between DNA grooves and surface
atoms[51]. Also, the avalanche of BMIM" cations moving in the opposite direction
provides the desired sequence-dependent translocation time discrimination of the
bases.

The similar translocation time for all polynucleotide sequences in case of the
smaller nanopore at high VG indicates the absence of distinctive DNA-graphene
interactions due to fast translocation and hence it possesses lower resolution for the
blockade current. Hence, Fig. All.9 suggests that effective parameters such as pore
diameter of either 2.6 nm or 3.1 nm can be implemented at 0.05 V/nm and 0.10 V/nm
voltage gradients, respectively to achieve translocation time to distinguish between

nucleotide types.
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voltage gradient (VG); (b) smaller nanopore at higher (0.10 V/nm) VG; (c) Bigger nanopore (diameter
3.1 nm) at smaller VG; (d) Bigger nanopore at higher VG.
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Hence, Fig. All9 suggests that effective parameters such as pore diameter of
either 2.6 nm or 3.1 nm can be implemented at 0.05 V/nm and 0.10 V/nm voltage
gradients, respectively to achieve translocation time to distinguish between nucleotide
types.

The normalized DNA COM behaviour for above-mentioned effective
parameters is almost same for dA, and dGyy sequences. We assume that this behavior
results due to similar cross-sectional area of guanine (56 A%) and adenine (50 A%)[52].
The details of molecular interactions which play important role in sequence-
dependent behavior are discussed in section All.3.7. Molecular dynamics studies
showed that it is difficult to trace long-lived and short-lived signals for pore diameters
of less than 3 nm[53].

The effective force on a charged polymer like DNA can be roughly estimated
as q * E, where q is the effective charge on DNA and E is the applied electric field.
Previous studies have shown that the reduction in the effective charge on DNA is
caused by the hydrodynamic drag[54] of electro-osmotic flow of ions. The electro-
osmotic flow depends on the local concentration of ionic species as well as the

viscosity of the medium.
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Figure AIL.10. Center of mass (COM) displacement of ACGT system in BMIM-CL and KCL at 0.05

V/nm for (a) diameter 2.6 nm and (b) diameter 3.1 nm.

To consider the effect of these conditions on a heterogeneous sequence, we
have studied the translocation of d(ACGT)s sequence in 1 M KCL and 1 M BMIM-CI
solutions. Figure AIllL.10 depicts the slowing down of DNA translocation in IL
solution, prolonging the total translocation time. The effect is pronounced for the
smaller pore. For the smaller pore, translocation in KCI solution was completed
around 1.5 ns, whereas the same sequence required approximately 3 ns to complete
translocation in BMIM-CI solution. This indicates two-fold increase in translocation
time in case of heterogeneous DNA sequence. The convergence in DNA COM
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movement after complete translocation is due to the adherence of the DNA on the
trans side at low voltage of 0.05 V/nm. Even the larger nanopore shows the reduced
DNA speed in the presence of the IL compared to salt solution. However, the
difference is less significant.
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Figure AIL.11. The current values for DNA translocation in case of (a) smaller nanopore ( d =2.6 nm)
and (b) larger nanopore (d=3.1 nm) using lag value of 50 ps in the presence of KCl (brown line) and
BMIM-CI ( turquoise line). The running average are plotted for KCl (Red line) and BMIM-CI

simulations (Black line) to visually observe number of blockade events.

The enhanced translocation time allows DNA molecules to interact strongly
with the nanopore. This results into a increased number of blockade events and hence
provides a better single base resolution. We have demonstrated an increase in
blockade events by plotting the current for smaller and bigger nanopores at 0.05 V/nm
using 50 ns lag for both the simulations (See Fig. All.11). This analysis helps to
compare the number of blockade events presented by frequent dips in the current
values in above cases. We can see in figure All.11(a) that the number of blockade
events are considerably higher in case of BMIM-CI than KCI, providing a better

single base resolution.

Al1.3.6. Blockade current during polynucleotide translocation
Since the DNA is already partially inserted in the nanopore at the onset of
simulation, the current observed till the complete translocation can be considered as

the blockade current.
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A

Blockade Current
Blockade Current (nA)

=
o
w
=)
o

Blockade Current (nA)
Blockade Current (nA)

[T O TS N
oo W o
2 2 g °
e & © o©

o
=]
=]

nanopore at smaller VG; (b) smaller nanopore at higher VG; (c) bigger nanopore at smaller VG; (d)
bigger nanopore at bigger VG. See Fig. 5 for other details.

Figure All.12 shows the blockade current averaged over 3 simulations. The
ionic blockades currents for the smaller nanopore at smaller VG are less
distinguishable for Ao, Coo, G2o and Too. Also, they are low as blockade current is
proportional to the applied voltage. At the higher VG, the difference in blockade
current among different nucleotides is insignificant. Hence, at the lower voltage,
individual nucleotides might be distinguishable using both translocation time and
ionic blockade current. A major challenge to detect significant ionic blockades,
however, will remain as the ionic currents in IL’s are small compared to KCI or NaCl
based electrolytes.

It can be noticed that the blockade current values for bigger nanopore is higher
than the smaller nanopore at the same voltage gradient, indicating an enhanced flow
of electrolytes in the former. In case of bigger nanopore at smaller VG (see Fig.
All.12(c)), the blockades current are high and these values are comparatively more
distinguishable. The adenine and cytosine possess significantly different values,
whereas thymine and guanine have almost the same blockade current. The presence of
DNA in a nanopore reduces effective cross sectional area of the pore and alters the
local ion concentration near the pore. Both these factors cause ionic current blockade.

The ionic current blockade signatures for different nucleotides are sensitive to
the orientation of nucleotides passing via nanopore[19]. Hence, ionic current
fluctuations are not same for all three simulations (data not shown).We have then
carried out the translocation of the hetero-nucleotide sequence, d(ACGT)s using

smaller nanopore and smaller VG (since higher VG will result into faster
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translocation). For these hetero-nucleotide sequences, currents obtained for the IL
electrolyte is less than KCL for both nanopores at the smaller voltage gradient (see
Fig. All.13).

— BMIM-CL (lag 250 ps)
KCL (lag 50 ps)

Current (nA)
Current (nA)
o

= 1 L 1 L = L 1 L 1 L L
0 1000 2000 3000 4000 5000 UO 500 1000 1500 2000 2500
Time (ps) Time (ps)

Figure AIL13. The Ionic current for d(ACGT)s system in BMIM-CL and KCL at 0.05 V/nm for (a)
smaller nanopore, and (b) bigger nanopore. The running average of ionic current for KCl systems is

shown by red line.

This behavior can directly be correlated with difference in conductivities of
KCI and BMIM-CI solutions. Experimentally, it is observed that current blockades are
inversely proportional to the viscosity of solution. However, the present study is
unable to capture the behavior as seen from Fig. All.13.

The running average for KCL currents (red line in Fig. All.13) is plotted to
visually observe the trend in the currents. We can see that the ionic current blockades
are prominent in KCI based solution contrary to the experimental observation. We
attribute this discrepancy to the difference in the time lag used to calculate ionic
currents. Computationally, the short time lag (50 ps) used for KCI systems to
calculate ionic current captures the fluctuations of the current, whereas in case of
BMIM-CI, the bigger time lag of 250 ps averages out these fluctuations indicating a
lesser presence of blockade events. The translocation in KCI system completes within
2500 ps and still Fig. All.13(a) shows a fluctuation in current, possibly due to
variation in the number of K+ and CI-. For BMIM-CI based system, however, a
distribution of small blockade events is present till 4500 ps.

When simulations were performed for both systems using the bigger
nanopore, the reduction in the number translocation events was observed for both
systems. Hence, we propose that even though the bigger nanopore can discriminate
nucleotides based on the translocation time, it will fail to achieve better resolution in

case of heterogeneous sequence due to the reduced translocation events.
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AlL.3.7. lon distribution around DNA

The anchored BMIM+ ions in DNA effectively increase its width and reduce
translocation speed of DNA. Hence, we have studied the radial distribution (RDF) of
cations and anions around DNA. Note that the electric field is applied along the length
of the DNA. Therefore, RDF of ions around DNA should not be affected by the
electric field[55]. BMIM" ions are observed to be strongly accumulated around
negatively charged phosphate groups of DNA in previous study[43]. These

interactions are mainly electrostatic in nature.

R N O S R WS L n | I 1 L Il " 1 i 1 . 1
% 05 I L5 2 25 3 % 05 I L5 2 25

r (nm) r(nm)

Figure AIl.14. Radial distribution function of N1 atom of BMIM+ around phosphorous atom of DNA
for (a) smaller nanopore at smaller VG; (b) smaller nanopore at higher VG; (c) bigger nanopore at

smaller VG; (d) bigger nanopore at higher VG.

The study showed that BMIM-CI has a binding free energy of ~ 8.96 kcal/mol,
indicating a strong binding with DNA[43]. It is suggested that BMIM binds strongly
to the minor groove due to hydrogen bond interactions between planar imidazolium
ring and exocyclic moieties of nucleotide bases[43]. We have not considered RDF
around grooves as their width and depth change along the course of translocation due
to stretching of the DNA duplex. Figure All.14 shows the distribution of N1 atoms of
BMIM™ cation (Fig. All.15 for N1 atom) around phosphate backbone of DNA under

different conditions.
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Figure AIL15.Strucutre of BMIM cation

We can see that in case of the smaller nanopore at the lower VG, the ion
distribution is different in each case. The distribution of BMIM+ is almost similar in
case of dA,o and dT,. Highest number of ions is observed around dC,, and lowest
around dGz. We see that even though dCy is strongly surrounded by bulky BMIM*
cations, it possesses lowest translocation time but highest blockade current under

these conditions.
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Figure AIl.16. (a) Radial distribution function of N1 of BMIM and K+ around P of DNA for
d(ACGT)5 and (b) Radial distribution function of Cl- around P of DNA for d(ACGT)5 in both cases
IL and KCL.

