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A LARGE SCALE DEEP LEARNING APPLICATION FOR PROTEIN STRUCTURE
PREDICTION AND ANALYSIS

CHINUA T. UMOJA

Under the Direction of Robert Harrison, PhD

ABSTRACT

Proteins are such a vital piece of the scientific community’s understanding of molecular
interactions in organisms, which is why the accurate analysis of proteins are such a pivotal
piece of drug and toxin design. In this research we introduce the foundation of a software
suite of interconnected novel tools that use machine learning and deep learning tools. These
tools will provide not only insights and connected patterns about the proteins that they

study, but also a new data set of information that can be used in future research. This tool



would enable analysis from several different inputs, such as: the primary protein structure,
FASTA, DSSP, or PDB files. Also, in this research we introduce a database of results that
would use similar analysis techniques as social media analysis tools to attempt to analyze
the interconnected nature of proteins in a meaningful way. This research is not intended to
be considered a final product but a foundation and proof of concept. The favorable results
found by the initial tools being used as inspiration along with a clear path of the future to
build a more complete tool with the goals of one day being made publicly so the information
can grow to its full potential.
INDEX WORDS:  Protein Structure Prediction, Restricted Boltzmann Machines, Genetic
Algorithm, Shape Prediction, Protein Footprint, Weisfeiler-Lehman

Graph Kernels, Protein-Protein Interaction Network, Fuzzy Determi-
nation
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PART 1

INTRODUCTION

Since their introduction into early education, proteins are coined as ”the building blocks
of life.” Proteins are responsible for the most basic functions that occur in an organism, and
they extend well beyond the layman’s understanding of” muscle development.” In the aca-
demic world, the study of proteins is a significant area of research. It is the physical sciences of
biology and chemistry and the theoretical and mathematical disciplines of computer science
and statistics. These research areas extend to concepts like low energy protein structure
confirmations, protein functions and molecular interactions, protein folding patterns and
shape, etc. Although there has been an ample number of research projects focusing on the
analysis of proteins, developing a tool that can speedily and accurately give you valuable
information or draw new conclusions about individual proteins remains a large area of need

in the aforementioned fields.

1.1 An Overview of Computational Protein Analysis

Proteins are a class ofcompounds that consist of large molecules composed of one or more
long chains of amino acids; where amino acids are a simple organic compound containing
both a carboxyl (-COOH) and an amino (-NHj) group. Proteins are responsible for the
most basic functions that occur in an organism, which include but are not limited to energy
production, waste and toxin removal, movement, and cellular communication. Individual

proteins are defined by their structures which are represented in the following classes:

e Primary Structure - The sequence consisting of any number of the 20 different standard

amino acids used by cells for protein construction. Figure 1.1.

e Secondary Structure - Distinct local structural conformations that can occur in the

protein, these are dependent upon hydrogen bonding. Figure 1.2.



IVEGSDAEIGMSPWQVMLFRKSPQELLCGASLISDRWVLT
AAHCLLYPPWDKNFTENDLLVRIGKHSRTRYERNIEKISM
LEKIYIHPRYNWRENLDRDIALMKLKKPVAFSDYIHPVCL
PDRETAASLLOAGYKGRVTGWGNLKETWTANVGKGQOPSVL
QVVNLPIVERPVCKDSTRIRITDNMFCAGYKPDEGKRGDA
CEGDSGGPFVMKSPFNNRWYQMGIVSWGEGCDRDGKYGFY
THVFRLKRKWIQKVIDQFGE

Figure 1.1. Primary sequence of protein 1AIX [1].

Figure 1.2. Secondary structure of protein 1AIX.

e Tertiary Structure - The molecules that comprise the protein in a three-dimensional
space that correlates with a three-dimensional shape. The positions of molecules are
said to be determined by the lowest energy state in such a way that molecules may

achieve maximum stability. Figure 1.3.

e Quaternary Structure - The interactions and arrangement amongst separate protein

subunits that create a larger protein complex.



Figure 1.3. A tertiary mesh of the surface of protein 1AIX.

1.2 Genetic Algorithms

To be general, the study of proteins has presented a very robust problem set in computer

science. The computational analysis of proteins has historically included:

e Comparison of protein sequences.

e The determination and prediction of functional groupings based on sequence and struc-

ture.
e The prediction of more complicated structures based on primary structure.

e The prediction (and analysis) of molecular interactions.

Examples of computational analysis of proteins will be discussed over the next few

subsections.

1.2.1 Sequence Alignment

Sequence alignment is used to identify regions of similarity that may be a consequence

of functional, structural, or evolutionary relationships between the sequences. The first



dynamic programming algorithm to determine the two sequences’ best global alignment came
in 1970 [3], the Needleman—Wunsch Algorithm. This algorithm assigns a value for aligning
the two sequences by using replacements, deletions, and insertions. In 1981 [4], the Smith-
Waterman algorithm introduced a new scoring system that allowed for determining similarity
between regions of protein sequence, otherwise called local sequence alignment. Although
this happens at the global score’s expense, global algorithms are generally not sensitive for
highly diverged sequences with some localized similarities within them. These and other
advancements in sequence alignment have provided a lot of knowledge when determining

secondary protein structures.

1.2.2 Protein Structure Prediction

Protein structure prediction is one of the most popular areas of study in protein analysis.
It is defined by the understanding and prediction of the protein’s tertiary structure from
its primary structure. When referring to the protein structure, we are talking about the
functional conformation of that protein; each atom that makes up the protein has its charge;
the composition of these atoms inside the protein creates the protein’s electrical potential
overall. This electrical potential and charge information allows for what we consider the
function of the protein — i.e., the way other molecules interact with the protein as a whole.

The application for the determination of protein structure has produced many advances
in the biotechnological field: the design of new proteins and folds [5]; disease study [6]; drug
design projects [7]; refinement of theoretical models obtained by comparative modeling [8];
and obtaining experimental structures from incomplete nuclear magnetic resonance data [9].
To be able to predict the native structures of proteins would help the scientific community
take advantage of the large amount of biological information that is being generated by
genome sequencing projects; It would also allow for labs and researchers to determine when /if
human error took place in the sampling or collection of protein data.

Determining the protein structure is one said by many to be viewed as the most ex-

citing challenges of modern computational biology [10]. Not only has determining protein



Figure 1.4. Lock and key representation of molecular docking. Left: blue represents a small
molecule or substrate; green represents a protein or enzyme. Right: small molecule bound
in a protein.

structures from their respective amino acid sequences remained a central problem in com-
putational biology, but this determination has also crept its way into computer science and
machine learning because of the scope and complexity of the problem. Even some of the
most simplistic reductions of the structure prediction problem have been deemed an NP-Hard

problem [11][12].

1.2.3 Molecular Interactions of Proteins

The study of proteins’ molecular interactions is dedicated to determining how proteins
interact with other macromolecules, ligands (a molecule that binds to another molecule),
and proteins, represented in Figure 1.4. This study area is of the practical implication of
protein function and has a great deal of impact on drug and toxin design because of it. Stud-
ies in the area have often been done under binding affinity, protein-ligand interaction, and
protein-protein interaction. Proteins have such a wide array of interactions with many other
molecules (some that extend further than just direct physical interactions), and tracking
these interactions can form a functional web of protein-protein links, much like social media
networks and the interactions between users on a platform. Proteins do not necessarily
need to undergo a stable physical interaction to have a specific functional effect: proteins can

catalyze subsequent reactions in a metabolic pathway; proteins can regulate each other tran-



scriptionally or post-transcriptionally; or proteins can jointly contribute to larger, structural
assemblies without ever making direct contact. Empirical scoring functions have been de-
veloped to estimate the binding affinity of a given protein-ligand or protein-protein complex
with known three-dimensional structures. These scoring functions include terms accounting
for Van der Waals interactions, hydrogen bonding, deformation penalty, and hydrophobic
effect. Three different algorithms have been implemented to calculate the hydrophobic effect
term, which can generally be run in parallel and used as scoring functions [13].

The timely determination of molecular interactions at the protein level is a significant
focus of the pharmaceutical industry. The ability to have methods with fast producing
and accurate results are essential to most techniques for structure-based drug design; these
techniques also greatly aid in making medicines and analyzing toxins, so the speed of the
results they generate has a direct impact on the lives that could be affected. This concept
will be vital to one of the primary goals of this overall research later in this document and

is a foundation for the research.

1.3 Tool Proposal

The overarching goal of this research is to provide a foundation for the development
of a suite of machine learning applications and standalone tools that in combination allows
for users to analyze proteins in multiple aspects from multiple starting points, as well as
draw more profound conclusions from these protein conformations, and the information that
generates them so that we can be advanced our overall understanding of how composition
affects function. After development and integration, if managed properly, this software suite
should be able to draw connections well past the currently available tools and apply a social
media analysis tool to determine deeper meaning in protein interactions. This research would
also lead to creating a database of reliable and verified information that could be used as
training and testing sets for future research not tied to this project. The product of this

research should be able to:

e determine the functional conformations of proteins from primary and secondary se-



quence
e determine likely mobility of atoms in the protein conformation
e determine likely folding patterns of the protein

e determine the potential interactions of protein-ligand and protein-protein complexes
using binding affinity calculations and the shape information gathered from the topol-

ogy of the tertiary structure of both molecules

e establish a database of proteins, protein shapes, and interactions that can be analyzed

for deeper patterns of connection

That being said, the analysis of a protein’s primary structure to determine its overall tertiary
structure would be based on using a predetermined secondary structure in combination
with empirical scoring functions to determine the all-atom low energy conformation of the
protein. The methodology for predicting the tertiary structure uses a GA that judges the
likelihood of a structure based on the conformation energies in the system and the secondary
structures present in the tertiary conformation versus the structures that were predicted
from its primary structure. These conformations are giving us likely positions of atoms in the
protein and, in combination with a fuzzy logic, a potential range of movement that can exist
for individual atoms or amino acids in the protein itself. After the possible conformations
have been determined, we can also resolve the shape of the protein, particularly the individual
pockets around the surface that can be used to reduce the search space in the determination

of potential binding with other molecules.

