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ABSTRACT

One of the DNA lesions formed due to free radical damage of thymine is
urea, occurrence of which in DNA blocks DNA polymerases, and has been shown to be lethal.
Recently, ithas been shown that urea is capable of forming hydrogen bonding and stacking
interactions with nucleobases, whiale responsible for the unfolding of RNA in aqueous urea.
Base pairing and stacking are inherent properties of nucleobases; since uresoioaividoth,
this study attempts to investigate if usg mimic nucleobases in the context of the nucleic acid
structures by examining the effect of introducing urea lesions complementary to the four
different nucleobases on the overall helical intygrof B-DNA duplexes and their
thermodynamic stabilities using molecular dynamics (MD) simulations. The MD simulations
resulted in stable duplexes without significant changes in the glebd/ conformation. In
agreement with experimental results, theaulesions occupy intrahelical positions by forming
hydrogen bonds with nitrogenous nucleobases. Further, these urea lesions form hydrogen
bonding and stacking interactions with other nucleobases of the same and partner strands, which
are sometimes similato the nucleobases in typicaltBNA duplexes. Direct hydrogen bond
interactions are observed for the upraine pairs within DNA duplexes, whereas two different
modes of interactions, namely direct hydrogen bonds and -wegéiated hydrogen bonds, are
obsrved for the ureayrimidine pairs. The latter explains the complexities involved in
interpreting the experimental NMR data reported previously. Binding free energy calculations
were further performed to understand the thermodynamic stability of thénaoeporated DNA
duplexes with respect to pure duplexes. This study suggests that urea potentially mimics
nucleobases by pairing opposite to all the four nucleobases and maintains the overall structure of

the BDNA duplexes.
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Chapter 1

INTRODUCTION

Many exogenous and endogenous agents are capable of damaging cellular DNA,
termed as DNA damage, thereby modifying the properties of DNA or triggering mutations. Such
modifications have been shown to be responsible for mutagenesis, carcinogenesis and cell
lethality [1]. DNA damage includes base and furanose sugar modifications, abasic site formation,
single and double strand breaks, and cross linkag@k Hnd these factors play a central role in
the etiology of cancer, neurological disorders and agilagect diseases {8]. One of the most
common DNA damages is the formation of thymine glycol (Tg) from thymine upon oxidative
addition. Thymine glycol undergoes further ring fragmentation to féf(8-deoxy-b-D-erythro-
pentofuranosyl)formamide and N2-deay-b-D-erythro-pentofuranosyl)urea [913]. These
fragmented products are considered as intermediate structures between nucleobases and abasic
sites. These urea lesions were reported as beingnetrnctive [14,15] and are known to be
mutageni¢similar to abasic sites [16]. Previous studies have shown that urea lesions are capable
of forming hydrogen bonds with nucleobases after losing part of their original coding
information [9,10]. Urea lesions are poorly bypassed by DNA polymerase andlbely DNA
polymerase inn vitro [15, 17]. These urea lesions are recognized by enzymes like endonuclease
[ll, which are known to remove the lesionsHscherichia coli[18]. If these modifications are
not repaired, the polymerase can potentially incotpoaay base opposite to it, which results in
a mutation. It has been observed that the presence of urea and Tg affects the cleavage rate of
RNA-DNA hybrids by ribonuclease H, and it preferentially redirects the cleavage site lying next

to the mismatch bagmir [19]. Previous studies have also shown that the damaged site increases
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the flexibility of duplex DNA that increases protein recognition of DNA during DNA repair

mechanisms [20].

NMR studies have been performed on theDBA duplexes containing urear o
formamide lesion as a bulge or complementary to the nucleobas28][2MR studies of DNA
with urea lesion opposite to the thymine base have indicated that the urea nucleotideisdopts
andtrans conformations around the uridic bond, and these twméss were present in the ratio
of 2:3 in solution [23]. It was also observed that tifganine base pair has two hydrogen bonds
similar to regular AT base pair [23]. Furthermore, the misneatdbase pair occupied an
intrahelical position and was held bydmggen bonds with other nucleobases. NMR studies have
also reported the structures ofBNA helix with urea lesion as a bulge opposite to the abasic
site, and explained their role in frameshift mutagenesis [26]. This study had also suggested that a
kink was produced in the double helix due to the formation of hydrogen bonds with the
nucleobases in the same strand [26]. During replication, if the polymerase does not include a
nucleobase opposite to the urea lesion, then it creates frameshift mutagenésie.s8ucture
was reported in previous studies [27]. But these studies were unable to characterize the
individual structures of DNA duplexes with urea lesiormimandtransisomers due to resonance
overlap. Unlike formamide, the urea lesion occupiesaidlical and extrahelical positions
because ofhe capability of urea lesion to form unusual hydrogen bonds. Similarly, apurinic and
apyrimidinic abasic sites in DNA duplexes occupy both intrahelical and extrahelical