This suggests that DNA-BMIM™ behave as a combined complex during the
translocation and hence it results in large current blockades. However, the number of
attached BMIM+ ions is not sufficient to reduce translocation speed of the DNA and
hence dC,, possess smaller translocation time. For the smaller nanopore, dCy is
always surrounded by large number of BMIM™ ions, whereas dGy is always
surrounded by higher number of BMIM™ ions for the bigger nanopore. This indicates
that pore size affects the distribution around DNA. The dAy sequence displays a
significant second solvation shell under all four conditions suggesting the presence of

long-range interactions between BMIM™ and dAj. Such strong interactions may

[ 148 ]



increase the translocation time almost in all cases except for the bigger nanopore at
the smaller VG.

We assume that if more BMIM+ cations are present close to a DNA sequence
then it will be difficult to strip them off as they interact strongly with the DNA via
non-covalent interactions. To understand this, we have studied RDF for d(ACGT)s
simulations carried out for the smaller nanopore at the lower VG. The RDF in Fig.
All16 indicates that BMIM™ interacts strongly with the DNA and has broader first
layer of solvation compared to K" ions in KCL solution. The effect of BMIM" cations
is long-ranged compared to K* ions. Hence, it supports our hypothesis that removal of
strongly bound BMIM" ions from DNA increases translocation time. It is observed
for BMIM-PF6 IL that near uncharged graphite surface well ordered structure of IL
exists and first adsorption layer of BMIM" is arranged parallel to graphite surface till
distance of 3.5 A[56]. The enhanced RDF of BMIM" ions can be attributed to such
structured arrangement also. RDF’s of Cl- ions in both the cases display almost same
distribution and, hence, shows less effect of anion species on the translocation

process.

Al1.3.8. Charge distribution along nanopore

We have calculated the charge distribution of cations and anions along the Z-
axis of the system. Figure All.17 shows the difference between the charge distribution
of K and BMIM" cations near the nanopore. It indicates that bulky BMIM" ions
accumulate near the nanopore, enhancing the effective positive charge near it. The
strong electrostatic interactions between negatively charged DNA backbone and
accumulated positive BMIM+ ions reduce the translocation speed.
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Figure AIll.17. Charge distribution along Z-axis perpendicular to graphene surface for
heteronucleotide DNA sequence d(ACGT)s in both BMIM-CI and KCI systems.
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This phenomenon is similar to the flow reversal at the interface of silicon
nano-channel due to immobilization of cations on pore surface.[57] The charge
reversal is not possible in the current case due to the short length of nanopore. Luan et
al.[55] observed that bulky cations like spermidine(+4) and spermidine(+3) induced
reversal in electrophoretic mobility. This reversal was attributed to the strong
interaction between these ions and the minor groove of DNA. It was suggested that
electric charge inversion or charge screening effect can be observed through RDF
distribution of ions[55]. Hence, we propose a presence of strong electrostatic
attractions between DNA and well-structured BMIM™ ions near graphene surface as

main driving force to reduce DNA translocation speed.

All.4. Conclusion

The current study is focused on different aspects of the translocation process
such as open pore current behaviour, dependence of resistance on diameter of the
nanopore, individual blockade current as well as translocation time for polynucleotide
sequences. The study is extended to understand the effect of BMIM-CI on the
translocation of heteronucleotide sequence like d(ACGT)s as compared to KCI
solutions. The open pore current study indicates the linear current-voltage relationship
for BMIM-CI based system. The higher bulk conductivity is observed for 1 M
BMIM-CI solution compared to experimental value, which might be attributed to the
combined effect of the simulation parameters for BMIM, cation in the presence of
TIP3P water model implemented in this study. We have also investigated dependence
of Signal-to-Noise ratio (SNR) for IL-based system. The study suggests the
requirement of high bandwidth amplifiers (of 250 GHz range) to maintain SNR > 5
due to low conductance of BMIM-CI solution.

A series of simulation with different nanopore diameter at a particular voltage
gradient is performed to understand the dependence of resistance of the system on
pore diameter. The resistance exhibits nonlinear dependence on diameter of the
nanopore. In addition, the results indicates that total resistance depends on the
contribution from both channel and access resistances.

To understand the discrimination capability between individual nucleobases,
we have the translocation simulations of homo polynucleotides DNA sequences dAy,
dCy, dGy, and dTy in the presence of 1M BMIM-CI ionic liquid solution. The
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simulations were performed at two different pore diameters 2.6 nm and 3.1 nm. For
each of them, two different voltage gradients (0.05 V/nm and 0.10 VV/nm) were used.
The study suggests that the use of smaller nanopore and low VG can help to
distinguish different nucleotides on the basis of translocation times in the presence of
BMIM" ionic liquid. The blockade currents were less distinguishable for different
bases under all conditions used. The electrophoretic mobility for different homo-
nucleotide sequences was found to be different for the bigger nanopore at low VG
(See Fig.All.8(b)). This suggests bigger nanopore can also be used to in case of
electrolytes of bigger cations like BMIM".

To understand the difference between translocation mechanism of common
KCL solutions and BMIM-CI solutions, we have compared the translocation of
hetero-nucleotide sequence such as d(ACGT)s in both 1M KCI and 1M BMIM-CI
solutions. The results suggest that the presence of enhanced positive charge near the
nanopore (see Fig. All.17) reduces DNA translocation speed by strong interaction
with DNA. The radial distribution function shows preferential strong interaction
between DNA and BMIM+ ions compared to K+ ions as the underlying mechanism
for the reduced translocation time in IL.

This study also suggests that viscous BMIM-CI or any other suitable ionic
liquid can be utilized to reduce the DNA translocation speed. However, the better
resolution can be achieved using solid-state nanopores like MOS, or HfO, having
inherently high SNR. In addition, DNA soaked in ionic liquid in the cis chamber and
KCI solutions in trans chamber will provide better single base resolution in DNA

sequencing, as shown by recent study[21].
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ANNEXURES



A3l
A3.2

A3.3
A3.4
A3.5

A.3.6

A3.7

A3.8

A3.9

A3.10

A3.11

Annexure 3

Figure showing free energy convergence for all 10 dinucleotide steps,

Figure showing the variation in different energy components along Z,,

Figure showing variation of y for 10 dinucleotide steps angle along Z, ,
Figure showing variation of & for 10 dinucleotide steps angle along Z,, ,
Figure showing variation of Phase angle for 10 dinucleotide steps angle along
Zy

Figure showing variation of Roll values for 10 dinucleotide steps angle along
Zy

Figure showing variation of Slide values for 10 dinucleotide steps angle along
Zy,

Figure showing variation of Twist values for 10 dinucleotide steps angle along
Zy,

Figure showing variation of base pair step parameter Slide against Z;, for two
base steps above and below the middle one containing ten different
dinucleotide steps,

Figure showing Variation of Z, along reaction coordinate Z,, for two flanking
base steps including the middle one being deformed using umbrella sampling.
Figure showing PMF along average & angles for middle dinucleotide step and

variation of Z,, and percentage of A-form along average § angle.
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A.3.1. Free Energy Convergence

Figure A-3.1 Convergence of the potential of mean force for all ten dinucleotide

steps.
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A.3.2. Different Energy Contributions
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— Free energy o
= stacking energy
«— bp solvation energy o

— 50l - 50l N
Total energy 4 RN
. - -6, 3 /
+— minor groove solvation o ot

+~— major groove solvation . ,
Jor g B T e

1}
Zp' (A)

Figure A-3.2. Variation of important energy components like stacking energy (red
line ), middle base pair solvation energy ( bp solvation energy, green line) , Solvent
self interaction energy ( sol- sol , blue line) , Total energy ( orange line), minor groove

and major groove solvation energies (maroon and magenta lines) .

[158]

AE & AG (kcal/mol)



A.3.3. Variation of y dihedral for all 10 unique dinucleotide steps along Zp’.
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Figure A-3.3. Variation of y ((04’-C1°-N1-C2 for pyrimidine) and (O4’-C1°-N9-C4
for Purine ) ) angle along Zp’ for residues 6, 7, 18 and 19.
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A.3.4. Variation of 3 dihedral for all 10 unique dinucleotide steps along Zp’.
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Figure A-3.4. Variation of & ( C5’-C4’-C3’-03’) angle along Zp’ for residues 6,7, 18
and 19.
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A.3.5. Variation of Pseudorotation angle (P) of sugars for all 10 unique

dinucleotide steps along Zp’.
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Figure A-3.5. Variation of Pseudorotation angle (P) along Zp’ for residues 6, 7, 18
and 19.
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A.3.6. Variation of Roll for all 10 unique dinucleotide steps along Zp’.

Roll (°)
A 10

Figure A-3.6. Variation of base pair step parameter roll for all 10 dimers. CG, CA, TA
and GG have higher Roll values.
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A.3.7. Variation of Slide for all 10 unique dinucleotide steps along Zp’.
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Figure A-3.7. Variation of base pair step parameter slide for all ten dinucleotide steps.
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A.3.8. Variation of Twist for all 10 unique dinucleotide steps along Zp’.
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Figure A-3.8. Variation of base pair step parameter twist for all ten dimers.
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A.3.9. Variation of Slide for two base steps above and below middle step of 10
dinucleotide step against Zp’.
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‘17 — — AAI T 1 ] r 1 1 GG T T \7]‘

Slide (A)

Figure A-3.9. Variation of base pair step parameter Slide against Zp’ for two base

steps above and below the middle one containing ten different dinucleotide steps.
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A.3.10. Variation of Zp for two base steps above and below middle step of 10
dinucleotide step against Zp°.

-—- DNS4(GA) -— DNSS5(AX) — DNS6(XY) = DNS7(YT)
DNS 8 (TC) --- A-DNA

Figure A-3.10. Variation of Zp along reaction coordinate Zp’ for two flanking base

steps including the middle one being deformed using umbrella sampling.

[166]



A.3.11. Potential of mean force for B- to A- DNA conversion against average 8
angles for middle base pair
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Figure A-3.11. (a) Schematic presentation of four & dihedral angles, average of
which is used as a collective variable. (b) Potential of mean force against average §
angles for middle dinucleotide step. (c) Variation of average Zp and percentage of A-

form along average & angles[1].