1.3.1 Binding Site Prediction

This step of the tool, which is used to determine the binding affinity of regions of the
protein, is done by determining the shape topology of the ab initio (all-atom) confirmation
of the tertiary structure that is used as input into this stage of the software suite. This

stage designs a surface around the protein structure based on the Van Der Waals forces of



each atom, and then the exterior or reachable area of the protein is also mapped. In this
shell mapping, small and large molecules that have been previously measured by this tool are
compared to the inverse of the mapping to see if the shapes can fit given the valleys and peaks
that may naturally occur in the mapping; these areas have been named functional footprints.
Each functional footprint is measured for electrostatic potential, Leonard—Jones potential,
and Coulomb’s potential to judge its merits for docking against other functional footprints
that are of similar shape as well as footprints that can fit within them. This information
will be used to determine similar functional groups and potential binding locations for other
proteins and molecular compounds.

Adjustments can be made to the initial algorithm developed to allow mobility amongst
the atoms in the tertiary structures sent in from the recently mentioned step. This step
is meant to allow for a level of flexibility amongst the protein shapes, dependent upon the
electrical conformation of the space it currently occupies. The functional footprints can also
be allowed to adjust for this range to allow for greater flexibility in functional footprints to
be matched.

As the information that has been and will be stored in a database grows with the use of
the tool, it is believed that this will hopefully lead to functional group determination based
on shape and charge information; as well as become a source of information for potential
connections between proteins and. Other molecules big and small alike. Amino acid grouping
of these areas can be studied to determine the pattern that leads to the individual functional
groupings. This tool can also lead to larger data sets to allow for deep learning applications

between the protein’s different structural classes.

Preliminary Results The current version of the algorithm uses a single probe per
shape, comparison measures for shape similarity to consider the width, height, and depth of a
potential docking location, and produces good results in terms of speed of return. Fuzzy logic
is applied to both the shape and the electrical potential separately; then, the membership

values are applied to a logical AND operation by multiplying the two values together using



standard fuzzy logic. When we ran the Darunavir molecule on the shapes which correlated to
each of the seven proteins in the database, it searched through all feasible docking locations
on each protein very quickly.

With already favorable results, it is believed that advances can be made with concepts
introduced in this dissertation. Those advances will allow for even greater success in predict-
ing known locations. Moreover, the natural usage and growth of the database shall result in
this system becoming a repository of similar data; in the future, it would also be desirable
to use machine learning techniques, such as ANNs and potentially RBMs, to find functional
groups of proteins using shared shape information, as geometry plays a large role in protein
function. The determination and classification of functional groups of proteins is a large

open area in the bioinformatics community.

1.3.2  Tertiary Structure Prediction

To generate highly favorable tertiary structures as a possible input to the shape deter-
mination, a hybridized genetic algorithm will be introduced for the tool’s tertiary prediction
portion. This algorithm attempts to integrate the accuracy of secondary structure predictors,
like Support Vector Machines and Artificial Neural Networks, with the search optimization
of the Genetic Algorithm to find protein conformations that are energetically favorable as
well as attempting to maintain the predicted secondary structure. This algorithm requires
not only the initial primary protein sequence as well as the secondary structure information
that is attributed to each amino acid (which can be derived from the next section), but this
algorithm will also need a fast-acting determination of the secondary structures present in
the three-dimensional conformations of the predicted proteins. This portion of the algorithm
must happen fast enough to allow for the program to generate a wide variety of conforma-
tions and run a shape comparison without requiring a vast amount of time between each
generation.

Genetic Algorithms that find the most favorable conformations of protein have been

done. The only methodologies that integrate the secondary structures of proteins are models
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that involve threading or adjusting the phi and psi torsion angles in between those structures.
The algorithm we propose is wildly different than these models because it operates closer to
an all-atom form where the torsion angle between the alpha carbons of each amino acid will
the elements be adjusted. The knowledge of secondary structure is only applied to the fitness
function; this will allow the individual molecules to loosen and find more positions of energetic
preference. This will also give us information on the mobility and folding patterns of certain
regions on the protein, allowing for the binding step of the tool to have information on how
stationary the protein is at certain parts. The desire is this improves the overall accuracy
of the all-atom tertiary structure predictors in comparison to what has been visualized by

real-life experimentation; historically these two have not lined up very accurately.

1.3.3  Secondary Structure Prediction and Determination

This portion of the tool is dedicated to supplying secondary structure information as
input to the hybridized genetic algorithms fitness function to check against generated con-
formations; this with the goal to help increase the accuracy of the ab initio tertiary structure
prediction. Secondary structure predictors have already been well established to determine
highly accurate predictions of secondary structures from primary structures; and though this
area has already been researched, we attempt a novel application of a neural network that
creates a quick prediction that can be attached to an in house tertiary structure predictor.
This being said, the use of another secondary structure tool that can easily be integrated
into our tool, as long as it is fast and can easily express its final result.

In this research, the novel application of the Restricted Boltzmann Machine (RBM),
with different encoding methodologies will be applied to protein data with the goal of pre-
dicting secondary structures within the protein. These encodings range from just including
the amino acid code to using the codons used to create the individual amino acids, including
extra information regarding the amino acid being hydrophobic versus hydrophilic, polar vs.
charged, etc. Comparisons with other popular and highly accurate techniques will also occur

for large and small protein sizes.
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The primary goal of this is to prove that one of the RBM encoding types will be
able to produce results very rapidly compared to the more popular methods and remain as
accurate as of the more popular methods. The more popular methods could also be used,
but it would severely reduce the tertiary prediction model’s speed. The secondary goal of
this research is to leverage the RBM model to use and create deep learning techniques to
find any underlying patterns in the construction of the secondary structures; this concept
alone, if valuable pattern information can be pulled from the model, would be a significant
advancement in the community understanding of how and why secondary structures for in
proteins.

Even though the suite tool’s beauty is that any step can be interchanged with either
the finished product or another methodology to produce the same result, RBMs speed and

size would be the preferred method to allow for machine limitations as the speed of runtime.

Preliminary Results Our lab has developed multiple methodologies RBMs to test
the feasibility of the concept that the RBM would be an excellent machine-learning algorithm
to analyze and predict the secondary structure; the primary being: a standard RBM (con-
trastive divergence and back-propagation learning strategy), a full-Ising RBM (minimizes
the free energy of the system to approximate the minimum gradient), and a clique RBM. In
the full Ising model, an application of Ising’s Exact Solution is applied to allow for a slight
speedup in selecting what is interpreted to be node values and weight adjustments.

Using a standard and full Ising RBM, we were able to train models to recognize an
a-helix with a fair degree of accuracy. A sample of 160 member proteins was taken (from a
collection of over 2000 proteins with a-helicies) and used as a training set. From this training
set, we recognized the a-helix structures that we were training the model for and some a-helix
that were not. Its worth mentioning that sequences that were significantly different from the
relatively small training set used in creating the model were not well detected (even though
some things are still recognized). This difference indicates that there may need to be different

strategies to be applied in our training steps that may require a more extensive training set
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or multiple RBMs to detect a diverse group of secondary structure conformations. These
results strongly suggest that RBMs are a useful way to encode higher-order descriptions of

protein structure.

1.3.4 Protein-Protein Interaction Analysis

In the final significant section of this research, we will describe the software suite are
used to analyze the interactions between proteins and other molecules. In the system we
have described in the other sections, potential interactions of various types are collected,
and no more profound analysis plan is described. In my proposed system, we would store
the information about these relationships in the form graph and keep these connections
using a graph database platform like neo4j. At this point, we would be able to analyze
the relationships of the proteins themselves in a very similar manner to how they study the
interconnected relationship between users in a social network like Facebook, Instagram, or
Twitter. When applied to the information stored in our system, we would determine the
similarity between proteins because of the information they hold and the topology of their
graph kernels and relationship sub-graphs. We may even be able to conclude what molecules
may be missing from individual interaction networks applied in that position.

This research proposes an adjustment upon the Weisfeiler-Lehman Graph Kernel al-
gorithm that studies not only the topology of an interconnected element explicitly based
upon the classification of edges that link nodes together but allows for patterns of specific
classifications to be used in this analysis. This form of analysis will provide more accurate
information about the type of edges that may exist between two nodes in a graph kernel.
Still, it will allow those using the tool to determine if there are deeper connections in the
two graph kernels they are analyzing.

Due to sample size limitations and data reliability, a proof of concept of this theory
is applied to a social media data set instead of one of a biological nature. The application
of the described graph labeling technique is performed on a social media site that provides

information about user feelings upon connections: upvote/like vs. downvote/dislike; senti-
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ment analysis of comments left under the original post; emoticons posted on messages and
pictures; etc. This analysis was done with the standard Weisfeiler-Lehman Graph Kernel
algorithm on the graph kernels of users in the system, as well as using the relationship-based
Weisfeiler-Lehman Graph Kernel algorithm. This comparison is made to determine if using
the relationship-based Weisfeiler-Lehman Graph Kernel, as many conclusions can be drawn
from the same data if not more robust findings. This would be a controlled test where both
methods are used to analyze the system, and then edges are removed to determine if both

systems would be able to predict what type of edge would be missing.

1.4 Research Outline

During this document, you as the reader will be presented with a chronology of tools and
information that details this research’s ever-growing nature. The research will start as the
project began, providing an accounting of the tool that prompted this research, ShapeDoc: a
tool created to significantly reduce the search space to determine binding locations for small
molecules on proteins. Next, the reader will be provided a history of the machine learning
applications used to determine the tertiary structures of proteins and the initial drawbacks
and results of the goals attempted by the Computer Science researchers that studied them.
After this, a hybrid evolutionary algorithm for determining likely protein conformation will
be discussed; as well as the limitation posed to it for the level of the desired accuracy. This
portion of the research has to be noted as a future goal after other pieces are in place to
make the desired algorithm perform as quickly as possible and produce multiple favorable
results that would hopefully provide insight into the potential folding patterns and atom
mobility within the macromolecules themselves. The penultimate area of the research will
discuss the use of the RBM in the fast and accurate prediction of secondary structures from
sequences of amino acid strings and the inspiration it provided for the full-Ising RBM and the
creation of the clique RBM. In the final area of research, we will define the Weisfeiler-Lehman
Relationship Graph Kernel and detail its potential use in the analysis of protein-protein and

protein-ligand interaction networks; as well as apply this strategy, as a proof of concept,
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to the data pulled from the Stack Exchange data dump of the cstheory section of the site.
This research will study and compare the graph kernels’ isomorphic nature queried and
determine specific elements of graphs that may be missing information. This document will
then conclude with future desires for the overarching project and the next steps in creating

a full tool to achieve the desired level of protein analysis.
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PART 2

SHAPE DETERMINATION BASED OFF OF PREDICTED STRUCTURE

In this chapter, a method of searching for possible docking locations between a molecule
and a protein is proposed. This novel method is done by determining and storing the unique
shape conformations of a molecule and determining each shape’s charge information. This
area of the research portion was the inspiration for the entire software suite. Additional
tools were made to improve the results this method provides and analyze, track, and verify
potential connections determined by this algorithm. This research area also has the most
practical implication as to its impacts on the field of drug and toxin design and analysis so
much.