conformations as observed in several experimental studie?5[30

Recently we have investigated the nonbonded interactions that are responsible for the
unfolding of RNA in aqueous urea [36]. It has been shown that urea is capable of forming

hydrogen bading interactions and more interestingly stacking interactions with nucleobases,
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which is responsible for stabilizing the bases in their extrahelical conformation and hence
favoring the unfolded states, which is otherwise not possible in presence otainly[3638].
Hydrogen bonding and stacking interactions between nucleobases are two important phenomena
that are responsible for the stability of the duplex structures of DNA. Since urea is capable of
forming both, the natural question is how well uraa mimic the nucleobases within the nucleic

acid structures. Given that urea is a thymine damaged product and that it is present in DNA
structures, this question assumes higher significance in terms of understanding the structures,

dynamics, and thermodymac stabilities of nucleic acid duplexes containing urea lesions.

Although NMR experiments provide valuable information about the structures of urea and
formamide incorporated-BNA duplexes, the complete characterization of DNA duplexes with
urea lesionshas been difficult because of the resonance overlapping of the signal®6]23,
Molecular dynamics (MD) simulations are, in general, very useful in studying the structure,
dynamics and thermodynamic stability of damaged and chemically modified nucldic aci
duplexes [39%42]. In the present study, MD simulations have been performed on-DiAB
duplexes with urea lesion opposite to four nucleobases adenine (A), thymine (T), guanine (G),
and cytosine (C) in Watse@rick (WC), Hoogsteen, and sugar edged irmtiwas. Analyses of

the MD trajectories suggest that the urea lesions prefer to formlik&Chydrogen bond
interactions with the nucleobases, especially purines and can potentially mimic the nucleobases

in B-DNA duplexes.
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Chapter 2

COMPUTATIONAL METHODS

2.1 Quantum MechanicalCalculations

To investigate the paring nature of urea with nitrogeneous bases, all the canonical and
noncanonical orientations like Wats@mnick and Hoogsteen etc were considered between urea
and nitrogeneoukases. The initial geometries corresponding to pairs of urea and nucleobases A,
G, C, T were generated using Gaueswv 05 [43] software. All these geometries were optimized
using auecc-pVDZ basis set at MP2 level of theory with resolution of identiRf) (
approximation (RIMP2) in TURBOMOLE 6.2 prograrf#4] and the interaction energies were
corrected according to Basis set super position errors (BSSE) method udiiR2Rével of
theory in GAMESS[45] software. The interaction energies were calcdlas the difference
between energies of ur@aicleobase pair and sum of urea and nucleobase enddyjith® urea
nucleobase binary complexes from this study were considered for generating the initial
configurations of the urea incorporated DNA duplex@ssed on the structures typical DNA
duplex structurest is known that the distance between nitrogen atoms (N9 for purines and N1
for pyrimidines) connected to the furanoseigars of the nucleobases from the two
complementary strands is approximately 9 A. Based on this, -affcdistance of 9 + 2 A
between either of the N atom of urea and N9 of purines or N1 of pyrimidines was used to select

ureanucleobase pairs that amg@table to fit within the BDNA duplex Figure 2.1.1&g).

Initial models for urea incorporated DNA duplexes: This seletion criterion resulted in

thirteendifferent structures of ureaucleobase pairs with WC, Hoogsteen and sugar-kkige
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interactions. Th 10mer DNA sequence from the available NMR experimental study on urea
thymine base pair [23] was considered as the template sequence for modeling all the pure and
urea incorporated B®NA duplexes Figure 2.1.1h). The thymineurea pair presenin this
structure was replaced by each of the uredeobase pairs resulting in thirtedaplex structures
containing the urea lesiqirigure 2.1.1a-g). Corresponding DNA duplexes with the typical GC,

CG, AT and TA base pairs were also considered fompesison. All the urea modifications were

done by using the SYBYL prograir{pos Ing.