Umbrella Sampling simulations were performed using equilibrated structure of
d(CGCGAAATCGCG), , starting from average § angle (Fig. A-3.11(a)) 120° (B-
DNA region) to 88° (A-DNA region) with a step of radians. Each window was
equilibrated for 4 ns. Fig. A-3.11(c) shows even though average § angle attains A-
DNA value, average Zp still remains in the intermediate region. This indirectly
suggests that backbone change via & angle does not help in A-form conversion for

this dimeric step. Moreover, at high free energy values (20 kcal/mol), A-DNA
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population is small (15%) and average Zp touches only 1.0. Hence, average & angle is

not a suitable reaction coordinate to study B- to A- form transformation in water.
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Annexure 4

A.4.1  Figure showing free energy convergence for homo dinucleotide steps (AA,
GG, CC, TT) and trinucleotide steps (AAA, GGG, CCC, TTT).

A.4.2  Figure showing free energy convergence for hetero dinucleotide and hetero
trinucleotide steps.

A.4.3  Figure showing the variation in free energy, salvation energy, and stacking

energy along Z,, and Zj,.
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A.4.1. Free Energy Convergence
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Figure A-4.1. Convergence plot for homo di- and trinucleotide (AA,GG,CC, TT,

AAA, GGG, CCC, TTT) steps.
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A.4.3. various energy components along Z;, and Zj,.
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Figure A-4.3. Variation in Free energy (black line), solvation energy (red line),

stacking energy (green line) along Z,', or Z_z’,. The values plotted here are averages

over the structures collected around certain values of Z,, or Z,, .
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AS5.1

Ab5.2

AS53

Ab54

AS55

Annexure 5

Table listing APE and AG,,rg Vvalues for DNA sequences used as a training

set.

Table listing APE and AG,,rr Vvalues for DNA sequences used as a testing

set.

Table listing the free energy values considered for each trinucleotide step, as
implemented in APTE Perl code.

Table listing the AG,, 5 Values for 86 A-DNA promoter sequences predicted by
Whitley et al.

Table listing 358 A-DNA promoter sequences predicted using AG,,rz Method in
modified APTE Perl code.
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Table A-5.1. Basham’s APE values and present calculation for the training set. Wrong
predictions are colored in red. References for all sequences are provided in third column.

sr. sequence Ref APE AG 4 rE Basham Present
no. (kcal/mol) | (kcal/mol) Calculations
Predicted Conformation
A_
DNA
1 GCCGGC 2 0.05 1.49 B A
2 GGGGCCCC 3 -0.36 0.93 A A
3 GGGATCCC 4 -0.22 1.06 A A
4 GCCCGGGC 5 -0.16 1.31 A A
5 CCCCGGGG 6 -0.39 1.17 A A
6 GTACGTAC 7 -0.33 1.98 A B
7 CTCTAGAG 8 -0.57 0.85 A A
8 GGGCGCCC 9 0.07 1.31 B A
9 GGGTACCC 10 -0.27 1.26 A A
10 GTCTAGAC 11 0.32 1.20 B A
11 ACCGGCCGGT 12 0.41 1.63 B A
12 GCGGGCCCGC 13 0.05 1.51 A A
13 CCCGGCCGGG 14 -0.12 1.40 A A
14 | CCCCCGCGGGGG | 15 -0.21 1.30 B A
15 | CCGTACGTACGG | 16 0.30 1.97 B B
16 | GCGTACGTACGC | 16 0.44 2.06 B B
17 GGGGGGGGGGG | 17 -0.59 0.86 A A
Average -0.09 1.37
Standard deviation 0.32 0.36
B-DNA
1 CGATCGATCG 18 0.04 1.90 A B
2 CGATTAATCG 19 0.19 2.07 B B
3 CGATATATCG 20 0.30 1.98 B B
4 CATGGCCATG 21 -0.03 1.91 A B
5 CCATTAATGG 22 0.14 1.93 B B
6 CGTGAATTCACG | 23 0.36 2.13 B B
7 CGCGAATTCGCG | 24 0.65 2.14 B B
8 CGCATATATGCG | 25 0.20 2.15 B B
9 CGCAAATTTGCG | 26 0.10 2.29 B B
10 | CGCAAAAATGCG | 27 0.45 2.29 B B
11 | AAAAAAAAAAAA | 28 2.06 2.34 B B
Average 0.41 2.08
Standard deviation 0.58 0.13
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Table A-5.2. Basham’s APE values and our values for testing set.
The sequences for which APE values cannot be calculated are also considered in this

dataset.
Predicted Conformation
Sr. no. sequence ref | APE | AG,,rg | Basham Cglgzsig?iton
A-
DNA
1 ACCCGCGGGT 29 | 041 1.63 B A
2 ACGTACGT 30 | 1.08 2.19 B B
3 ATGCGCAT 31 | -0.04 2.16 A B
4 CCCGCGGG 32 | 0.04 1.56 B A
5 CCGCCGGCGG 33 | 0.20 1.70 B A
6 CCGGGCCCGG 34 | -0.12 1.40 A A
7 CGCCCGCGGGCG 35| 0.19 1.79 B A
8 GACCACGTGGTC 36 | 0.59 1.72 B A
9 GACCGCGGTC 37 | 0.73 1.63 B A
10 GCACGCGTGC 38 | 0.18 2.08 B B
11 GGATGGGAG 39 | -0.45 1.20 A A
12 GGCATGCC 40 | -0.25 1.64 A A
13 GGCCGCGGCC 41 | 0.23 1.51 B A
14 GGCCGGCC 42 | 0.07 1.31 B A
15 GGCGCC 43 | 0.40 1.49 B A
16 GGGGCGCcCce 44 | -0.09 1.21 A A
45
17 GGTATACC - | 0.12 1.57 B A
46
18 GTACGCGTAC 41 | -0.07 2.03 A B
47 | NA*
19 AGGCATGCCT « 1.42 NA A
20 AGGGGCCCCT 48 | NA 0.87 NA A
21 CCCTAGGG 49 | NA 0.91 NA A
22 GAAGCTTC 50 | NA 1.29 NA A
23 GTGTACAC 51 | NA 2.00 NA B
Predicted Conformation
Sr. no. seguence APE | AG,,rg | Basham Cz;zzsi:?iton
B-
DNA
1 AAAAAAQAAAAAA 28 206 534 B B
2 ACCGACGTCGGT 52 | 0.87 1.84 B B
3 CCGCCGGCGG 53 | 0.20 1.70 B A
4 CGCAATTGCG 54 | -0.39 2.28 A B
5 CGCGATATCGCG 55 | 041 2.07 B B
6 CGGTGG 56 | 0.02 1.82 B B
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7 CTCGAG 57 | -1.15 | 1.22 A A
8 CTCTCGAGAG 58 | -1.04 | 1.01 A A
9 GCGAATTCG 59 | 0.62 2.01 B B
11 GCGTACGCG 60 | 0.52 2.05 B B
12 GGCCAATTGG 61| -0.36 | 2.16 A B
13 GGCGAATTCGCG 62 | 0.64 1.74 B A
14 CAAAGAAAAG 63 | NA 1.49 NA B
15 CCAACGTTGG 64 | NA 1.81 NA B
16 CCAAGCTTGG 65 | NA 2.01 NA B
17 CCACTAGTGG 66 | NA 1.54 NA A
18 CCAGCGCTGG 67 | NA 1.47 NA A
19 CCAGGCCTGG 68 | NA 1.51 NA A
20 CCAGTACTGG 69 | NA 1.21 NA A
21 CCGCTAGCGG 70 | NA 1.47 NA A
22 CCTTTAAAGG 71 | NA 1.49 NA A
23 CGCAAAAAAGCG 25 | NA 1.56 NA A
24 CGCGAAAAAACG 22 | NA 2.14 NA B
25 CGCGTTAACGCG 72 | NA 2.27 NA B
26 CGCTAGCG 73 | NA 2.27 NA B
27 CGCTCTAGAGCG 73 | NA 1.67 NA A

** indicates APE values cannot be calculated for a whole sequence as it possess a
trinucleotide step for which APE value is not available.
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Table A-5.3.The free energy value considered for each trinucleotide step.

Ni 2.195 1.960 1.950 2.485
2.155 1.535 2.370 2.345

Ni+1

1.960 1.630 0.765

0.755 1.535 1.130 1.505
$ND

complete C

Ni-1
Ni+1

Ni

complete G

Ni+1

Ni

$ND $ND $ND $ND

Ni-1
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Ni+1

" ‘

complete T

1.950 1.620 0.755
1.950 1.620 2.155
1.130 1.965 1.940
2.370 1.965 2.340
$ND $ND $ND $ND
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Table A-5.4.The AG,,rr Values for 86 A-DNA promoter sequences predicted by Whitley et al.

Presence in our Our Free ene.