When it comes to analyzing drugs/toxins and their effect on organisms, the computa-
tional prediction of the binding of small molecules to proteins is a critical first step in devel-
oping novel drugs, inhibitors, and toxins. While many approaches for predicting binding have
been developed and widely used in computational chemistry, there is room for significant
improvement in computational performance and prediction accuracy. This work aimed to
develop a very efficient algorithm for the rapid screening of many molecules (small and large)
that is still reasonably accurate and suitable for data mining of chemical databases. The
method described in this chapter runs a comparison of the shape and charge information,

which is used to create a fuzzy measure that ranks the likelihood of docking.

2.1 Introduction

Molecular docking is a computational procedure that attempts to predict the non-
covalent binding of macromolecules with other ligands; where non-covalent interactions are
molecular interactions that do not involve the sharing of electrons, non-covalent interac-

tions instead involve dispersed variations of electromagnetic interactions between molecules
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or within a molecule. This non-covalent binding can affect the behavior of the molecules
around the protein [14] and lead to various effects in organisms, whether those effects are the
production of inhibitors or the reproduction of viruses. For this reason, the determination of
the binding of small molecules to proteins has a convenient application in the field of drug
and toxin design [15].

There are many molecular docking methods, and the algorithms to predict binding that
is being developed are steadily increasing [16]. Many of these algorithms share common

methods with some of the most popular being:
e Molecular Dynamics Methods [17] [18]

Genetic Algorithms and evolutionary programming [19]

Fragment-based methods [20] [21]

Point Complementary Methods [22]

Quantitative Structure-Activity Relationship (QSAR) Models [23]

Where the terms above are defined, molecular dynamics methods are those in which
simulations of protein solutions are performed with constant temperature or pressure, where
what is analyzed is the conformational energies of the overall solution and the protein as
well as the fluctuations of large molecules in solution or crystal environments; genetic algo-
rithm methods are those involving general optimization algorithms that mimic the process
of evolution through Darwinian natural selection, gene mutation, and reproduction; where
fragment-based methods are those that attempt to use the divide and conquer strategy,
that molecules are broken into fragments that are docked independently, and the molecule
is rebuilt from adjacent fragment orientations [20]. The point-complementary methods use
geometric recognition algorithms that use pattern recognition from a geometric approach to
identify if the molecular surface is complementary. And where quantitative structure-activity
relationship models are those that aim to find reliable measures of predicting the interaction

of large numbers of molecules with each other [23].
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Our novel method performs the classification of shapes along each protein and molecule
to significantly reduce the search space of likely docking locations by eliminating pairings
of unlikely or seemingly impossible shapes. Our algorithm’s cornerstone was the integration
of a relational database to hold the atom and protein data. In small-molecule files, using
the information, it contains to calculate the electromagnetic potential or charge information.
We also calculate the gradient of potential for each shape to measure binding affinity. With
the shape information and the gradient of the potential, a fuzzy determination is created to
determine the possible docking locations’ ranking system. Using a set of 13000 atoms, we
proved that our method succeeds in considerably speeding up the process of finding potential

docking locations.

2.2 Methodology

The algorithm for the tool this research has named ShapeDoc is relatively simple, but
the results are quite effective. In our methodology, we leverage our shape determination and
our use of relational databases to reduce our problem’s search space and increase the overall

speed at which we can find solutions. To do this, we follow the following algorithm:

1. Import the protein into the database as individual atom types, their respective x,y,z

coordinates, and the amino acid in which they belong
2. Determine the surface of the protein-based on Van-Der Waals radius
3. Classify Shapes around the protein
4. Determine the electric potential of areas around shapes
5. Add the shape and charge definitions to the database.
6. Determine the shape and charge definitions for the small molecule.

7. Cross-reference the two different lists of shapes to generate possible interactions and

rank these interactions according to electrostatic favorability.
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Figure 2.1. PDB source file format

2.2.1 Data Import

The initial starting point for the proof of concept requires extracting or parsing amino
acid information and storing that information inside a relational database of atom and
protein data. Initially, this was done by extracting the needed information from files from
the protein database (PDB [24]); in the case of small-molecule files, using the source file
information provided in the PDB files to precalculate and storing charge information allowed
us to build a reusable data store of atomic-level information about the proteins, shape
information about the proteins (including physical and chemical information), and small
molecule shape information like in figure 2.1. Importing this positional information allows
for us to query the database to make sure there does not already exist a copy of this file;
and in case there is a comparison of the molecular position performed to determine if this
version of this molecule is already stored. If the protein has a different configuration, then
the shape of the protein’s electromagnetic surface would also be different. A representation

of the relational database structure used for this research can be found in figure 2.2.

2.2.2 Molecule Surface Creation

After importing the necessary information is loaded into the database signifying a
molecule that has been accounted for, the next step is to determine a surface for the molecule
that we are studying; this step applies to all molecules analyzed, whether it is a protein or
a ligand. The way the surface is determined is by defining a molecular border for each

atom present in our molecule. For this to be done, each atom in our molecule is accounted
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Figure 2.2. Relational database to hold the atom and protein data

for and given a surface using its Van der Waals radius. The Van der Waals force repre-
sents the distance-dependent interaction between particles, and the Van der Waals radius is
the distance between two unbounded atoms when the electrostatic forces between them are
balanced.

arccos (—s* — 2r?%)

0= (2.1)

272

For reference, the noteworthy atoms, seen in amino acids, and their respective Van der
Waals radius have been included in Table 2.1. Using these radii of the respective atom and
a shell spacing constant s, we represent each atom’s surface by using a system of z,y, 2
coordinates, as referenced in Equation (2.1). When modeling the surface, a shell is built
around each atom; the shell’s radius is determined by the Van der Waals radius of the
element.

Next, all points on this sphere that overlap a neighboring atom’s sphere are absorbed
and removed, combining (or taking the union of) the shells of the atoms together. The

union of all atom surfaces represents the complete surface of the molecule, as referenced in
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Table 2.1. Atoms and Van der Waals radius
Atomic Number Element Symbol Van Der Waals Radius

1 H 1.2
6 C 1.7
7 N 1.55
8 O 1.52
9 F 1.47
15 P 1.8
16 S 1.8
- - 2

Equation (2.2) and figures 2.3 and 2.4. After the molecule surface has been fully defined, it

will be stored inside of the database to save time for future comparisons.

Proteinsy, foce = U atOMsur face (2.2)

atoméEprotein

2.2.3 Shape Determination

After surface determination, the topological shapes on the surface of the molecule can
now be defined. In the proof-of-concept version of this research, the data for a single protein
is retrieved from the database based on four-character PDB code and stored as an array
of atoms; where each atom object contains the spatial coordinates, Van der Waals radius,
charge (based on the standard charges of the atoms in amino acids), and information on the
parent amino acid of the atom it represents.

At this point, a novel semi-common sense approach method is applied to the molecular
surface determined in the previous steps. In this method, we map a series of points using

the following system equation:
atoMsyy face = (€ +1cos (0 a)sin (0 ),y +rsin(f*a)sin (0 *b),z+rcos(f b)) (2.3)

where in the equation r represents the radius from the center of the molecule, equation

(2.5) and (z,y, z) shell surface point and C' is a constant used for buffer space; a and b are
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Figure 2.3. This is a representation of the dense model of the surface of the 3TTP protein
( multi-resistant HIV-1 protease in complex with darunavir ) with a distance of 0.01 of
angstrom apart.

Figure 2.4. This is a representation of the sparse model of the surface of the 3TTP protein
( multi-resistant HIV-1 protease in complex with darunavir ) with a distance of 0.1 of
angstrom apart. ( PDB code 3TTP )
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represented by (2.3) Va € [0, A], and Vb € [0, B] where A = 2, and B = 5 + 1 respectively;
and 6 represents the angle of separation. This allow for use to map points spherically around
the entire molecule based on the geometric center equation (2.4), of the molecule and the
decided distance you would like the points to have from each other. The smaller the distance

between the points, the more well defined the shape.

Tmin + Tmazx Ymin + Ymaz “min + Zmaz
h llcen er — > ) 2.4
SHeeent ( 2 2 2 ) (2.4)
shell,qdgins = max\/(:zz — :L‘C)2 + (y — yc)2 + (z — ,zc)2 +C (2.5)
T + T Y+ Ye 2+ ze
b irection — ) ) 2.6
Prov€irectio (Shellradius Shellradius Shellradius) ( )

On the sphere, each point is considered as the starting point of a probe, and probes are
extended inwards by a step size calculated by equation (2.6) where ., y., z. are points taken

from the geometric center of the molecule:

Shellcenter = (I’C, Ye; ZC)

This step is done until they touch they reach the surface of the molecule. A visualization of
this is represented in 2.5

These probes are stored in the database as the definition of the shape of the molecule.
When dividing the ligand surface into individual shapes suitable for matching as potential
docking sites, each probe is examined and determined whether it is a local minimum or a
maximum; where local minimums or probes with lengths longer than their neighbors, along
the protein surface, are considered to be the low point in a valley; and local maximums or
probes with lengths shorter than their neighbors along the protein surface are considered the
high points in a peak. If a probe note considers a peak or a valley, it is added to a queue,
and the next point down is examined in sequence until a known shape is encountered or a
minimum or maximum is reached, defining a new shape. This process is repeated for all

probes until every part of the surface has been explored and assigned to a shape.
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80 60

Figure 2.5. A visual representation of the probe step of ShapeDoc, around the 3TTP
protein.