2.2 Molecular dynamics simulations:

CHARMM bimolecular simulation program [#iévas used to prepare the initial systems of urea
incorporated BDNA duplexes, to setup the MD simulations, to equilibrate the systems and to
perform analyses of the MD trajectories. All the production simulations were performed by
employing the NAMD bimnodecular simulation program [47CHARMMS36 all-atom parameters

[42, 4850] were used for BDNA duplex and urea. The topology and parameters corresponding
to urea nucleotide were derived from the CHARMM Generalized Force Field (CGenFF) by
combining urea, nueotide and amide parameters [5800-step minimization was performed on
each duplex using the steepest descent (SD) method by applying NOE constraints on the
hydrogen bonds present between urea and its complementary base in aDli#e @iplexes.
Anothe 500step SD minimization was performed on these systems with harmonic restraints on
the heavy atomsThen these systems were overlaid into an orthorhombic waterbox whose
dimensions were selected by extending 10 A beyond the duplex dimeniodiied TIP3P

water model [SPwas used for water.
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(b) A3

Adc

(@)

A2c

A2b

T2¢ T2b

Figure 2.1.1: Model systems of ureaucleobase pairs and DNA duplexesgf Representation of the
possible hydrogen bonding between urea and all the four nucleobagesT{and C), andh) the DNA
sequenceused to model the pure and mismatche®MA duplexes. This sequence is taken from an
earlier NMR spectroscopic study on-frer DNA duplex with ureghymine mismatch pair [21]. The
terms used for representing the urea incorporated DNA deplard throughduthe thesisare also

mentioned.
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The negative charge of the phosphate groups of DNA duplexes were neutralized by
adding sodium ions, and then the systems were minimized by performing 500 steps each of SD
and adopted basis Newton Raphson (ABNR) minimizatswhile harmonically restraining the
DNA heavy atoms. A 100 ps MD simulation was performed on each of these systems in NVT
ensemble under the same conditions used above. The final coordinates obtained after the
equilibration were then used for running puoton simulations in RT ensemble. SHAKE
algorithm [53 was used to constrain the covalent bonds involving lgetroatoms and
CRYSTAL module [54 in CHARMM was used to represent periodic boundary conditions
during equilibration. Particle medfwald (PME)summation method [5%6] was used to treat
the long range electrostatic interactions. Lensismoes (LJ) potential was truncated at 14 A by
using a force switch function [$.7An integration time step of 2 fs was used and the coordinates
were saved everp ps for further analysis. All the urea incorporated DNA duplexes were
simulated for 25 ns without any restraints for further equilibration, which ea@rsidered as the
second stage of equilibration. Further, 100 ns MD simulations were performed omplddun
which the urea lesions occupy intrahelical positions. The stable conformations obtained at the
end of the 25 ns MD simulations were used to run these simulations (see later). The temperature
and pressure were maintained gsthe NoséHoover themostat [58] and Langevin piston [b9
respectively during the simulations. Four additional simulations of duration 100 ns each were
performed on pure DNA duplexes corresponding to AT, GC, TA and CG base pairs for
comparison Eigure 2.1.1h). Visual Molecular Dynamics (VMD) program [60was used for

viewing the structures and rendering the images shown in the manuscript.
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2.3Free energy calculations

The molecular mechaniggeneralisedBorn with surface area (MMGEBSA) method was
used to calculate the binding free energies corresponding to formation of duplex from individual
strandswhich uses molecular mechanical energy, solvation energy and entropy of the system
[36, 37].

0 O O Y'Y

where'Orepresents the free energy of the systém, represents the molecular mechanical
energy which is the sum of all the energy terms in the force field equ&ionjs the solvation
free energy which is the sum of electrostai@ ( ) and norpolar (O ) solvation free
energies, Yis the absolute temperature aid is the molecular mechanical entropy of the
system. The electrostatic andnAgolar solvation free energies were calculated by using the
GeneraliseedBorn molecular volume (GBMV) method aid [ 2"Y0 "YWwherel =
0.0072 kcal motA=? respectively. The'Yd "Yiepresents the solvent accessible surface area
calcuated by using a small probe witadius 1.4 A. The binding free energy can be calculated as

the difference in the free energies of the duplex, and the sum of the free energies of the

individual components.

YO O O O

where'O RO ot O represent the free energies of the duplex and individual

strands present in the duplex calculated using the above equation.
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Chapter 3

RESULTS AND DISCUSSION

3.1 QM calculations onurea-nucleobase pairs

(a) Guanine-Urea

e
.
re

o
hG1:-21.1 """~

o

¢ 2991303 %

‘2.85 2.77%

hG3: -12.7 hG2: -14.7

(d) Uracil-Urea
hU2:-13.7
289"

0., 279
280 "«

S 30573298 b
33177 % :
: i 1 2.75:
hA6: -6.1

Figure 3.11: Various conformations depicting hydrogen bonding between urea and the

nucleobasesThe interaction energies for each of the conformatioksal/molare also given.
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We have performed QM calculations to investigale possible hydrogen bonded
interactions of urea with all the DNA nucleobases and have observedi¢h&tysrogen bonded
interactions give rise to stabili (Figueiddd. energ
The interaction energies nticleobases and urealculated from the above studye comparable
to the interaction energies of the usual base palescan thus conclude that urea forms strong
hydrogen bonded interactions with all the nucleobases in many of the conformations.yTo stud
how urea would interact with nucleobaseside the DNA double helix we introduce a
mismatched base pair with urea replacing a mbelse in one of the strandssing the selection
criteria based on theut-off distance of 9 + 2 A between either of theatdm of urea and N9 of
purines or N1 of pyrimidines described abowe modeledhe mismatched base pair according
to the conformations studied in the QM calculations and performed molecular dynamics
simulations to study the stability of the double helikich incorporates the mismatched base

pair in various conformations.

3.2 Stable structures obtained from initial simulations

Structural Deviations and Dynamics:

The propagation of urea incorporated DNA duplexes are assessed by calculating root mean
square (rms) deviations. The rms deviations corresponding to all the 13 urea incorporated
systems were calculated with respect to their starting conforrsatlong the simulation time
(Figure 3.12). The rmsdeviations corresponding to bases and backbone of the duplexes were
also calcudted. The variations in rms deviations of full duplex, bases and backbone indicate that

the structural deviations are small compared to their respective starting strucligedirig close
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behaviourwith the initial conformation. Visual inspection of the trajectories showed that the
DNA duplex with C2c conformatiolost its base pairing interactions and became unstable. This
can be seen by the higher rms deviation valuegsponding to the duplex with conformation

C2c than the other duplexdsdure 3.12).

5
4
ot 3
-
a
N
Ez_ e
1 _
0 - 20020000 0 ® o o o 0
dda2<c2< RO N R

Figure 3.1.2 Average RMSD valuefor all the urea incorporated DNA duplexes averagesr

the simulation period

Thus, this conformation, C2c, is not considered for further analgsislar to previous NMR
studies all the urea nucleotides occupied intrahelmagition in the duplex. Interestingly, some

of the ureanucleobase pair conformations simply transformed into other conformations within a
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few ns of the simulation time, indicating the stability of the duplexes with certain base pair
conformations. The diexes with conformation&3b, A3c, A6b and A6c converteid other

conformations A3a, A5c, A2b and A2c respectivélig(re 3.1.3).

A6b (A2b)

d)

A6c (A2¢)

Figure 3.13: Conformations changing to other conformations within a few ns of MD

simulations

So the further analysis is restricted to the duplexes with stable conformations only. Hence the

total number of final structures considered for further analysis were reduced from 13 to 8.
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To understand the similarity of the urea incorporated DNA duplexéstypical B-DNA
structure, rms deviations with respecttte typical B-DNA duplex conformation were also
calculated for all the duplexes. The time series of rmsd plots indicate that the urea incorporated
duplexes do not deviate much from the typicdDBA confarmation, indicating the preservation
of B-form characteristics of the urea modified duplexegyre 3.14). The small deviations
observed in both backbone and base of all these stable duplexes further suppeforthe B

nature of the duplexes.

A2b i

C2b

RMSD (A)
O N AO N O N O N O N O N O N F-
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I A6C 1 0 85 10 15 20 25
A At o Time (1)

10 15 20 25
Time (ns)
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Figure 3.14: Times series of root mean square (RMS) deviations for all the duplexes in

reference to their respective initial structure.
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Figure 3.15: Probability distribution of the two hydrogen bonds between urea and the

complementary bases presenall the DNA duplexes.
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