Gene ID Gene name Motif analysis values
ENSXETG00000003537 plcxd3 GGGCGG Yes 0.877
ENSXETG00000008410 c5orf4 GGGCGG Partial 0.878
ENSXETG00000030719 unknownl GGGCGG Yes 0.920
ENSXETG00000006282 unknown?2 GGGCGG Yes 0.880
ENSXETG00000003943 Irsaml CCGCCC Yes 0.900
ENSXETG00000027883 c3orf10 CCAAT Partial 0.923
ENSXETG00000028111 unknown3 CCAAT No NA
ENSXETG00000016171 gata2 CCGCCC Yes 0.942
ENSXETG00000029861 unknown4 CCAAT No NA
ENSXETG00000009337 gdi3 CCAAT No NA
ENSXETG00000012462 gtf2el.2 CCAAT Yes 0.925

XB-GENE-

ENSXETG00000017744 5853280 CCAAT Partial 1.043
ENSXETG00000004674 eefld CCAAT Yes 1.091
ENSXETG00000004472 mctsl CCAAT Yes 0.937
ENSXETG00000032447 LOC100488751 CCAAT Partial 0.946
ENSXETG00000000668 xKr5 CCGCCC Yes 0.940
ENSXETG00000033055 unknown5 CCAAT Yes 0.972
ENSXETG00000007609 thrsp CCAAT Yes 1.031
ENSXETG00000002252 unknown6 CCAAT Yes 0.960
ENSXETG00000026459 ywhaz TATCA Yes 0.889
ENSXETG00000029162 unknown7 TATCA No NA
ENSXETG00000015053 gdpd5 TATCA Yes 0.944
ENSXETG00000009868 tars TATCA Yes 0.810
ENSXETG00000010686 sepnl TATCA Yes 0.950
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ENSXETG00000016524 | LOC100493317 TATCT No NA

ENSXETG00000018194 fam176a TATCT No NA

ENSXETG00000009404 adipor2 CCAAT Yes 0.968
ENSXETG00000018026 sec22a AGATA Yes 1.075
ENSXETG00000002371 kif27 AGATA Yes 1.075
ENSXETG00000010991 erccd TATCT Yes 0.908
ENSXETG00000025304 unknown8 ATTGG Yes 0.876
ENSXETG00000002603 gas2 TATCT Yes 0.969
ENSXETG00000023254 zfp3612.2 TATCA No NA

ENSXETG00000009124 clen7 CCAAT Yes 0.881
ENSXETG00000018965 crat.1 CCAAT Yes 1.052
ENSXETG00000027013 | NP_001016033.1 CCAAT Partial 1.041
ENSXETG00000027419 adgalt TATCA Yes 0.993
ENSXETG00000020165 mkrn2 CCAAT Yes 1.040
ENSXETG00000029144 unknown9 ATTGG No NA

ENSXETG00000030437 tnrc6a ATTGG Yes 0.911

XB-GENE-

ENSXETG00000018553 5960869 TATCA Partial 0.874
ENSXETG00000016062 znf184 GGGCGG Yes 0.915
ENSXETG00000016933 ehmtl ATTGG Yes 0.901
ENSXETG00000014657 slc25a30 AGATA Yes 1.142
ENSXETG00000003950 traf2 CCGCCC Yes 1.003
ENSXETG00000030164 | NP _001120021.1 AGATA Partial 0.952
ENSXETG00000030426 unknown10 TATCA Yes 0.881
ENSXETG00000022553 fam120a ATTGG Yes 0.897
ENSXETG00000007987 arg2 AGATA Yes 0.981
ENSXETG00000023393 osbplll TGATA Yes 0.908
ENSXETG00000017669 usp21 AGATA Yes 0.958
ENSXETG00000013130 magil TATCT Yes 1.051
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ENSXETG00000023739 wrb CCAAT Yes 0.923
ENSXETG00000007387 bmil AGATA Yes 1.120
ENSXETG00000016524 LOC100493317 ATTGG Partial 0.978
ENSXETG00000013350 tfg ATTGG Yes 0.953
ENSXETG00000009412 unknown1l TATCT Yes 0.941
ENSXETG00000000267 ccndx CCAAT Yes 0.881
ENSXETG00000010533 piwil2 ATTGG Yes 0.902
ENSXETG00000007609 thrsp TGATA Yes 1.031
ENSXETG00000027421 HIST1H4G TGATA Partial 0.923
ENSXETG00000014657 slc25a30 ATTGG Yes 1.142
ENSXETG00000014963 ctdspl TGATA Yes 1.049
ENSXETG00000019650 myh11 AGATA Yes 0.878
ENSXETG00000018194 fam176a TATCT Partial 0.897
ENSXETG00000029977 LOC100495404 ATTGG Partial 0.961
ENSXETG00000008526 LOC100495179 GGGCGG Partial 0.912
ENSXETG00000033908 UBE2U AGATA Yes 0.942
ENSXETG00000032885 P5F13 XENTR ATTGG Partial 0.848
ENSXETG00000019263 pdss2 CCAAT No NA

ENSXETG00000008969 rad51I13 TATCA Partial 0.952
ENSXETG00000022325 unknownl12 TATCA Yes 0.897
ENSXETG00000020057 utp6 CCAAT Yes 0.945
ENSXETG00000007609 thrsp TATCT Yes 0.942
ENSXETG00000013463 zmynd12 ATTGG Yes 0.961
ENSXETG00000015404 shcl TATCT Yes 1.076
ENSXETG00000027433 otop?2 ATTGG Yes 0.967
ENSXETG00000021081 sgcg GGGCGG Yes 0.876
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ENSXETG00000006922 ss18 TATCA Yes 0.993
ENSXETG00000033607 asxl1 CCAAT Yes 0.993
ENSXETG00000023477 hdhd3 ATTGG Yes 1.052
ENSXETG00000003248 strada TGATA Yes 1.053
ENSXETG00000033920 F166B XENTR CCGCCC Partial 0.894
ENSXETG00000010684 dnajcl9 TGATA Yes 0.989
ENSXETG00000027998 prss8 CCGCcCC Yes 1.098
ENSXETG00000010250 chrnb3 TGATA No NA
average value = 0.96
standard deviation = 0.07
maximum value = 1.14

Table A-5.5. The list of 358 A-DNA promoter sequences predicted using AG .-z Mmethod in modified APTE code.

Gene ID motif gene name AP Sequence AG ., rE
ENSXETG00000018957 | GGGCGG slc20al GGAGGGGGGGGGGCGG 0.84
ENSXETG00000003950 | GGGCGG traf2 CCCCTCCCCCCCCCCCCCAGACTGCCCCGCCC 0.85
ENSXETG00000030719 | GGGCGG unknown AGGGGGGGGGGGGCGG 0.85

GGGGGGGGGGGGGCCCGATAAAAATGCATGGTCCGCC
ENSXETG00000033920 | GGGCGG FAM166B C 0.86
ENSXETG00000033430 | GGGCGG unknown AGGGGGGAGGGGGCAGTTAGGGGGGAGGGGGCGG 0.83
ENSXETG00000027998 | GGGCGG prss8 CCCCCCCCCCCCTTCAGTCTGTAGCTGTGCCCCGCCC 0.85
ENSXETG00000024362 | GGGCGG znf568 GAGGGGGAGGAGCAGACAGGTAAAGGGGGCGG 0.81

GGGGGGGGGGGGGGGGCAAATCTTGGAGTTTAGGGGC
ENSXETG00000021081 | GGGCGG sgcg GG 0.86
ENSXETG00000005207 | GGGCGG bhlhe40 TCTCCCCCTCCCTCCTACCCCTCCCGCCC 0.81
ENSXETG00000011510 | GGGCGG pou3fl GGGAGGAGGGGGCGG 0.82
ENSXETG00000000265 | GGGCGG ppfia3 TCCCCCCCTCCCTTACGAAGTTACCACCGCCC 0.83
ENSXETG00000020333 | GGGCGG acaa2 AGGGAGAGAGGGCGG 0.79
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ENSXETG00000003619 | GGGCGG gnal4 GGAGGAGGAGGAGGGTGCCTGCTCGGAACCGCCC 0.80
ENSXETG00000016681 | GGGCGG Zswim6 TCCCTCCCCCTCCCCGCCC 0.83
ENSXETG00000008410 | GGGCGG faxdc2 GGGGGGGGGGGGGGCGE 0.86
ENSXETG00000020930 | GGGCGG aldh2 CCCCCCCCCTCTCCGCTGTTAGTGCCCGCCC 0.83
ENSXETG00000003971 | GGGCGG edfl CCCTCCCCTCCCGCCC 0.82
ENSXETG00000008098 | GGGCGG rgs20 AGGGAGAGGGGGCGG 0.81
ENSXETG00000004675 | GGGCGG maz GGGGGGGGAGGGGGCGEG 0.84
ENSXETG00000033954 | GGGCGG unknown CCCCCTCCCCTCTCTATACTGGGATAGGCCGCCC 0.81
ENSXETG00000003943 | GGGCGG Irsam1 TCCCCCCCCCCCceeeeceeaecece 0.86
ENSXETG00000017813 | GGGCGG rmf219 AGGGAGAGGGGGCGG 0.81
ENSXETG00000013207 | GGGCGG gha2 CCCCCCTCCCCCCAACATGTGCTATACCCGCCC 0.84
ENSXETG00000031091 | GGGCGG unknown TCCTCCTCCTCCGCGCCAGCCCCGCCC 0.80
ENSXETG00000008526 | GGGCGG unknown CCCCCCCCCCCCCCTTTGGCGAATTTTGGGGCGG 0.85
ENSXETG00000016062 | GGGCGG znfl84 GGGGGGGGGGGGGAAACAGGGGGLGG 0.86
ENSXETG00000016171 | GGGCGG gata2 CCCCCceeeeeececececeacecce 0.86
ENSXETG00000000668 | GGGCGG xKr5 TCCCCCCCCCCCCGLCC 0.86
ENSXETG00000030333 | GGGCGG unknown TCCCCTCTCTCTCTCCGCCC 0.79
ENSXETG00000012160 | GGGCGG srebfl AGGAGGAGAGGGGGCGG 0.80
ENSXETG00000032326 | GGGCGG sral AGGAGGAGGGAGGGCGG 0.80
XB-GENE-
ENSXETG00000012753 | GGGCGG 5921670 GAGGGGAGGAGGGGGCGG 0.81
ENSXETG00000024302 | GGGCGG atpl0a AGGAGAGAGGAGGGCGG 0.78
ENSXETG00000007561 | GGGCGG cat.1 TCTCTCTCCCCCCGGCGGGGGCGG 0.80
ENSXETG00000017992 | GGGCGG SmMox AGGAGGGAGAGGGGCGG 0.80
ENSXETG00000006282 | GGGCGG unknown GGGGGGGGGGGGGCGG 0.86
ENSXETG00000016857 | GGGCGG tenm2 TCTCTCTCTCTCTCCCACTGGCCGGCTCTCCGCCC 0.77
ENSXETG00000024580 | GGGCGG agp5 AGGAGGAGGAGGAGGGCGG 0.79
ENSXETG00000011808 | GGGCGG pak2 AGGGGGGGGGGGCGG 0.85
ENSXETG00000008142 | GGGCGG tnfaip812 TCTCCCTCCTCCCCAGCAGATGGGCGG 0.81
ENSXETG00000021323 | GGGCGG ube2d3 CCTCCCTCCTCCTCCGCCC 0.80
ENSXETG00000003537 | GGGCGG plcxd3 GGGGGGGGGGGGGGGLGE 0.86
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ENSXETG00000033314 | GGGCGG znf684 TCCCCTCCCCTCTCAGTGGTACATTCCCATGGGCGG 0.81
ENSXETG00000023496 | GGGCGG ipo5 CCCCTCCCCTCCCGCACGTAGCCcCcCaGCCC 0.82
ENSXETG00000007231 | GGGCGG fofrd AGAGGGAGGGGGAGCAGAGCCTGGGGGCGEG 0.81
ENSXETG00000004757 | GGGCGG aldh9al GGGAGGGGGAGGTGGGCGG 0.82
AGGGGGAGGAGGAGAATGGAGAAAAAAGGAAATGGG
ENSXETG00000025633 | GGGCGG dap GCGG 0.80
ENSXETG00000001379 | GGGCGG pdgfa AGAGAGAGAGAGAGGGGGCGG 0.78
ENSXETG00000024038 | GGGCGG tecprl GGAGAGAGGGGGCGG 0.80
CTCCTCCCCTCCTCCCTTGTGTGTAATGGGCCGCTCCGC
ENSXETG00000023724 | GGGCGG ets2 CC 0.81
ENSXETG00000024708 | TGATA unknown TCTCTCTCCCCCTGCTTACTTATCA 0.79
ENSXETG00000025846 | TGATA unknown CTCCTCCCCCCCAGGTATCA 0.83
AGGGGGAGGGGGGAGTTTTTATAAATGACATTGGTATC
ENSXETG00000026458 | TGATA SOX5 A 0.83
ENSXETG00000031033 | TGATA unknown AGAGGGAGGAGGAACAATATCA 0.79
ENSXETG00000018417 | TGATA salll CCTCCTCCCTCCCTCCCCGTGAGCCGGCCCCCTTATCA 0.81
ENSXETG00000002396 | TGATA fgfr3 TCCTCTCCCCCCCCATAGTGTAAATCTGTGATA 0.83
ENSXETG00000023393 | TGATA osbpl1l GGGGGGGGGGGGTGGAGAAAATGATA 0.86
ENSXETG00000000957 | TGATA anapcé GGGAGGGAGAGAGACAGCACCTGGGCAGCTATCA 0.79
ENSXETG00000025981 | TGATA KIAA1328 AGGGGGGAGGGGCTAACCCTAGCCTGATA 0.83
ENSXETG00000031613 | TGATA unknown AGGAGAGGAGGAAGAGGACACCAGGATATCA 0.79
ENSXETG00000011494 | TGATA ftcd TCCCTCCCTCCCCCAGAGTACTGATA 0.83
ENSXETG00000018470 | TGATA vill GGGGGGGAGGGGCAATATTATTATCA 0.84
ENSXETG00000010684 | TGATA dnajc19 TCCCCCCCCCCCCTTTTAAATGGGCCTCTGATTGATA 0.85
ENSXETG00000010686 | TGATA sepnl GAGGGGGGGGGGATATCA 0.84
ENSXETG00000003248 | TGATA strada CTCCCCCCCCCCCAGAAAATCACAGGCAGAGTTGATA 0.85
ENSXETG00000007609 | TGATA thrsp TCCCCCCCCCCCAATGTGGTGGGTTGATA 0.86
ENSXETG00000008969 | TGATA rad51d CCCCCCCCCCCCCCAAACAGTCATGTTTATATCA 0.86
ENSXETG00000033339 | TGATA unknown AGAGGGAGGGGGAACATGTTATTATCA 0.81
ENSXETG00000023915 | TGATA rbp5 GGGGGGGAGGGGGGGATATCA 0.84
ENSXETG00000005516 | TGATA cntnap5 GAGGGGGGGGGATATCA 0.84
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ENSXETG00000015528 | TGATA bcor AGGGGAGGGGAGGACCCTATCA 0.82
ENSXETG00000027421 | TGATA unknown GGGGGGGGGGGATTCCAAGGTCTCTGATA 0.86
ENSXETG00000027419 | TGATA adgalt AGGGGGGGGGGGGGTAAATATCA 0.85
ENSXETG00000030842 | TGATA unknown CCTCCTCCTCCTCTGAGCAGAGGGCGCCTGATA 0.78
ENSXETG00000009239 | TGATA fgd6 AGGGAGGGGAGATATCA 0.81
ENSXETG00000013220 | TGATA ttl5 CCCCTCCCCTCTCCTCATGAAGTCTGATA 0.80
ENSXETG00000018631 | TGATA nxph3 GAGAGGGGGGAGTGATA 0.81
ENSXETG00000031859 | TGATA unknown AGGAGAGGGGAGAGAAGGTGGAAGATATCA 0.79
GAGAGAGAGAGAGAGAGAGAGAGAGGGAGAGAGAGA
ENSXETG00000005003 | TGATA gyg2 GAGAGGGGGGGAGGGAGTGATA 0.78
ENSXETG00000018553 | TGATA dnah14 GGGGGGGGGGGGAGGAGGGATATCA 0.84
ENSXETG00000004828 | TGATA unknown GGGGGAGGGGGGCAGAAGTAAAAGTGATA 0.84
ENSXETG00000008178 | TGATA immpll TCCCTCCTCCCCTGCCAGGATTTCATATGATA 0.81
ENSXETG00000015216 | TGATA tmem180 GGGGGGGGAGGAAGTGAGCGGTATCA 0.84
ENSXETG00000022325 | TGATA unknown GGGGGGGGGGGAGATGTCTGAAAAACAATATCA 0.84
ENSXETG00000022336 | TGATA olfml AGGAGAGAGAGAGATAGATAGATAGATGATA 0.76
ENSXETG00000009128 | TGATA ptx4 AGAGAGAGAGAGAGAGAATCTTGTATATCA 0.76
ENSXETG00000002260 | TGATA tmedl TCCCTCCCCCCTGTGGGATAATGATA 0.83
ENSXETG00000005197 | TGATA cenpa AGGAGGAGGGGGTGAAAATTCCATTATCA 0.81
ENSXETG00000021874 | TGATA nanos3 TCTCTCCCCTCCAGACAGGTCTGTCCCTATCA 0.80
ENSXETGO00000017777 | TGATA cfap44 GGGAGGAGGGGGGATTACTTGAAGGGGCTTATCA 0.82
ENSXETG00000027601 | TGATA mex3b CCCCCCCTCCTCTTTTAAGGAACAATATCA 0.81
ENSXETG00000006168 | TGATA klh140 GAGGGGGGGGGGATATCA 0.84
ENSXETG00000030349 | TGATA unknown GGAGGAGGGGAGTATCA 0.81
ENSXETG00000011369 | TGATA pycard GGGGGAGGGGAGGCAAATACATCTGGTCTGATA 0.82
ENSXETG00000005076 | TGATA gfm2 AGGAGGGGGGGATGATA 0.83
ENSXETG00000019108 | TGATA ckm TCCCCCTCTCTCTCTGCTTCACCCAGTGTATGATA 0.79
ENSXETG00000021498 | TGATA c18orf25 GAGGGGGGGGGAAGACCTGATA 0.84
ENSXETG00000002780 | TGATA clip3 CTCCTCCCTCTCGGTATCA 0.79
ENSXETG00000003760 | TGATA setd1b TCTCCCCCCTCCCGCGGTCCTCTTGTAGCCTGATA 0.82
ENSXETG00000001242 | TGATA clmp AGAGAGAGAGAGATGATA 0.76
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ENSXETG00000004791 | TGATA nipbl TCTCCTCCCTCCTGTGATA 0.80
ENSXETG00000033070 | TGATA DLG3 CTCTCTCCCCCCTCCCTATCCAGGCCCCCGTATCA 0.81
ENSXETG00000026459 | TGATA ywhaz GGGAGGGGGGGGGGGGGATATCA 0.85
ENSXETG00000014916 | TGATA tmbim1 AGGAGGAGGGAGGGGGGGTGTTATCA 0.82
ENSXETG00000014963 | TGATA ctdspl GGGGGGGGGGGGGTACCGTAAGTAGCTGATA 0.86
ENSXETG00000015053 | TGATA gdpd5 GAGGGGGGGGGGGGATATCA 0.84
ENSXETG00000001773 | TGATA fitm2 CCCCCCCCCCCTTGATA 0.85
ENSXETG00000019566 | TGATA fofl AGGGAGAGAGGAGAAAAATATTGATA 0.78
ENSXETG00000009868 | TGATA tars GGGAGGGGGGGGGGGGATATCA 0.85
ENSXETG00000014847 | TGATA foxo3 CTCTCTCCTCCCATTGGGCAGTGGCCTGATA 0.79
ENSXETG00000019410 | TGATA pafahlbl CTCCCTCCTCCTCCTCTCCTTCAGCGGTTGATA 0.79
ENSXETG00000030426 | TGATA unknown GGGGGGGGGGGGCAGGGGTGTATCA 0.86
GGGGGGGGGGGGGGGGGGGGAAGGTAGAATTCAGCCC
ENSXETG00000006922 | TGATA ss18 ATTATCA 0.86
ENSXETG00000002406 | TGATA siml TCTCTCTCTCTCTCTCTCTCTATCTGCCTATCA 0.76
ENSXETGO00000019176 | TGATA yesl GGGAGGGAGAGGCCTGGGGCTGGGCTAGTATTGATA 0.80
ENSXETG00000025005 | TGATA sox17a AGAGGGAGAGAGTAAAAACTGATA 0.78
ENSXETG00000030945 | TGATA unknown GGAGGAGGAGGGTCCCTCGCAGGCATCCGTGATA 0.80
ENSXETG00000008072 | TGATA magoh GGAGGAGGGGGGGGGGTGATA 0.83
ENSXETG00000026123 | TGATA unknown TCCTCTCCCCCCCCTCCATCCCACCCTGATA 0.82
ENSXETG00000030228 | TGATA unknown AGGGGAGAGAGATTTCAGTGATA 0.79
ENSXETG00000017087 | TGATA tnnil GAGGGGGAGGGGACAGAATAATCTGATA 0.82
ENSXETG00000023254 | TGATA zfp3612.2 GGGGGGGGGGGGCAATATCA 0.86
ENSXETG00000017177 | TGATA npcl CTCCTCCTCTCCTATCA 0.79
ENSXETG00000032290 | TGATA clps AGAGAGAGGGGGTAATTATATCA 0.79
ENSXETG00000001986 | TGATA ckap5 CTCTCCCTCCCCCCAGACTAAATTGCACAGTATGATA 0.82
ENSXETG00000020879 | AGATA foxhl CTCCCTCCCCTCTGAGCTCTTGTGGGAGATA 0.80
ENSXETG00000014820 | AGATA Irrc16a CCTCCCCTCCTCCTATCT 0.80
ENSXETG00000015404 | AGATA shcl CCCCCCCCCCCCCAGTCACAATGTGCACTTATCT 0.86
ENSXETG00000023190 | AGATA dgat2l16 TCCCTCTCTCCCAGAAATATCT 0.80
ENSXETG00000007387 | AGATA bmil AGGGGGGGGGGGGTCATTTTACCAGATA 0.85
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ENSXETG00000001445 | AGATA rad18 GGAGAGAGAGAGAGAGACTATTCGGTATGTATGAGATA 0.76
ENSXETG00000006355 | AGATA maff TCCTCCTCCCCTCTCTAGTGTATCT 0.79
ENSXETG00000016016 | AGATA elfn2 CTCCCCCTCCCTGTTATCT 0.82
ENSXETG00000023014 | AGATA mpzI1 GGAGAGGAGGGAATGAGATA 0.80
ENSXETG00000013212 | AGATA rgpl TCCTCTCTCTCTATCT 0.77
ENSXETG00000027510 | AGATA itgh6 GGGGGGAGGGAGATA 0.82
ENSXETG00000015270 | AGATA lingol TCCCCTCCCCCTTACAGAACAGTAGGCCACATATCT 0.83
ENSXETG00000000057 | AGATA acot2 AGAGGGAGGAGATA 0.79
ENSXETG00000018194 | AGATA evala GGGGGGGGGGGGGGGTGTATCT 0.86
ENSXETG00000014657 | AGATA slc25a30 AGGGGGGGGGGGGGGTACTGAAAGATA 0.85
ENSXETG00000021668 | AGATA Xpot GAGAGAGGGGGGGGGAGATA 0.81
ENSXETG00000010991 | AGATA ercc4 CCCCCCCCCCCCCCCCCAAATATCT 0.86
ENSXETG00000030576 | AGATA unknown GAGAGGGGGAGATA 0.80
ENSXETG00000032550 | AGATA unknown GAGAGGGGGAGATA 0.80
ENSXETG00000016732 | AGATA cnn2 CCCCTCTCCTCTATCT 0.79
ENSXETG00000007609 | AGATA thrsp TCCCCCCCCCCCAATGTGGTGGGTTGATATCT 0.86
ENSXETG00000018081 | AGATA prcl.2 GGGGGGGGGAGATA 0.84
ENSXETG00000002371 | AGATA kif27 GGGGGGGGGGGATCAGATA 0.86
ENSXETG00000014612 | AGATA psmel CCTCCTCCTCTCCCCTCCCTCTATCT 0.79
ENSXETG00000014643 | AGATA rabggta GGGAGAGAGGGAGATA 0.79
ENSXETG00000016448 | AGATA itpr2 AGGGAGAGGAGGGCAGATA 0.79
ENSXETG00000031859 | AGATA unknown AGGAGAGGGGAGAGAAGGTGGAAGATA 0.79
ENSXETG00000024242 | AGATA unknown TCTCCCCCTCCCCCCAACAGATA 0.83
ENSXETG00000034039 | AGATA unknown GGAGAGGGGGAGTCAAGCGCATCTCTGGCCTTATCT 0.81
ENSXETG00000007898 | AGATA neurogl AGGGGGGGGAGAGTTAACTTACCATCCATATCT 0.82
ENSXETG00000017087 | AGATA tnnil GAGGGGGAGGGGACAGAATAATCTGATAAGAGATA 0.82
ENSXETG00000003659 | AGATA unknown TCTCCTCCCCCTCCCCCAACACCCTAAAGGAGATA 0.82
AGGAGGAGGAGGAGGAGAAAAGGGAGGGGGAGAATA
ENSXETG00000005163 | AGATA prrtl TCT 0.79
ENSXETG00000018294 | AGATA unknown GGGGGGGGGAGATA 0.84
ENSXETG00000002996 | AGATA tyw3 AGAGGGGGGGGAAGGAAAGATA 0.83

[187]




ENSXETG00000031349 | AGATA unknown AGAGAGAGGGGGAAAAGGTAGGAGGAAAGATA 0.79
ENSXETG00000027532 | AGATA unknown GGGGGGAGGGGGAGATA 0.83
ENSXETG00000016327 | AGATA mrrf CCTCCTCTCTCCCAGATA 0.79
ENSXETG00000025992 | AGATA cdh3 AGGGGAGAGGAGATA 0.79
ENSXETG00000016048 | AGATA foxol TCTCCTCTCTCCCTCATTAGATTAAAACAGTTACAGATA 0.78
ENSXETG00000032579 | AGATA pnpla6 CCTCTCTCTCTCTCTCTCTCTCTGCAGATA 0.76
TCTCTCTCCTCTCTCTCCCCTTCCTTTCTAATTCTTCTTTA
ENSXETG00000031662 | AGATA unknown TCT 0.78
ENSXETG00000009239 | AGATA fgd6 AGGGAGGGGAGATA 0.81
ENSXETG00000005611 | AGATA krt18 TCCCTCTCTCTCTCTATCT 0.77
ENSXETG00000030510 | AGATA unknown TCTCCTCCTCCTCCCCCAACACCCTAAAGGAGATA 0.81
ENSXETG00000023914 | AGATA | XB-GENE-995386 AGAGGGAGGAGAAAAGAGGTCACATATAGGTATCT 0.79
ENSXETG00000012101 | AGATA aplpl AGAGGGGAGGAGAGATA 0.79
ENSXETG00000005808 | AGATA itgae GAGGGAGGGGGGGGGGGTATCT 0.83
ENSXETG00000014206 | AGATA pax2 AGGGGGGGGGGGTATCT 0.85
ENSXETG00000018896 | AGATA whbp4 GGGGAGGGAGGAACTGTGAGATA 0.82
ENSXETG00000016710 | AGATA unknown AGGAGGAGAGAGAGATA 0.77
ENSXETG00000007311 | AGATA camkv GGAGGGAGAGGGGTGGTTGAAGGTATTTTATCT 0.80
ENSXETG00000002406 | AGATA siml TCTCTCTCTCTCTCTCTCTCTATCT 0.76
GAGAGAGAGAGAGAGAGAGAGAGAGGGAGAGAGAGA
ENSXETG00000005003 | AGATA gyg2 GAGAGGGGGGGAGGGAGTGATAAATATCT 0.78
ENSXETG00000001734 | AGATA ube2qll1 CCCTCCCCCCTCTTTTGTGAGGTCTGCAGATA 0.81
ENSXETG00000023132 | AGATA Stx6 CCCCTCCCCCTCCAGTATCT 0.82
ENSXETG00000031950 | AGATA unknown AGAGAGAGAGGAACTTTTAGTTTTGTATCT 0.77
ENSXETG00000022336 | AGATA olfml AGGAGAGAGAGAGATA 0.76
ENSXETG00000022336 | AGATA olfml AGGAGAGAGAGAGATAGATAGATA 0.76
ENSXETG00000006028 | AGATA c150rf40 AGAGAGAGGAGAGATA 0.76
ENSXETG00000033085 | AGATA rin3 GGGGAGGGGGGGCACCGAGTAGGGTCCTTATCT 0.84
ENSXETG00000016524 | AGATA unknown GGGGGGGGGGGGTATCT 0.86
ENSXETG00000013759 | AGATA drc7 CCCCTCCCTCCCCTCGGATATCT 0.81
ENSXETG00000017669 | AGATA usp21 AGGGGGGGGGGGATACACAGTCAGATA 0.85
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ENSXETG00000031651 | AGATA unknown CCCCCCCCTCCTAATCAGATTAGATA 0.83
ENSXETG00000020568 | AGATA nxnll CCTCCCTCCCTCTATCT 0.80
ENSXETG00000008527 | AGATA unknown AGGGGAGGAGGAGGCATATGGAATTTAAGGGTATATCT 0.80
ENSXETG00000000727 | AGATA unknown GGGGGGAGGGGAGATA 0.82
ENSXETG00000016619 | AGATA unknown AGAGAGGGGGAGATA 0.79
ENSXETG00000015135 | AGATA unknown AGGAGAGAGGAGAGAGCAGAGAGCTGCGTATCT 0.77
ENSXETG00000031157 | AGATA unknown AGAGAGAGAGAGAGAGAGAGAGAGAAGGATAGATA 0.76
ENSXETG00000024747 | AGATA smcla AGAGAGAGAGAGAGAGAAATATATAGAGAGATA 0.76
ENSXETG00000020700 | AGATA slc25a15 CCCTCTCCCTCTGTTCCGTACATAGATA 0.79
ENSXETG00000019485 | AGATA sec1415 AGGGGAGAGGGAGGGAGAGTACAAGAGATA 0.80
ENSXETG00000024253 | AGATA unknown GGGGGGAGGGGGAGATA 0.83
ENSXETG00000007126 | AGATA unknown GGGGGGAGGGGGAGATA 0.83
ENSXETG00000030333 | AGATA unknown TCCCCTCTCTCTCTCCGCCCTCAGTATCT 0.79
ENSXETG00000019650 | AGATA myh11 GGGGAGGGGGGGGGGAGAAATTTGCAACTCAGATA 0.83
ENSXETG00000027960 | AGATA unknown CCCCCCCTCCCCGTATCT 0.84
ENSXETG00000009096 | AGATA vamp?2 AGGGAGAGGGGAGAGGCAGGAAGGAAGATA 0.79
ENSXETG00000004468 | AGATA gsel AGGGGGGGGGGGTAGGAGTATTGTATGTAGATA 0.85
ENSXETG00000005325 | AGATA cyb561 AGGAGGGGGGGGAGAGAGATA 0.80
ENSXETG00000005733 | AGATA slc25a34 GGAGGGAGGGGGGGCAGATA 0.83
ENSXETG00000009836 | AGATA nfxl1 AGGGAGAGAGGAGATA 0.78
ENSXETG00000018026 | AGATA sec22a GGGGGGGGGGGATCAGATA 0.86
ENSXETG00000024675 | AGATA dnaaf3 CTCCCCTCCCCCCATACTATCT 0.83
ENSXETG00000033908 | AGATA UBE2U GGGGGGGGGGGGGGGGTCTCCCTACATGAGCAGATA 0.86
ENSXETG00000017226 | AGATA ache CTCCTCTCTCTCTCTTGCGAGGTCACAGCTGTTATCT 0.76
ENSXETG00000013130 | AGATA magil CTCCCCCCCCCCCACCCTGGGCTTATCT 0.85
ENSXETG00000015072 | AGATA unknown AGAGAGGGGGAGATA 0.79
ENSXETG00000003833 | AGATA hnrnpa0 TCCCTCTCCTCCTTTCGCCACCAGATA 0.80
ENSXETG00000001668 | AGATA foxd4l1.2 CCCCCTCCCTCCTAGGTGCAGATA 0.81
ENSXETG00000018791 | AGATA tgfblil TCTCCCTCTCTCTCCCTATCT 0.78
ENSXETG00000030164 | AGATA unknown TCCTCCCCCCCCCCATGTACAAAGATA 0.84
ENSXETG00000012170 | AGATA hnrnpa2bl TCCCTCCTCCCCTTCTATTATATCT 0.81
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ENSXETG00000012629 | AGATA nrpl AGAGAGGAGGGGTGTATGTATATTAGATA 0.79
ENSXETG00000019052 | AGATA ing2 CTCCCCCTCCCTATCT 0.82
ENSXETG00000007987 | AGATA arg2 CCCCCCCCCCCCCAAAAAAAATAGATA 0.86
ENSXETG00000009497 | AGATA adamts10 TCCTCCCTCTCTTATGTGCAAAGCATCAGTAGATA 0.79
ENSXETG00000012975 | AGATA tcea3 AGAGAGAGAGGAAAAAAAAGCTTTAGAAGATA 0.77
ENSXETG00000022078 | AGATA xdh GGAGAGGGAGAGCTGAAGAGGACAGATA 0.79
ENSXETG00000009412 | AGATA unknown CTCCCCCCCCCCTCTGTCCCCTGTATCT 0.83
ENSXETG00000032192 | AGATA hamp2 AGGAGGAGGGAGATA 0.79
ENSXETG00000008755 | AGATA safb GGGAGGGGGAGATA 0.82
ENSXETG00000002603 | AGATA gas2 GGGGGGGGGGGGGTATTATCT 0.86
ENSXETG00000018625 | AGATA gltp AGGGGGAGGGGGTATTTGTTTAAAGTTAGATA 0.83
ENSXETG00000011293 | CCAAT gsr CCTCCCTCCCCTCCCAAT 0.81
ENSXETG00000006385 | CCAAT amotl1 TCCTCCCCTCCTTCTGCCCCAAT 0.81
TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT
ENSXETG00000016956 | CCAAT pcnx|4 CTCTCATTAAATTGG 0.76
ENSXETG00000022080 | CCAAT emx2 CCCCTCTCTCCTCTCGTCCAAT 0.78
ENSXETG00000024245 | CCAAT unknown CCCCTCCCTCCCACAAGGAGCCAAT 0.82
ENSXETG00000030254 | CCAAT unknown CCCCTCCCTCCCACAAGGAGCCAAT 0.82
ENSXETG00000032909 | CCAAT unknown CCTCTCTCCCTCCCCTGGCCTCTCTATACCGATGCCAAT 0.79
ENSXETG00000033130 | CCAAT anks4b GAGGAGAGGGAGATTGG 0.78
ENSXETG00000005053 | CCAAT dgkb GAGAGAGAGGGAGGGAGGGACGGAGGGTATTGG 0.79
ENSXETG00000027247 | CCAAT ncstn CCCCCCCCTCCCAAT 0.84
ENSXETG00000014847 | CCAAT foxo3 CTCTCTCCTCCCATTGG 0.79
ENSXETG00000025304 | CCAAT unknown GGGGGGGGGGGGGGGGCATATTGG 0.86
GGGGGAGAGAGAGAGCAGAGGGAAGAGCTGTGGCATT
ENSXETG00000032363 | CCAAT POU4F3 GG 0.79
ENSXETG00000012243 | CCAAT uncl19b CCCCCTCCCCTCCAGCCCAAT 0.82
ENSXETG00000023917 | CCAAT emgl TCCTCCTCCTCCTCTTCGCCCCACCAAT 0.79
ENSXETG00000018000 | CCAAT trappcl0 CTCCTCCCTCTCCGGTGGCCAAT 0.79
ENSXETG00000012815 | CCAAT tdrd3 CCCCTCCCCCCTTTTTCCCAAT 0.83
ENSXETG00000030042 | CCAAT unknown GAGGAGGAGGGGGTGTTAAGAAAAACTATAACCAAT 0.80
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ENSXETG00000023250 | CCAAT GNMT GGAGGAGGAGGAGCCATATATTGG 0.79
ENSXETG00000022498 | CCAAT unknown TCCCCCCCCCCTCACCCCCAGCAGCCAAT 0.84
ENSXETG00000000267 | CCAAT ccndx GGGGGGGGGGGGCATATAAATGCCCAAT 0.86
ENSXETG00000029977 | CCAAT unknown CCCCCCCCCCCCCCGCTGCCCAGAACCTATTGG 0.86
ENSXETG00000016933 | CCAAT ehmtl GGGGGGGGGGGGGGGACCTCCCGATTGG 0.86
ENSXETG00000019052 | CCAAT ing2 CTCCCCCTCCCTATCTTCCTTTGAACGTCCAAT 0.82
ENSXETG00000016681 | CCAAT Zswim6 TCCCTCCCCCTCCCCGCCCCCCCCAAT 0.83
ENSXETG00000013350 | CCAAT tfg TCCCCCCCCCCCCCCCAACTTATAAACATTGG 0.86
ENSXETG00000022348 | CCAAT sox9 CCCTCTCCCCTCTCCAAATCCCTACAGCCAAT 0.80
ENSXETG00000033607 | CCAAT ASXL1 CCCCCCCCCCCCCCACCCCCCAGAGAAACTAACCAAT 0.86
ENSXETG00000014391 | CCAAT kencl AGGAGGGGGGGGCTATTAGCCCAAT 0.83
ENSXETG00000003166 | CCAAT cnot3 CCTCCTCTCCCTAAAATGATGTAGACATTCACCAAT 0.79
ENSXETG00000033657 | CCAAT unknown CCCCTCCCTCCCACAAGGAGCCAAT 0.82
ENSXETG00000028016 | CCAAT znf333 AGGAGGGGGAGAGCCAAT 0.80
ENSXETG00000001957 | CCAAT culda AGGAGGGAGAGGAAAGGTGGATTGG 0.79
ENSXETG00000027419 | CCAAT adgalt TCTCTCTCCCTCTCAGACGGCCAAT 0.77
ENSXETG00000012462 | CCAAT gtf2el.2 CTCCCCCCCCCCCCAAT 0.85
ENSXETG00000016524 | CCAAT unknown GGGGGGGGGGGGTATCTAACACATTGG 0.86
ENSXETG00000010533 | CCAAT piwil2 GGGGGGGGGGGGACATGCCAACACTATTGG 0.86
ENSXETG00000007609 | CCAAT thrsp TCCCCCCCCCCCAAT 0.86
ENSXETG00000013017 | CCAAT unknown TCCTCTCCCCCCAAT 0.82
ENSXETG00000032854 | CCAAT unknown GGGGAGGGGAGAGGGAATTGG 0.81
ENSXETG00000033685 | CCAAT TLCD?2 GGGGAGGGGGAGCAGTGACTGACCAAT 0.83
ENSXETG00000011036 | CCAAT map2k4 GAGGGAGGGAGGCGGCCGGTCGCCGACAGCCAAT 0.80
ENSXETG00000030401 | CCAAT unknown AGGAGAGAGAGGGTCCCGGCCAAT 0.78
ENSXETG00000033828 | CCAAT A2ML1 AGAGGGGAGAGAGAGAATGGGTAAACGGAGAATTGG 0.78
ENSXETG00000033603 | CCAAT unknown GAGGGGGAGGGGATGGGTGGGAAGAAGATGATTGG 0.82
ENSXETG00000008182 | CCAAT unknown CCTCCCCTCCCCAGAGTCCCCCAGTGTCCAAT 0.82
ENSXETG00000002298 | CCAAT znf385¢c TCCCTCCCCCCCCCATAGTCATTGG 0.84
ENSXETG00000009404 | CCAAT adipor2 CCCCCCCCCCCCACCCAAT 0.86
ENSXETG00000009124 | CCAAT clen7 CCCCCCCCCCCCGCACCAAT 0.86
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ENSXETG00000016987 | CCAAT zfp3611 TCCCTCTCTCTCTCTCTCTCATACCAAT 0.77
TCCCTCCCCCCCCTCCCCTCTGCCAGATCCGCTTCTGATT
ENSXETG00000023069 | CCAAT tdrd9 GG 0.82
ENSXETG00000032885 | CCAAT unknown GGGGGGGGGGGGGAGAGCGAAGGGTGCTAGATTGG 0.84
GAGAGAGAGAGAGAGAGAGAGAGAACTGTCAGAGGAA
ENSXETG00000028079 | CCAAT aloxe3 ATTGG 0.76
ENSXETG00000026680 | CCAAT unknown CCTCTCCTCTCTAATTGG 0.77
ENSXETG00000010464 | CCAAT pbx1 AGGGGGAGGGGAGTGACCTGCCAAACTACCAAT 0.82
ENSXETG00000009858 | CCAAT TMEME8B TCCCTCCCCCCCGCCAAT 0.84
ENSXETG00000007545 | CCAAT alx4 GGAGGGAGAGGGGGAGGGAATTGG 0.81
ENSXETG00000007561 | CCAAT cat.1 TCCTCCTCCTCCTCCTCTCCCAAT 0.80
ENSXETG00000031251 | CCAAT RORB AGGAGAGGGAGAGAGAAAGAGAGCCCCAAT 0.78
ENSXETG00000019330 | CCAAT r3hdml CCCCCCCCCCTCAAGTCACTGATTGG 0.84
ENSXETG00000012515 | CCAAT dhx9 CCCTCCTCTCTCGTCGAACGGGATTGG 0.78
ENSXETG00000021653 | CCAAT Ippr3 TCTCTCCCTCCTTCCCTCCATCTCTTCTAGATTGG 0.79
ENSXETG00000032447 | CCAAT THRSP TCCTCCCCCCCCCCCAAT 0.84
ENSXETG00000002252 | CCAAT unknown GGGGGGGGGGGGGGGGACCAAT 0.86
ENSXETG00000008526 | CCAAT unknown AGGGAGGAGAGGCTGCCTGGCGCCCCCCAAT 0.79
ENSXETG00000006617 | CCAAT adat3 AGAGAGGAGGAGAAGATGGGAAGACTTACCTGATTGG 0.77
GAGAGAGAGAGAGAGAGAGAGGGGGGGATGTTGCTGT
ENSXETG00000023638 | CCAAT cox1l GGAGATTGG 0.78
ENSXETG00000013668 | CCAAT spcsl GAGGAGGAGGAGCTTGCAGACATGGCAGCTGATTGG 0.79
ENSXETG00000023477 | CCAAT hdhd3 CCCCCCCCCCCCCCACAGGTGCCAGGGGACACATTGG 0.86
ENSXETG00000018791 | CCAAT tgfblil TCCCCCCCTCCCCAAT 0.84
ENSXETG00000021236 | CCAAT fthl CCCCCCCCCCCTTCCTTTCTCCAAT 0.85
ENSXETG00000020165 | CCAAT mkrn2 AGGGGGGGGGGGAAGAACCAAT 0.85
ENSXETG00000012522 | CCAAT nrbpl TCCTCTCTCCTCCAAT 0.78
ENSXETG00000027956 | CCAAT rbm8a GGGGGGAGGGGGAATCAGTGATCCAAT 0.84
ENSXETG00000015812 | CCAAT ppp4r3a TCCCTCTCCTCCTGCTCCTATGAATTGG 0.80
ENSXETG00000022831 | CCAAT pabpcll AGGAGGGGGAGAGCCAAT 0.80
ENSXETG00000033055 | CCAAT unknown GGGGGGGGGGGGGGACCAAT 0.86
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ENSXETG00000027883 | CCAAT brk1 CCCCCCCCCCCCCCCCAAT 0.86
ENSXETG00000003876 | CCAAT slbp TCCTCCTCCCCTGCGCTGTAATTGG 0.81
ENSXETG00000026772 | CCAAT rhob CTCTCCTCCTCCAAT 0.79
ENSXETG00000025361 | CCAAT unknown AGGAGGGGAGAGCCACAGTGCTTGAAGGGAATTGG 0.80
ENSXETG00000020057 | CCAAT utp6 CCCCCCCCCCCCTGCATTACTGGGGTTCCAAT 0.85
ENSXETG00000027433 | CCAAT otop2 TCCCCCCCCCCCTAGTTGGGATTTGTCCATTGG 0.85
ENSXETG00000009337 | CCAAT unknown CCCCCCCCCCCCCCAAT 0.86
ENSXETG00000022694 | CCAAT uhrflbpll TCCCCCCCTCCTCTAACTTTGTCATTGG 0.82
ENSXETG00000026334 | CCAAT CACNB1 CCCCCCTCTCTCTCTCACTCTCTCCAAT 0.79
ENSXETG00000010865 | CCAAT aldhla2 CCCCCCCTCCTCTCTCCCTATGTCCAAT 0.81
CCTCTCCTCCCTCCCTCCCTCTGTGGTGGGATGAACTAT
ENSXETG00000018708 | CCAAT ax| TGG 0.79
ENSXETG00000013217 | CCAAT esrrb CCTCCCTCCCCCTTTGACAGAGAGCCAAT 0.81
ENSXETG00000015270 | CCAAT lingol TCCCTCCCCCCCCCATTCCAAT 0.84
ENSXETG00000004472 | CCAAT mctsl CCCCCCCCCCCCCAAT 0.86
ENSXETG00000018294 | CCAAT unknown GGGGGGGGGAGATATTAAATGATGATTAACTCCAAT 0.84
ENSXETG00000000887 | CCAAT rraga TCCCCCCCTCTCTTCCTATTGG 0.81
XB-GENE-
ENSXETG00000023671 | CCAAT 5901104 GGGGAGGGGGGAGTTGCTGAATATTGG 0.83
ENSXETG00000001855 | CCAAT c7orf25 AGGAGGGGGAGAGCCAAT 0.80
ENSXETG00000026458 | CCAAT SOX5 AGGGGGAGGGGGGAGTTTTTATAAATGACATTGG 0.83
GGAGAGGAGAGGAGGGGGGGTGAAGGAAGGAAGATTG
ENSXETG00000002609 | CCAAT svepl G 0.80
ENSXETG00000018965 | CCAAT crat.1 CCCCCCCCCCCCAGCCCAAT 0.86
ENSXETG00000026752 | CCAAT trim72 AGGAGGGGGAGAGCCAAT 0.80
ENSXETG00000014957 | CCAAT chrne CCCCCCCCTCTCTCTCATAGGGGGTCTGGGGACCCCAAT 0.80
ENSXETG00000002553 | CCAAT ccm?l AGAGGAGAGGAGCATAGAGGGAGAATTGATTGG 0.78
ENSXETG00000022369 | CCAAT wsh?2 TCCCCCCCCCTCCCAGCAGCCGATCAGCAGAACATTGG 0.84
ENSXETG00000003837 | CCAAT pura AGGGGAGGGGGGTAATTGG 0.83
ENSXETG00000010896 | CCAAT hsp90abl TCCCCCTCCCCCCCAGCAGCCAAT 0.84
ENSXETG00000014657 | CCAAT slc25a30 AGGGGGGGGGGGGGGTACTGAAAGATAAATTGG 0.85
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TCTCTCTCTCTCTCTCTCTATATATATATATGTCCCATTG

ENSXETG00000013496 | CCAAT en2 G 0.76
ENSXETG00000006259 | CCAAT gtf3c4 GAGGAGGAGGAGGCGGTGTTTCCATGGACCAAT 0.79
ENSXETG00000001478 | CCAAT fam78a AGAGAGAGAGGGGGGGTGATTGG 0.79
ENSXETG00000011510 | CCAAT pou3fl AGGGGAGAGGAGAGCGATATTCCCAAT 0.79
ENSXETG00000015528 | CCAAT bcor CCCCCTCCTCCTCCCAGCACCTCCTCCTTCTCCCAAT 0.81
ENSXETG00000021599 | CCAAT unkl GGAGGAGAGGGAGGTGTGGCTACAAGACGGATTGG 0.79
ENSXETG00000023620 | CCAAT nkx1-2 CCCCCCCCCTCCACCAGCCCAAT 0.84
ENSXETG00000003951 | CCAAT fhxw5 GAGGGGGGGGGGCGCTGGGATCCGCGTGGCCCAAT 0.84
XB-GENE-
ENSXETG00000025969 | CCAAT 5846549 AGAGGGGGGAGGATTGG 0.81
ENSXETG00000024103 | CCAAT alpkl GGGGGGGGGAGGGGTATGCGGCATTGG 0.84
ENSXETG00000001322 | CCAAT syngr2 TCCCTCTCTCTCCGCTCCCCATTGG 0.78
ENSXETG00000013513 | CCAAT usel TCCCCCCCCCCCTTCTCCAGCCATGGTACGAGCCAAT 0.85
ENSXETG00000023739 | CCAAT wrb GGGGGGGGGGGATACAATAGATCCAAT 0.86
CCTCCTCCCTCCCTCCCCGTGAGCCGGCCCCCTTATCAT
ENSXETG00000018417 | CCAAT salll TGG 0.81
ENSXETG00000004674 | CCAAT eefld CCCCCCCCCCCCCAAT 0.86
ENSXETG00000017744 | CCAAT 425p50 CCCCCCCCCCCCCAAT 0.86
ENSXETG00000034222 | CCAAT unknown AGGGGGGAGAGATTGG 0.81
ENSXETG00000022553 | CCAAT fam120a CCCCCCCCCCCCCCCGGGTGACAGATTGG 0.86
ENSXETG00000003733 | CCAAT CEP55 CCCCTCCCCCCCACCCAAT 0.84
ENSXETG00000017315 | CCAAT adcy9 CCCCTCCTCCCCCCACCAACGCCACCAAT 0.83
ENSXETG00000030437 | CCAAT TNRC6A GGGGGGGGGGGGGGAAATGGAATTGG 0.86
ENSXETG00000027013 | CCAAT lcmtl CTCCCCCCCCCCAGCCCAAT 0.85
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Table A-5.6. The List of experimentally verified previous five sequences (according Whitley et al.), using APTE code and the same predicted

by our method for same genes and gene ID. We have predicted the same sequence but with some extra nucleotides on 5’-side which are

indicated by bold blue colur.

Gene Sequence From Original
Gene ID name motif Paper Sequence predicted From Our method
ENSXETG00000009337 gdi3 CCAAT CCCCCCCCCCCCCCAAT TTCAGGTACCCCCCCCCCCCCCAAT
ENSXETG00000012462 | gtf2el.2 | CCAAT CTCCCCCCCCCCCCAAT GGGCTCCCCCCCCCCCCAAT
ENSXETG00000007609 thrsp CCAAT TCCCCCCCCCCCAAT ACCTTCCCCCCCCCCCAAT
ENSXETG00000030719 | unknownl | GGGCGG GGGGGGGGGGGGCGG AAGGGGGGGGGGGGCGG
ENSXETG00000002371 kif27 AGATA | GGGGGGGGGGGATCAGATA GGGGGGGGGGGATCAGATA
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