It should be noted that this is a one-to-one mapping, and in this iteration of the software,
each probe can be owned by a single shape. The atoms that compose this shape are then
determined by proximity to the probes that make the shape in question. Four physical
parameters define the shape: height, number of member atoms, radius-1, and radius-2. The
shape’s height is determined by the difference between the height of the longest probe and
that of the shortest probe in shape. When determining the two radii of the shape, two
transformations are done so that the center point of the shape rests on the z-axis. The
lengths of the shape in the x and y directions are then found, and the smaller size is assigned
to radius-1 and the larger to radius-2. These parameters are what are used to compare

shapes to fit physically.

2.2.4 Charge Definition

After the shapes have been determined and stored in the database, the next step is to
define the charge information for the shape. This charge information needs to be defined to

be able to determine likely molecular interactions. It is noteworthy to say that this charge
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definition is dependent on whether the molecule is a protein or a small molecule.

=@ =2+ -+ (-2 4 C (27)
Ve(r) = 47:602 28)

E=)> Vg (2.9)

If the shape is on the surface of a protein, the charge is defined as the gradient of the elec-
trostatic potential inside the shape. The electrostatic potential or Coulombs Potential and
the derivation of its gradient are shown in the equation (2.8) and equation (2.9) respectively,
where r is the positional charge of atoms given in equation (2.7); @ is the specific atom
charge (sourced from a PDB file) and is equal to the electrical constant, 322.17752K cal /mol
per angstrom. The gradient of potential was calculated for each shape based on the atoms
that comprised it. This equation results in the potential being in the form of kcal/mol (
kilocalorie per mol ).

Dp = Qi+ Quj + Qzk (2.10)

For the charge definition of a shape on a smaller molecule’s surface, the dipole moment was
used. The calculation of the dipole moment equation, (2.10), uses the small molecule’s entire
molecular structure and is based on the assumption of an overall neutral charge. Because
there is no standard definition for an atom’s charge, it had to be computed based on the
known structure; Spatial Data Files (SDF) were used for this computation. SDFs are used
by chemists and define what atoms are in a molecule and what bonds exist between them.
This information is fed into an existing program, Another Molecular Mechanics Program
(AMMP), to determine the special position of the atoms, their bonds, and the charge on
each atom due to positioning. This electric potential, calculated by the equation (2.12) based
on the aggregation of potentials of the atoms in the environment from the equation (2.12),

is stored in the database along with the corresponding shape to be called when the fuzzy
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logic and comparison rankings are applied.

VVg = "I <m +yj + zk:) (2.11)
VE=)Y Vg (2.12)
atoms

2.2.5 Fuzzy Ranking and Comparison

The first stage of the ranking system contains a pruning step that eliminates all shapes
that correlate to peaks from small molecules that are too large for the protein’s valleys. This
pruning is done by comparing depth, width, and height to the two respective shapes. From
this, we calculate a shape similarity by equation (2.13).

SS (p,m) = (1 - M) . (1 - %) (2.13)

Wp

where w,, and w,, represents the width of the protein or valley shape and the width of the
molecule or peak shape, respectively; and d, and d,, represents the depth of the protein
or valley shape and the depth of the molecule or peak shape respectively. In the case the
size of the shape of the peak of the ”docking molecule” is too large for a prospective valley
shape, it is automatically given a membership value of zero, which effectively cancels the
likelihood of membership. This step is a major speedup in search space when combined
with our relational database because our initial query for shapes can filter out the infeasible
shapes.

The second stage of the ranking system is used to determine the binding affinity of
the two shapes. This step is not the end all be all from a biological standpoint because
of the many different molecular interaction types. Still, as our database grows and our
understanding of the information we get back from the interactions grows, our results from
this binding affinity measure can be better interpreted for those separate interactions. When

measuring the binding affinity of the two shapes, the dot product of the vector of the charges
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of the peak and the valley is calculated to determine the fuzzy membership value for binding
affinity: represented by equation

(2.14).
Cp-Con
maz (||Cpn, Cyl])*

BA(p,m) = (2.14)

where (), and C,, represents the charge of the protein or valley shape and the charge of the
molecule or peak shape, respectively. Ideally, the two charges will be equal and opposite,
meaning that perpendicular charges would be unfavorable.

From the previous two steps in the ranking process, a general affinity membership may
be calculated to factor in the charge information and the shapes that are in question. That
being said, when combining shape similarity and binding affinity calculations, and overall
membership value for binding can be calculated. This is done using the simple fuzzy equation
represented in equation (2.15). The proof-of-concept version of the Fuzzy Determination
calculation weights the shape more heavily in the overall membership function.

SSpm (BA(p,m)+1)

fa(p,m) = 5 (2.15)

2.3 Experiment

For this research, when analyzing this algorithm, their interest in the accuracy of the
results and how swiftly those results could be attained. This research’s goal was for the overall
speed of the algorithm and the effectiveness of our shape similarity, binding affinity, and fuzzy
measures to be determined as effective. For the ShapeDoc algorithm testing, a Darunavir
molecule, a 75 atom compound, was tested again proteins stored in the MySQL database
keeping a set of eight medium-sized proteins: 3TTP, 30XC,5CHA, 3STKW, 4DQC, 1CHG,
and 3UFN. Darunavir is a protein inhibitor known to bind with HIV-1 protease (PDB code
3TTP): the algorithm’s flexibility and overall speed were demonstrated by running directly
against Darunavir versus just an individual protein as most docking algorithms do.

The algorithm took 112.388 seconds to find the shapes correlated to Darunavir and store
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each shape, along with its charge information, into the database, with an average time of 4.5
seconds per shape. After all, shapes were found, the tool took 27.644 seconds to compare
the shape of the Darunavir against the shapes correlated to each of the eight proteins in the

database, from which 553 potential binding locations were returned.

Table 2.2. Top ten results based on fuzzy membership results, with combined shape and
affinity determination

MDB ID  AA Residue # Ss(p,m) Ba(p,m) fd (p,m)
30XC ASP 160 0.872433214 0.222370164 0.533218166
3TTP MET 46 0.959990745 0.102672443  0.52927767
3TTP GLN 92 0.864394472 0.216091439 0.525591359
3UFN ARG 57 0.87642945 0.185890614 0.519674729
30XC ILE 166 0.863601159 0.202379828 0.519188307

3TKW  PRO 44 0.901837759 0.136108968 0.512292983
3TKW  ASP 60 0.793681923 0.285039546 0.509956329
2PKA LEU 235 0.998250039 0 0.499125019
2PKA LEU 108 0.994662513 0 0.497331256
30XC LEU 123 0.954290608 0.030470563  0.49168419

Table 2.2 records the top 10 results from the testing against the Darunavir molecule, a
75 atom compound. In Tables 2.3 and 2.4, the results are sorted and ranked by the top ten
results for binding affinity and shape similarity (best fuzzy membership value) respectively.
When ranked by best fuzzy membership value, of the top ten results, eight are proteins that
Darunavir is known to interact with, while the other two results are the same protein 2PKA.
Interestingly enough, the binding affinity for the 2PKA result had a membership value of
zero - which implies that while the shape of the pocket is very favorable, the binding affinity
would make it too challenging to dock at that location. Between the results sorted by binding
affinity and shape similarity, the same proteins are highly ranked. However, because of the

low shape similarity scores, the fuzzy membership values are still low.

2.4 Future Work

In future iterations, a measure of suitability could also be created by determining the

probes’ alignment to see if the differences in probe-length for a shape lines-up well with each



Table 2.3. Top ten results based on fuzzy shape comparison values

MDBID  AA Residue # Ss(p,m) Ba(p,m) fd (p,m)
3TKW GLN 61  0.06214061 0.961263387 0.060937051
3TKW  LYS 45 0.073144085 0.922902992  0.07032449

30XC THR 196 0.107108736 0.808699771 0.096863773
4DQC TRP 6 0.127841634 0.795284156  0.11475603
30XC ALA 128 0.04927735 0.769947463  0.04360916
30XC PRO 9 0.072587562 0.759986237 0.063876555
3TTP ASN 98 0.218196564 0.759423495 0.191950081
4DQC ARG 87 0.05298619 0.758817716 0.046596525
4DQC  ILE 62  0.19828912  0.75768409 0.174264816
30XC ASP 130 0.087277074 0.750739213 0.076399698
Table 2.4. Top ten results based on binding affinity values
Top 10 Shape Binding Affinities

MDBID  AA Residue # Ss(p,m) Ba(p,m) fd (p,m)
2PKA LEU 235 0.998250039 0 0.499125019
2PKA LEU 108  0.994662513 0 0.497331256
2PKA GLY 188 0.980740874 0 0.490370437

3TTP MET 46 0.959990745 0.102672443  0.52927767
30XC LEU 123 0.954290608 0.030470563  0.49168419
2PKA  ILE 200  0.929318268 0 0.464659134
5CHA GLY 187 0.926654171 0 0.463327086
3TKW ARG 87 0.913662621  0.05274973  0.480929038
5CHA PRO 4 0.906068794 0 0.453034397
3TKW PRO 44 0.901837759 0.136108968 0.512292983

28
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other. In terms of the binding affinity, future work will include factoring in hydrophobicity,
which is said to be highly important in terms of docking [25]. Improvements in shape
determination can also be made to refine more actual definitions inside the pocket (the
potential docking location).

In the future, accounting for protein to protein interactions, which currently is not a
more considerable step to take since the pockets of all proteins are already stored; only
needing to store "peak” information or possible binding regions that could bind to other
proteins’ pockets would be necessary. Natural usage and growth in our database will cause it
to become a repository of similar data: in the future, it would also be desirable to use machine
learning techniques to find functional groups of proteins using shared shape information,
seeing that geometry plays a large role in protein function and that the determination and
classification of functional groups of proteins is a large open area in the bioinformatics

community.

2.5 Conclusion

The research of ShapeDoc brought forth as many questions as it provided answers.
Initially, bringing in PDB files meant that the atom positions and charge were provided to
us, but brings into question its reliability of this information. PDB files are of crystallized
proteins meaning they are not in their natural state wherein most organisms are surrounds by
hydrogen molecules; the absence of these molecules affects the electrostatic potential of the
environment around the molecule. Also, it is known, the conformation of the molecule may
change as the energies around the molecule changes as well as a protein may have mobility
amongst the atoms that comprise it that still maintain the low energy conformation of its
natural state or states. With the rigidity provided by the PDB file, accounting for this level
of molecular flexibility becomes very difficult.

The statements bring into view the following questions: Can there be a level of flexibility
in the proteins or the molecules that they comprise that allows flexibility in the shape we are

looking to approach? Can this algorithm start from a secondary or primary structure and
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generate possible inputs for our database to grow information? How can existing observed
knowledge about proteins be used to improve the data stored in our database? The questions
require an analysis of protein structure prediction and the different techniques used to predict

these other confirmations; this analysis is provided in the next section.
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PART 3

HISTORY OF MACHINE LEARNING IN PROTEIN STRUCTURE
PREDICTION

As previously stated, the determination of a protein’s functional conformation is one
said by many to be viewed as the most exciting challenges of modern computational biology.
There are two classes of methodology that are used for this challenge: comparative modeling
method; or ab initio methods; These methodologies present different complexity and, in
many cases, solutions. In comparative modeling, databases of known structures are referred
to for the development of the protein structure. Comparative modeling methods include
homology modeling, threading, fold recognition. Ab initio methods use the amino acid
sequence (the primary structure) and their interactions to determine the structure. In ab
initio methods, the correct structure is generally calculated by determining the overall energy
of the structure; the lower the energy, the more stable the structure, which increases its
probability of correct conformation and structure.

When developing protein structure development strategies, the major goals are to de-
velop more reliable ways to determine the correct and incorrect structure and create or
improve methods that find functional conformations from those correct structures. To de-
termine if a structure is correct or incorrect is the definition of energy conformations, one
must account for an array of physical properties: Gibbs free energy, hydrophobicity, electro-
static potential, Van der Waal’s force, etc. Physically it is understood that conformations
with the lowest Gibb free energy are the most stable structures and are, by definition, the
natural conformations. Protein folding may be altered by outside factors like chaperones
and electrostatic conditions of the environment, and therefore isolated, and refolded pro-
teins may be non-native. Different machine learning algorithms have been proposed for

searching through possible conformations as well as efficiently evaluating the quality of pro-
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Figure 3.1. A figure of a protein’s chemical structure, 1AIX bonds.

tein models; these algorithms include but are not limited to evolutionary algorithms like
Genetic Algorithms (GA), Monte Carlo Methods, and supervised learning methods like Ar-
tificial Neural Networks (ANNs) and Support Vector Machines (SVMs). This section will
cover the machine learning methods currently being used to solve the challenge of protein
structure prediction and the benefits and drawbacks of them.

The rest of this section is organized as follows: in part 1, GAs and the factors that
should be taken into account when applying them are described. In part 2, the application
of Supervised Machine Learning is described. In part 3, the use of Fuzzy Logic for protein
structure prediction is described. In part 4, this section is summarized and concluded, giving

rise to the research’s next steps.

3.1 Genetic Algorithms

One of the most common machine learning applications for ab initio protein structure
prediction is the evolutionary algorithms’ use, specifically Genetic Algorithms (GAs). GAs
are general optimization algorithms that mimic the process of evolution through Darwinian

natural selection, gene mutation, and reproduction. This mimicry comes into play with
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the significant steps of this type of algorithm: fitness test, crossover and mutation. Recent
studies from Custodio et al. [2] show that genetic algorithms are said to be superior to the
other evolutionary algorithms.

The benefits of GAs lie in the distinct characteristic of maintaining a large population
of potential solutions characterized as chromosomes, genes, or individuals, depending on
the author. These chromosomes are all in competition with each other in the form of a
fitness function used to determine a possible solution’s strength. Chromosomes are written
as strings of information (in basic cases, binary string where each bit represents a specific
value). The initial population is usually a random set of possible solutions. Each generation,
including the initial population, every member is evaluated and ranked by their respective
fitness. In most common GAs, the highest fitness individuals are very likely to be chosen to
be members of the next generation. In contrast, individuals with minimal fitness values are
improbable to be selected to go on to the next generation.

Mutation and crossover are additional GA operations applied to chromosomes’ sets to
generate new individuals from generation to generation. The mutation operation represents
the random and slight genetic changes that happen in nature; while the crossover operations
represent the transfer of information in reproduction. There are multiple types of each, and
depending on your problem, some versions of mutation or crossover may work better than
others.

The algorithm is given a percentage likelihood to select random bits of information to
be changed in mutation. This step usually happens in one of the following three ways: a
single point mutation (bit inversion), segment mutation, or order changing. In a single point
mutation, only a random bit of information is changed to another possible value. In segment
mutation, a block of data is all mutated; sometimes this presents itself as a single bit being
mutated and the rest of the gene adjusting to make it an optimal solution. In the order
changing method, two or more bits of information are exchanged.

In a crossover, the algorithm is given a percentage likelihood crossover will occur in the

current generation of individuals; the fitness function’s ranking usually influences how indi-
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viduals will be paired to perform a crossover. Crossovers typically happen in one of the four
following ways: single point crossover; multi-point crossover; uniform crossover; and arith-
metic crossover. A single point cross over a point is selected in both individuals; this point is
called crossover point. The new genes are created by separating individuals at the crossover
point and combining those halved genes with the opposite half of the other individual. In
a multi-point crossover, like a single-point crossover, you select multiple crossover points,
which splits each individual into segments combined with another individual’s respective
segments. In a uniform crossover, the child gene is created by choosing random genes from
both parents, and in arithmetic, the child gene is a product of some function of both of the
parents (e.g., intersection, exclusive-or, etc.).

In each GA, the functions covered are applied in some way in hopes that after a certain
number of generations and with a large enough initial population, the individuals will con-
verge on an optimal solution or solution set. The effectiveness of a GA is all in determining

how the fitness test, crossover, and mutation are applied.

3.1.1 GAs Model Selection in Protein Structure Prediction

When applying GAs to ab initio protein structure prediction, the primary goal is to find
the lowest energy conformation’s structural conformation. This process is not an easy task.
One of the simplest and common applications used to find possible low energy conformations
(the hydrophobic-hydrophilic model) was determined by Unger and Moult to be an NP-hard
problem [11,?]. But before looking at possible ways to determine energy conformation,
when designing a GA for this problem, one must first decide what type of model to use to
formulate the problem. Currently, the types of models one has to choose from are cubic lattice
models and all-atom models. The cubic lattice model is a discretization of the protein’s
conformational space; predicting the exact protein structure is impossible [2]. However, this
system 1is still very widely used because it is significantly less complex and still captures
many of the aspects of protein structures [26]. Using the cubic lattice, you can predict

folding patterns. It still presents the issues that arise from predicting the energy landscape
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Figure 3.2. An example of the possible moves in the HH model (top), as well as a se-
quence with 48 monomers [HHHHPHHPHHHHHPPHPPHHPPHPPPPPPHPPHPPPHP-
PHHPPHHHPH] from [2].
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of a protein. Some of these issues are: massive multimodality; multiple conformations with
equal energy; and large regions of unfeasible conformations [2]. With the cubic lattice model,
each amino acid of the protein is given a position on a three-dimensional grid and linked
together in a chain with backbone dihedrals as depicted in figure 3.2.

Most authors that use the cubic lattice model [2][6][12][26] use a specific type of cu-
bic lattice model called Hydrophobic-Hydrophilic or Hydrophobic-Polar (HP) model. This
application is a simplified model in which each amino acid is recognized as hydrophobic or
hydrophilic. This step is because hydrophobic amino acids tend to migrate toward each other
to avoid polar solvents; this migration causes the formation of a hydrophobic core. The only
requirement for this type of system is that there can be no collisions of amino acids in the
conformation. In this system the energy conformation is calculated by counting the number
of Hydrophobic-Hydrophobic (HH) contacts in adjacent non-bonded sites in the lattice, so

the equation for a valid conformation would be the following:

E(c) = —n

In this function for energy conformation ¢ represents the conformation and n represents
the total number of HH contacts in the conformation. There are other equations that may
calculate energy conformations for the cubic lattice model, some of which will be further
discussed in the next section.

The all-atom model is designed to be much more involved in behavior than the cubic
lattice model. In this model, elements are no longer the amino acids in the protein, but
all the atoms comprise the protein. The chain is no longer bound by a lattice or backbone
dihedrals in the all-atom model (figure 3.3 and figure 3.4). The all-atom model is considered
more problematic because an experimentally observed native structure may have a higher
potential energy conformation than an unnatural but optimized structure. This assertion is
because, in all-atom models, the energy conformation is not the only thing that matters. It

is also necessary to account for the effects on the system’s entropy as a whole [2].
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Figure 3.3. A molecule used to depict the ¢ label phi , ¥ labeled psi, and w dihedral angles.

Figure 3.4. The final product of an all atom model would look similar to this. This is the
actual backbone of protein 1AIX.
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In all-atom models, energy conformations are calculated by using the physics of the
atoms themselves. The potential energy is evaluated by calculating force fields, which are
empirical and classical physics approximations for the properties of atoms and chemical
bonds. The Leonard-Jones potential and Coulomb’s Law are used to describe the electro-
static interaction between particles, which take into account the polarity of every atom in
the system. The uses of both the Leonard-Jones potential and Coulomb’s Law are discussed
in more detail in the next section and the equations used to represent them. While the force
field can be directly optimized, a better approach is to use molecular dynamics simulations

to model the atoms’ motions and search conformational space for minimums.

3.1.2 Common Methodology

In a GA, the methodology comes down to a few key points: individual representation,
fitness test; mutation rates and attributes; and crossover rates and attributes. Though
population size and the number of generations are critical for a GA’s performance, there
is little general guidance from theory. They are constants that are empirically adjusted to
maximize the effectiveness of a GA on a specific problem. It is noteworthy to mention that
even though each individual in the initial population is randomly generated, it is better to

have a diverse set of individuals to cover a broader range of potential solutions.

Individual Representation In the models previously discussed, current work only
has the representation of the individuals in a very particular way. For the cubic lattice
model, whether it is an HP model or something slightly more complicated, an individual’s
representation is usually very similar. In [12] Unger and Moult stated the concept of giving
amino acids in the individual an absolute direction on the square lattice, i.e., an individual
is coded by a sequence (U, D, L, R, F, B)n*1 where U, D, L, R, F and B code respectively up,
down, left, right, forward and backward movement on the lattice, and n is the length of the
protein. In [27] the backward move was removed, and the remaining moves where given in

terms of relative movement from the current position; this step was done to avoid invalid
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conformations further. This representation is still in use for these types of models [2].

In the representation for all-atom models each atom is given three dihedral angles (figure
3.3) usually characterized by (¢, %, w). In some cases, w is excluded because even though
the torsion angle w are explicit, they do not change during execution and are generally kept

in the trans(180°) configuration models [2].

Fitness Test The fitness functions of most GAs for protein structure prediction are
directly related to the energy functions or force fields of proteins. Molecular mechanics can
measure energy functions and force field components. Some of the functions are bond length
potential, bond angle potential, torsion angle potential, improper torsion angle potential,
dihedral angles, van der Waals pair interactions, electrostatic potential, hydrogen bonds,
etc. [628628]. As mentioned in the previous section, a simplistic method for the cubic lattice
model consists of counting the number of HH contacts. A model with more contacts is in
lower energy conformation than one with fewer contacts.

Because of the natural complexity of the system in an all-atom model, many more
functions can be used but this does increase the overall complexity of the GA. Some fitness
functions measure the summation of the different potentials [28] but newer ones use equations

that account for instances. An example fitness function, based on [2], is:
Eiotai(ricon formations) = Eiore + Ery + Eeou (3.1)

Where FEj,,. is the torsion energy (equation (3.2)), Er; is the Lennard-Jones potential (equa-

tion (3.3)) and E.ny is the Coulomb or electrostatic potential (equation (3.4)).

Ny)
Etorc = Z K¢>n [1 + cos (nn(bn - 5”)] (32)

Where, in the above calculation of the torsion energy, n, is the period, ¢, is the torsion
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angle, d,, is the phase angle, and Ky, is an energy constant based on the torsion of a bond.

N, toms 6 12
ij

T
i<j "

Where, in the above calculation of the Leonard-Jones potential, values A;; and B;; are
Lennard-Jones parameters that depend on the atomic type and the distance, r;;, between

atoms ¢ and j at which the inter-particle potential is 0.

Natoms

Ecoul: Z L (34)

i<y 47T€0€T (7”@‘)7’1']'

Where, in the above calculation of the electrostatic or Coulomb’s potential, ¢; and g; are
the charges of atoms i and j, and £,(z) is a dieletric function that depends on that distance

represented by z [2].

Crossover and Mutation Applying the proper type and amount of crossover and
mutation is very important to the optimal solutions’ speed. Though fitness functions are also
essential, mutation and crossover are how the individuals change, and new solutions arise.
In an early paper of Krasnogor, they determined in the HP that single point crossover could
not transfer blocks of information well. Still, segment mutations acted as a powerful local
search, which leads them to stat the best combination of parameters had a small crossover
probability and a high mutation and segment mutation probability [26].

In [2] Custodio et al. used combinations of six different genetic operators to get solutions
in both their HP model and their all-atom model. These six comprised a two-point crossover,
a multi-point crossover, a segment mutation, an exhaustive search mutation, a local move,
and a loop move. With exhaustive search mutation Custodio et al. test all possible directions
for a randomly selected base and keep only the best solution; This demand required four
fitness functions in their paper and was developed to hybridize the GA and an exhaustive
local search. Local moves and loop moves are ordered, changing mutations. Where local

changes swap the movements to random locations, loop movements swap locations from two



41

units that are five bases apart. Custodio et al. also mention a repair function when collisions

happen that fix invalid conformations when crossovers and mutations create them.

Tracking Results The quality of the model found with a GA depends on the speed
of the calculations and the quality of the energy function that is being searched for an
optimum. The calculation speed can be estimated from the number of energy evaluations
the GA has to perform as the system evolves from generation to generation. Also, from [7]
we know when testing against a known structure, a prediction is considered to be similar if
(i) secondary structure elements agree with the known structure; (ii) the orientation of those
secondary structures are within 20° of the ones in the known structure; and (iii) the length
of the secondary structure elements different by no more than two residues of the known
structure.

We know from foundational papers like Unger and Moult [11], [12] that applying GAs
to the HP model outperforms the Monte Carlo method in terms of finding a global mini-
mum of two-dimensional lattices [12]. This concept was improved upon later by [27] which
achieves a high number of HH contacts with fewer energy evaluations. We must mention
that many early prediction methods are said to show experimental bias [29]. Pederson and
Moult described in their paper that potentials in [7] were parameterized to favor experimen-
tal structures; earlier papers including [30] relied on experimental secondary structures for
success. They even mention their previous works were only effective on small peptides.

More recent papers have shown less bias and continued success in furthering the belief
that GAs are a great way to tackle the protein structure prediction issue. In the most
recent of the studies, Cusodio et al. [2], prove their method is not only an efficient way
to investigate the complex energy landscape of proteins but also show an increase in the
probability in finding native structures. For the cubic lattice method, they developed tests
that were made against three HP benchmark sequences. It showed comparable solutions to
models specifically designed for the HP model and superior to other evolutionary algorithms

like the Hydrophobic Zipper strategy [31], the Contact Interactions method [32], Constraint-
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Based Hydrophobic Core Construction [33], and others. Even the all-atom implementation
they developed found native structures with a success rate of 100% when they tested it

against the poly-alanine peptides.

3.2 Supervised Machine Learning Algorithm

Referring back to the introduction, in terms of the protein structure prediction meth-
ods like homology modeling and threading, the most common machine learning algorithms
applied are those under the umbrella of supervised learning. Supervised learning algorithms
are those in which inferences are made from labeled training sets. By labeled training set,
we mean a provided set of examples where we know what group or solution each sample is
provided; the set itself in generally called a training set and the labels that correspond to
the training set are called training labels. In supervised learning algorithms, examples are
usually provided in the form of attribute vectors. After your algorithm is trained to predict a
label hypothesis for each example provided, you run it on your sample data to generate your
answer. Traditional statistics methods and methods created to mimic the way neurological
networks work are generally the functions one uses to create these label hypothesis. This sec-
tion will discuss the application of the two most popular applications of supervised learning
algorithms to the protein structure prediction problem, specifically the homology modeling
and threading techniques. These applications of supervised machine learning algorithms are

including Artificial Neural Networks (ANN) and Support Vector Machines (SVM).

3.2.1 Artificial Neural Networks

Artificial Neural Networks (ANNs) are computational models that were first created by
Rosenblatt in 1959 [34]; inspired by the networks of biological neurons that contain multiple
layers of simple computing nodes. In an ANN, each node operates as nonlinear summing
devices and is represented as the neuron in the brain, accepting input values from feeding
information and sending the processed outputs through the whole network. ANNs are very

robust and have been successfully applied to solving many complex problems, including
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Figure 3.5. Basic structure of an ANN.

prediction, classification, and pattern recognition, and so on. Several layers give the structure
of an ANN. These layers are divided into three groups: the input layer, the hidden layer, and
the output layer. The input layer is the level at which the input data is fed into the ANN.
The hidden layer is the level at which calculations and most of the processing is performed;
the hidden layer is also the level at which the input values are subjected to the weighted
values used to represent learned behavior. The output layer is the level at which results
are provided. The most commonly used ANN in the protein structure prediction problem,
and one of the most commonly used in general, is the feed-forward back-propagated ANN.
Feed-forward ANNs are those where the nodes do not form a directed cycle; information

moves only in one direction. Back-propagation ANNs adjust the weights in the network
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to minimize the error in the output. In a feed-forward back-propagated ANN, each node’s
activation state X; is a real value between 0 and 1. The strength of the connection between
a node ¢ and another node j is represented by a real number W;;. The activation of a given
node in the ANN can be calculated by summing the products of every input node’s output

Y; and weight W;; and then adding a bias term, b,

J

Having calculated the activation X; for a node, the output of that node Y; can be computed

using the logistic sigmoid function and then propagated to the ANN’s next layer.

1

Y= ——
14 e %

During each cycle, the input has been given to the ANN. The nodes’ weight has been adjusted
at the end of the cycle, and this procedure is repeated. This form of supervised training, in
which the desired output is presented to the ANN and the inputs, has been used to train
the ANN [35]. In protein structure prediction, ANNs are used to determine the protein

backbone’s conformation using ¢ and ¢ dihedral angles.

3.2.2 ANNs in Protein Structure Prediction

In 1988, Qian and Sejnowski [36] were the first to use ANNs to predict protein secondary
structure. The model they used is a fully connected Multi-Layer Perceptron (MLP) with one
hidden layer [37] (Haykin). The input is a small window of 13 amino acids, and the three
output nodes are the probabilities of an amino acid belongs to a helix, sheet, or loop region.
They randomly weighted each input and used back-propagation [37] to train the system on
a PDB file chosen from the PDB. The whole system achieved up to 64% accuracy, and the
authors suggested that the significant improvement could not be made. However, despite
this, a wave of papers using ANNs to predict protein secondary structure was published later

using similar techniques [38][39][40]. Scientists and researchers are working hard to improve
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the performance of ANNs. One method is to include more information in a combination of
the inputs, such as the evolutionary information and multiple sequence alignments [41][42].
Moreover, due to the PDB database’s rapid growth, the training sets for ANNs also increased.
This therefore enhanced ANNs’ performances [43][44][45]. Furthermore, other algorithms
were combined with ANNs in order to improve their performances [35][46].

Servers were built, based on these algorithms, to provide a service to the structural
biology community. McGuffin built PSIPRED protein structure prediction server based
on three methods, PSIPRED, GenTHREADER, and MEMSAT 2, and his colleagues in
2000 [47]. In 2008, Jpred 3 secondary structure prediction server [48] was settled based
on the Jnet algorithm proposed by Cuff and Barton in 2000 [49]. Since these artificial
intelligence methods are based on an empirical risk minimization principle, they have some
disadvantages, for example: finding the local minimal instead of global minimal; has a low
convergence rate; more likely to over-fitting; and when the size of fault samples is limited,
it might cause poor generalization. Even though scientists are trying to overcome these

disadvantages [50], most of them remain.

3.2.3 Support Vector Machines

The theory of Support Vector Machines (SVMs) was developed by Vapnik and Cortes
in 1995 [51]. Though they can expound to multiple classes, at a very basic level, SVMs are
designed for two class classification problems. What is provided to the machine is a set of

n — D dimensional vectors z; and their associated classes y;:

{xlvyl}’ - '7{In>yn} S IRD X {il}

The main idea is to construct a hyperplane to separate the two classes (labeled y €
{—1,1} so that margin (the distance between the hyperplane and the nearest point) is

maximal. It is equivalent to solving the following optimization problem:
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Figure 3.6. Basic structure of a SVM.
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with constraints
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where &; is a slack variable giving a soft classification boundary and C' is a constant cor-
responding to the value || w ||? [52]. The boundary is also called the optimal separating
hyperplane, which is chosen by maximizing the distance from the closest training data [53].

SVMs are considered amoung the most efficient supervised machine learning meth-
ods not only because of their well-developed learning theory [54][55], but also because of

their superior performances in the practical applications in pattern recognition problems
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[51][56][57][58][59]. SVMs have many useful features, including: The avoiding of the over-
fitting with the use of structural risk minimization; the capability of handling large feature
spaces; the insurance that the training converges to a globally optimal solution; the con-
densation of information in a given data set is made without a loss of useful information
[60].

SVMs have been applied to solve the protein structure prediction problem since 2001
[60]. In Hua et. al [60], the authors used frequency profiles with evolutionary information
as input. The goal was to improve the performances of the SVM. Their research issues were
to define the type of kernels used and what data to represent, or encode, for the training.

One method is to study different SVM kernels, for example using a quadratic kernel
function to increase the accuracy of helix prediction [61], dual layered SVMs with a profile
[62], two layers of SVMs with weighted cost functions for balanced training [63] and mixed-
modal SVMs [64].

Another way to increase the accuracy of SVMs is to include different encoding meth-
ods as input for SVMs: SVMpsi incorporated PSI-BLAST Position Specific Scoring Matrix
(PSSM) profiles as an input vector [65], mixed encoding schemes of an orthogonal matrix,
hydrophobicity matrix and BLOSUMG62 substitution matrix together with SVMs [66]. Chen
et al. [67] used PseAAC [68] as the protein sequence representation, the optimal length of
local protein structure was used as input [69]. Furthermore, combinations of the above two
methods have been tried to improve the performances of SVMs [70]. Normally, SVMs are
binary classifier. In some studies, scientists also extend this classification method to predict

multi-class structures [71][61].

3.3 Fuzzy Application

A not entirely novel concept, but less explored is applying fuzzy logic to protein structure
prediction. Fuzzy logic systems incorporate a system of many-valued logic. An element in
a set is given a value to describe its membership to different groupings; an example of this

can be understood by visualizing an item that is partially true and partially false. Biological
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systems are not always rigid. In some protein structures, torsion angles change, and amino
acids are not always in a constant position relative to the main structure. It has already
been shown that computationally efficient implementations of Fuzzy Decision Trees (FDTs)
[72] are competitive with other efficient learning algorithms to analyze and predict protein
structure; and have been effective in recognizing and extracting sections in RNA structures.
Another example is in the homology modeling and threading methods that are so commonly
used in the supervised learning techniques; the application of fuzzy logic would assign a

confidence value to the structures that the algorithms would be comparing as done in [73].

3.3.1 Fuzzy Logic

Fuzzy logic and fuzzy set operate under the notion of uncertainty: the idea that an
element may not completely belong to one set and its operations impact that belief. As
a reminder, in common logic systems (referred to as crisp) elements of a set are either
inside the set or outside the set, true or false, 1 or 0. A fuzzy set A is defined as, a set
A = {xy,29,...,2,} for n =|| A || and there is a membership function pu, : X — [0, 1]
where 0 < pa(x;) < 1forx; € Afori =1,...,n. This logic extends to the same sets of

operations given to crisp sets (e.g., intersection, union, etc.)[74].

3.3.2 Fuzzy SVMs

The fuzzification of SVMs replaces data as a function of parameters with data as a
function of belief in class memberships. This fuzzification happens by applying a membership
value to each input point of SVM, which requires reformulating the machine so that two
inputs can make different contributions to the learning. The basic definition of an SVM is
changed in the following manner: Let S be a set of training points of labeled data, containing
n— D dimensional vectors x; and their associated classes’ y;, as well as their associated fuzzy
membership value s;:

T1,Y1,51,- -+ Tny Yn, Sn € IR’D X {j:]'}
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Where 2; € R”,y; € {1}, and 0 < 0 < 5; < 1 with i = 1,...,n. o is treated as a
minimum confidence value used to remove small membership function values. Let z = ¢ (z)
denote the corresponding feature space vector with a mapping ¢ from IR” to a feature space
7. With the incorporation of the fuzzy membership value s; should be defined over z;, the
measure of error of that point &; is adjusted by the membership. This is to say that the fuzzy
membership must be included in the SVM to maximize the margin, and it is done with this

function [75]:

min%(w-w)%—C%s@

with constraints

3.3.3 Adaptive-Network-Based Fuzzy Inference Systems

An Adaptive-Network-based Fuzzy Inference System, or Adaptive Neural Fuzzy Inference
System (ANFIS) is an ANN developed by [76] based on the Takagi-Sugeno fuzzy inference
system [77]. This method consists of 5 layers (Fig. 10):

e Layer 1: Each node is this layer is a membership function

where x is the input to node i, A; is the group or label of membership associated to

this node.

e Layer 2: Consists of nodes, which multiply the incoming signals and send the product
out to the next layer. Each nodes output represents the firing strength of a specific

fuzzy rule.
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e Layer 3: Each node normalizes the firing strength based on node i over the summation

of all of the nodes.

e Layer 4: Each node ¢ in this layer is a given the following node function
O; = w;fi = w; (pix + qiy + 73)

where w; is the output of layer 3, and p;, ¢;, r; is the consequent parameter set.

e Layer 5: Consist of a single node that computers the overall output as the summation

of all of the incoming signals from the previous layer

O? = overalloutput = Z W; fi

3.3.4 Fuzzy Decision Trees

The Fuzzy Decision Tree (FDT) is another machine learning method that we have yet
to discuss in this chapter. Considered one of the most popular methods, FDTs represent
knowledge classification with a fuzzy rule set to make its classifications more robust and
immune to data uncertainties [78]. In [78], there is an extension of the methodology described
in [79] to develop an FDT that gives better accuracy than the original. The algorithm

developed in [78] is as follows:

1. Generate the root node with a fuzzy set of all training data with membership value set

to 1.

2. A node is a leaf node if the fuzzy set of data at the node satisfies any of the following
conditions:
(a) The number of objects in the node’s data set is less than a given threshold.
(b) All the objects in the node’s fuzzy data set belongs to one class.

(c) No more attributes are available for classification
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3. The class assigned to a leaf node is the name of the class with the greatest membership

value in the node fuzzy data set.
4. If the node does not satisfy any of the above conditions, then do what follows:

(a) If the current node is the root node of the tree. Calculate the classification am-
biguity of each attribute, and select the attribute with the smallest classification

ambiguity as to the test attribute

(b) Else the current node is not a root node. For each attribute not selected so
far as a test attribute up in the path from the current node to the tree’s root
node, calculate the information gain, and select the attribute with the maximum

information gain as a test attribute.

(c) Divide the fuzzy data set at the node into fuzzy subset using the selected test
attribute, with the membership value of an object in a subset set to the product
of the membership value in parent node data set and the value selected attribute

fuzzy term in the data at the node.

(d) For each of the subsets, generates a new node with the branch labeled with the

selected attribute’s fuzzy term.

5. For each new generated node repeat recursively from step 2.

3.4 Conclusion

Research suggests GAs, ANNs, and SVMs are the most successful metrics in determining
protein structure. Given that the result of ShapeDoc left questions that required some
level of protein structure prediction, a solution with one of these machine learning models
is an apparent need. Although the application of fuzzy methodologies to these machine
learning techniques has obtained favorable results, the software suite this research is geared
toward tool doesn’t require a fuzzy method. Still, a fuzzy methodology can be applied

to improve results potentially. In Zhong et al. [73] discovered that cluster membership
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functions in SVMs may not reveal the nonlinear sequence-to-structure relationship; because
of this limitation, the use of SVMs for this research will not be used. The comprehensive
tool that is the goal of this research still makes it possible to use an SVM to determine and
classify primary protein structures as tertiary (or even secondary) structures; the lack of a
more profound connection between the data and the prediction leads us to other alternatives.

Given that SVMs will not be used for this tool, it is believed that a hybridized method of
GAs and ANN will lead to the most favorable answers to the questions that were left by the
ShapeDoc algorithm. It is believed that the possibility of multiple favorable conformations
that would be generated by a hybridized GA method could provide enough information to
successfully introduce a level of flexibility in the proteins at a molecular level. This level
of flexibility would not only provide information about the proteins themselves and the
possible folding patterns that can arise but, more importantly, allow users to incorporate

this molecular mobility in the ShapeDoc algorithm.
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PART 4

HYBRID EVOLUTIONARY ALGORITHM FOR TERTIARY STRUCTURE
PREDICTION

As discussed in the previous chapter, Genetic Algorithms are a popular method in de-
termining protein conformation. By the model’s very nature, a GA will successfully generate
several different low energy protein confirmations. The information gained from these differ-
ent conformations can provide insight into the potential mobility of the molecule. It is also
worth noting the side effect of this methodology because these multiple low energy confor-
mations provide us information that could help determine the natural folding pattern of the
individual protein.

This section discusses the foundation of a custom genetic algorithm that would be used
to predict protein tertiary structure from the primary structure. The customization of the
genetic algorithm coming from integrating secondary structure predictors using Artificial
Neural Networks is used to increase the model’s overall accuracy. Incorporating neural
networks used to determine secondary structures with the Genetic Algorithm search opti-
mization would provide a way to find protein conformations that are energetically favorable
and attempt to maintain the predicted secondary structure. This method has interchanging
parts and can be performed with different machine learning techniques but what is necessary
is having two classification models and a search optimization method. The application of this
hybrid algorithm requires certain constraints on the methods used to find optimal solutions
promptly.

This algorithm is divided into three sections. The last two are repeated until a stop
condition occurs; this stop condition could be a certain number of desired outcomes with
a high enough fitness score or a timing condition. The first section of the algorithm is

population generation and initial secondary structure prediction. The second section is a
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reproduction. This reproductive section revolves around crossover and mutation, which are
standard in evolutionary algorithms, notably the Genetic algorithm. An error correction and
detection phase is also included in this step to eliminate false occurrences as in collisions
that wouldn’t be able to occur in any offspring in a real-world scenario. The third and
final section is the fitness function, which is an evaluation of each solution. In this research,
all that is required is a simple energy calculation equation being applied and a classifier
that quickly determines the secondary structures formed by the atoms’ positions in this 3-
dimensional space along the backbone of the protein. The fitness function will have to occur
at each generation for each new feasible confirmation; if factoring shape information is time

demanding, the entire algorithm becomes in-feasible.

4.1 Population Generation and Baseline Secondary Structure Prediction

Population generation occurs by first extracting a protein’s primary sequence informa-
tion from a file. This file will usually be in FASTA format. In some test cases, it may also
be removed from a PDB formatted file or a database of secondary structure assignments file
(DSSP files also come in a PDB format). The purpose of this is to allow for multiple entry
points were the only thing specifically required is the sequence of amino acids. DSSP files
would provide the predetermined secondary structures, so a determination of those struc-
tures would not be necessary, as required with the input of a FASTA or a PDB file. If a PDB
file is used, some sequences in the population will use the natural coordinates provided in
the document since a low energy conformation is assumed in that standard. We generate an
initial population of conformations from the protein sequence to create other conformations
and determine a baseline secondary structure using a neural network that will be detailed in
the following chapter. This baseline secondary structure predictor can be replaced with one
of many accurate secondary structure predictors as long as they perform relatively quickly
not to hang the algorithm.

Each protein confirmation is represented in the gene as an array of tuples, where each

element is a tuple of the dihedral angles (¢, ¢, )(figure 3.3) at that amino acids bond with the
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next element along the backbone chain (the series of covalently bonded atoms that together
create the continuous chain). Every amino acid would be stored in the system based on the
molecules, and their relative positions are given a starting point of its Carbon elements along
the backbone. Ideally, these genes of tuple arrays would be analyzed for its feasibility, so
before its fitness function is applied, the protein conformations are analyzed to verify there is
no overlap; But since these overlaps would lead to extremely unstable energy confirmations,
it is not necessary to eliminate the possibility from the pool of potential confirmation. The
belief behind keeping these elements is that a minimal adjustment to an element’s backbone
could fix the overlap at the same time, creating a very energetically favorable conformation.
Also, the fixing or correction of the overlap would require creating multiple corrected variants
that could require dynamic programming to determine what the would all be, which would
severely slow down the overall algorithm.

The initial population can be generated in one of two ways, both representing very com-
monly used evolutionary algorithms: the random generation of N different conformations is
ranked and measured for fitness to determine how the following population will be generated
(which would happen in a Genetic Algorithm). The generation of N conformations all of
the same variety to be changed in small but different ways to find the optimal solution over
many populations (which would happen in simulated annealing). This research will take the
GA route and generate many different conformations to find many optimal solutions.

In previous sections, we mention the high accuracy of SVMs and ANNs that have been
used to secondary structures amongst the protein. In this research, we shall use a modi-
fied Restricted Boltzmann Machines (RBM) that is specifically developed to find secondary
structure information based on training from the DSSP. This method is chosen for its pre-
diction timeliness but could be replaced by many other algorithms. Each amino acid in the
initialization stage will be labeled with the secondary structure is supposed to be associated
with; This labeling will only be used during the fitness determination to see if the geometric

confirmation aligns with the predicted secondary structure.
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4.2 Generating New Populations Through Crossover and Mutation

Mutation and crossover are how the primary factor in individuals change when gener-
ating a new population and why new conformations arise. Applying the proper type and
amount of both crossover and mutation is very important to the optimal solutions’ speed.
In an early paper of Krasnogor, they determined in the HP that single point crossover could
not transfer blocks of information well. Still, segment mutations acted as a powerful local
search, which leads them to state the best combination of parameters had a small crossover
probability and a high mutation and segment mutation probability [26].

In [2] Custodio et al. used combinations of six different genetic operators to get solutions
in both their HP model and their all-atom model. These six comprised a two-point crossover,
a multi-point crossover, a segment mutation, an exhaustive search mutation, a local move,
and a loop move. With exhaustive search mutation Custodio et al. test all possible directions
for a randomly selected base and keep only the best solution: in their paper, this demands
four fitness functions and is developed to hybridize the GA and an exhaustive local search.
Local moves and loop moves are ordered, changing mutations. Where local changes swap
the positions of to random locations, loop movements switch places from two units that are
five bases apart. Custodio et al. also mention a repair function that can be applied when
collisions occur. The purpose of the function is to fix invalid conformations when crossovers
and mutations create them.

When performing crossover, different opinions have been expressed when trying to pre-
dict protein structure. In most methods, you would have a random selection with a bias
towards the individuals with higher fitness; this simulates keeping the stronger individuals
throughout the generation. There is some belief in the tournament method, where you take
a constant number of random individuals and use the crossover to create new individuals.
Neither one of these methods preserves the individuals’ diversity in a given population from
generation to generation. This point can be an issue because if you do not have a diverse

population of highly fit individuals, you reduce the chance of converging on the optimum
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solution; also, answers converging to local minimums become a lot more likely. A solution
to this problem is given in [2] based on the works of [80] and [81] called crowding. In this
method, the new individual created a search over the parent generation for the most similar
parent. Either the parent or child is kept for the next generation, depending on which indi-
vidual has the lower energy. If the energies are the same, then either individual is given a
50% chance of being represented. This research will be applying this method, as well.

For the algorithm, we use a 90% chance of mutation where a random floating-point
number between —0.1 and 0.1 is generated and added to ¢ and v angles separately. Each
angle in each conformation has a 90% chance of being adjusted. We also use a 20% chance
of crossover; at random, one of the above methods is selected, and the crossover is applied to
the previous top 10 genes, and ten genes were chosen at random. At the end of this process,
each new conformation is added to a pool to have that individual gene’s fitness tested and

ranked.

4.3 Fitness Test Application

The quality of the model found with a GA depends on the calculations’ speed and the
quality of the energy function that is being searched for an optimum. This dependency issue
is the crux of the efficacy of the research. The fitness function, in terms of this application,
is two-fold: the first is the energy conformation calculation used to determine how favor-
able a chemical confirmation is. The second compares the observed or determined, apparent
secondary structures that appear in the generated conformations and the initial predicted
structure. The comparison of the two structure is weighted to show favor to the struc-
ture similarity; This comparison is because current research shows that secondary structure
predictors’ accuracy is more significant than exhaustive search methods like evolutionary
algorithms.

In terms of calculating the energy conformation, the calculation speed can be estimated
from the number of energy evaluations the GA has to perform as the system evolves from

generation to generation. Also, from [7] we know when testing against a known structure, a
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prediction is considered to be similar if:
e secondary structure elements agree with the known structure

e the orientation of those secondary structures are within 20° of the ones in the known

structure

e the length of the secondary structure elements different by no more than two residues

of the known structure

To successfully determine the three-dimensional geometric structure correlates to the proper
secondary structure, we must first have a model to recognize the shape created by the
confirmation. This will need to be able to take in the dihedral angles along the protein
backbone as well as the size of the amino acid so the backbone can be created in three-
dimensional space; the entire amino acid isn’t required to be recreated, just the backbone of

conformation as the whole.

4.4 Secondary Structure Classification

The GA described in this section is a relatively standard outside of the one portion
that checks for the present secondary structure. Without this one feature, this GA isn’t
noteworthy, but the prediction model’s inclusion makes this algorithm relatively novel. The
introduction of the classification requirement also brings into issue feasibility requirements.
Suppose this algorithm is to generate thousands of genes over several generations. In that
case, a classification tool must determine this classification rapidly not to hold up the al-
gorithm and make it unbearably slow. GA’s can be easily parallelized and distribute work
amongst several separate workers by providing specific metrics. The goal is to have an algo-
rithm efficient enough to run in single-core non-networked machines and still get results in
a reasonable amount of time, despite that fact.

Another goal of these classifiers is to determine if a certain level of information can

be drawn out of the several thousand configurations the models would or could be used
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for training. By their very nature, deep learning models determine patterns amongst data
points to make decisions about the problems presented to them. Suppose a typical deep
learning tool like the Restricted Boltzmann Machine is used to make these determinations
of secondary structures. In that case, the model’s analysis could one day further reveal
information about the nature of the amino acid configurations that lead to the secondary
structures we observe. In the next chapter, George Hinton’s Restricted Boltzmann Machine is
introduced. The original and custom RBMs application is applied to the secondary structure

prediction problem presented by this hybridized GA.
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PART 5

RESTRICTED BOLTZMANN MACHINE APPLICATIONS TO
SECONDARY STRUCTURE PREDICTION

In this section, we introduced the Restricted Boltzmann Machine, most often referred
to as the RBM. A history of the RBM and why it’s deemed to be useful is provided. Cus-
tomizations of the standard RBM algorithm are also introduced and are used to analyze
the primary structures of proteins to determine if secondary structures could be accurately
predicted. This section of the research aims to develop a set of classifiers that could accu-
rately and quickly predict the secondary structures that should appear given an amino acid
sequence and predetermined information about each amino acid. A data set was created
using the DSSP program’s entirety, designed by Wolfgang Kabsch and Chris Sander. DSSP
is a database of secondary structure assignments for every protein that is in the Protein Data
Bank.

Throughout this section, the Boltzmann Machine’s history and evaluations and the
Restricted Boltzmann Machine will be provided. