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De Novo drug design approaches generate novel molecules out of building blocks consi sting of sin-
gle atoms or fragments. Global optimization algorithms are usually employed to search the chemical
space by generating new molecular structures through probing many different fragments in a combi-
natorial fashion. However, combinatorial drug design is naturally limited by several pivot features; a)
conventional representation methods fail to model the flexibility of the receptor in the 3D space, b)
failure in biasing the generated structure towards a validated structure of similar motifs, and c) gener-
ating hundreds of thousands of poses which requires a high performance parallel system to generate
complex structures. '

Advanced Evolutionary Algorithms (EAs) are computationally intensive and often contain search
algorithms within a search algorithm. Given their performance for complex problems, they are of great
interest to De Novo ligand design. Conventionally, EAs were implemented on large clusters and super
computers to reduce the execution time. However, Supercomputers are not accessible to an average
person or business. Processors like Graphical Processing Units (GPUs) provide an unprecedented
amount of computing power in a workstation. However, EAs in their simple form are not suitable for
implementation over SIMD type architectures.

This dissertation proposes EAs designed for addressing the specific needs of De Novo ligand design
while performing efficiently over GPU. The first challenge was modeling the natural phenomenon of
flexible receptors in the same algorithm that searches the chemical space. The main contribution
for this research includes a new encoding scheme that represents candidate solutions as a series of
transformations modeling structure and/or posing search. The results first proved the functionality of
combining structure/posing search in one step. Second it enabled the regeneration of structures in the
ZINC database reported to have used the docking in a separate step (with even manual interaction in
some cases) which improved the results by up to 1.6 times (note that this is a high percentage for a
process with very high precision as binding).

In the next step, a new approach for multi-objective optimization was introduced to the De Novo
ligand design. The basic idea was to combine the conventional force field with the 3D overlap of
a known structure. This enabled biasing the population to known effective structures and avoiding
divergence into structures not confirmed by X-ray. This approach showed essential when searching
for real-world ligands. I provided a detailed empirical analysis of the effect of biasing to 3D overlaps
on the volume produced and the trajectory of the search procedure. Three structures of motifs similar
to structures in the ZINC database were regenerated at less than have the runtime reported in ZINC

and in a single algorithm (i.e. results reported in ZINC were outcome of different programs running in
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serial).

For the next step, the generation of complex structures that are of real interest to the community
was identified to depend on a large database of fragments (in order of thousands) and with more than
4 rotation points in the docking process. This means using a high performance parallel system is De
Facto. I introduced the use of GPU in De Novo ligand design (first to the knowledge of the author).
The motivation was to combine an effective search technique with the high cost efficiency to enable
high level simulations that would normally need high-cost conventional clusters with a complicated
workflow of programs. The designed algorithms were carefully optimized and tuned for the SIMT
architecture of GPU. The optimization did not involve just mere adaptation; new techniques and data
handling patterns were used to drive the efficiency higher. Comparison with other state-of-art parallel
systems showed a speedup of up to 30x in some cases at a very low cost.

Finally, I targeted the LiverX receptor which is a challenging receptor requiring a highly complex
structure. The results of long simulations produced new structures when compared to structures with
similar motifs in ZINC, have better binging affinity. Note that this would mean that the search for the
structure and the search for the posing were both competitive. This algorithm was tested against at least
one commercial docking package and the results were highly encouraging. The generated structures
were of better affinity while achieving a speedup for single precision GPU implementation over 42x
and the speedups for double precision implementation of over 20x.

During this research I found that when accurately modeling the specifics of binding, combinatorial
optimizing can be a great tool for In Silico molecular modeling. During all the above mentioned
research projects a significant consideration was given to optimize the implementation in order to

maximize the hardware resource utilization.
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