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ABSTRACT 

Design of small molecules that can bind to DNA in a sequence-specific 

manner with affinities comparable to regulatory proteins, thus having the potential to 

modulate DNA replication or transcription, is of considerable interest in anticancer 

and antibiotic therapy. A reliable and theoretically rigorous computational protocol 

for studying the structure-energy relationships in DNA-drug complexes and 

estimation of DNA-drug binding affinity would greatly facilitate rapid design and 

screening of lead-like molecules targeted to DNA as well as enhance the present 

understanding of DNA recognition. Development of such a protocol entails an 

exhaustive study of the structure, dynamics and thermodynamics of DNA-drug 

complexes to discern factors important to binding affinity and specificity. DNA-minor 

groove binder complexes form a suitable series for a systematic investigation since 

many crystal structures are available for these and their thermodynamics has been 

well characterized experimentally. Chapter I discusses the current status of computer-

aided drug design in general, the significance of DNA as a macromolecular target, 

small molecules targeting DNA and experimental as well as theoretical studies on 

DNA-drug interactions. 

Computational studies on DNA—drug complexes traversed from the initial 

energy minimization-based modeling era through a period marked with rapid 

developments in the theory of DNA simulation, improvements in force fields for 

nucleic acids and small molecules and other methodological advancements to the 

present age where advanced explicit solvent simulations and free energy calculations 

can be performed routinely. However, computational complexities persist in the 
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treatment of DNA-drug complexes, thus limiting these studies to only a few systems 

and the information obtained from these studies, though valuable, is insufficient to 

enable the extraction of a set of general principles for DNA-drug binding. Thus, the 

development of a state-of-the-art computational protocol for accurate modeling of 

DNA-drug and estimation of binding affinity is of immediate value in understanding 

DNA recognition and aiding drug design. Chapter II discusses the computational 

methodology developed for this purpose and the theory behind the binding affinity 

estimation methods developed and employed to study DNA-drug binding energetics. 

Thermodynamics of DNA-drug binding and the various energetic and 

structural factors involved in DNA minor groove recognition are investigated via a 

computational study on energy-minimized structures of 25 DNA-drug complexes and 

the results are presented in Chapter III. Energetics of the 25 DNA-minor groove 

binder complexes is developed using the MMGBSA methodology, the nature and 

contribution of the diverse binding free energy components including the significance 

of van der Waals, electrostatics and hydrogen bonding interactions and possible 

threshold limits for some of these properties in terms of optimal binding are analyzed. 

The successful application of this information to modify a known ligand for 

improving its binding affinity is demonstrated. Molecular dynamics simulations 

performed on two representative systems corroborate the conclusions derived from 

the thermodynamic study. Chapter III discusses the molecular thermodynamics of the 

25 DNA-minor groove binder complexes and the availability of a computationally 

viable free energy methodology that could be of value in drug design. 
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Structural and thermodynamic studies in a dynamic environment afford an 

enhanced view of binding and recognition, hence extensive molecular dynamics 

simulations (10 ns each) on 25 DNA-minor groove binder complexes were carried out 

and the analyses are reported in Chapter IV. The molecular dynamics simulations also 

introduce theoretical rigor into binding free energy estimates and eliminate some of 

the limitations inherent in the single point free energy calculations. Free energy 

component analyses reveal improved binding free energy estimates, reflecting the 

effects of thermal averaging, dynamics, solvent and counterion effects. Structural 

studies on the DNA and the surrounding solvent and counterions are also carried out. 

Also, a novel atomic level model for a static and dynamic view of DNA recognition 

derived from a new classification of contacts based on hydrogen bonding and steric 

complementarity is developed. A detailed discussion of these observations and results 

is presented in Chapter IV. 

Development of a computational tool that can provide quick and accurate 

estimates of binding affinities for DNA-drug complexes can assist in speedy and 

efficient design of new drugs for DNA. Though several energy I scoring functions 

have been reported in literature for protein-drug, protein-DNA and protein-protein 

binding affinity estimations, and some presented as computational tools, parallel 

efforts for DNA-drug systems have been lacking and existing methods such as 

MMGBSA and MMPBSA have their limitations. PreDDICTA, discussed in Chapter 

V, is a computational protocol developed to calculate DNA-drug binding affinity, and 

represents a step towards filling this lacuna. The PreDDICTA energy function is 

validated on 50 DNA-minor groove binder complexes including crystal and model- 

vi 



built structures and the protocol is translated into a swift, web-enabled computational 

tool and made freely available at http://www.scfbio-iitd.res.in/preddicta  for AG°  and 

AT,„ predictions of DNA-minor groove binder complexes. Chapter V discusses the 

development of this energy function, its validation and details about the web-based 

computational tool. 

Design of novel molecules and the assessment of their stability and energetics 

being a direct application of the computational methodologies and binding affinity 

prediction methods discussed in the thesis, the methodology was extended to an in 

silico design and study of novel modified nucleotides and is discussed in Chapter VI. 

The computational protocol adopted to study DNA-drug interaction and the energy 

function in PreDDICTA being phenomenon-based, are extendable to other 

biomolecular interactions such as DNA-protein, protein-drug, protein-protein as well 

as DNA interstrand interactions, as demonstrated in this study. Five novel modified 

nucleotides were designed keeping in view that structural asymmetry (5' 4 3') 

associated with each strand of the DNA is due to the C3' to C2' bond in each 

nucleotide unit and the absence of this bond results in symmetric nucleic acids of 

potential synthetic and therapeutic interest. Detailed structural and energetic analyses 

were carried out on double helices comprising these acyclonucleotides and the results 

are reported in Chapter VI. 

In summary, this thesis addresses dynamic, thermodynamic and structural 

studies of a series of DNA-minor groove binder complexes via computer modeling 

and simulations, discusses structure-energy relationships and molecular attributes of 

DNA recognition emerging from these studies, presents the subsequent development 
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of a web-enabled computational protocol to elicit reliable estimates of DNA-drug 

binding free energies and AT,„ and finally discusses the application of the 

methodology to study some novel designed oligoacyclonucleotides. 
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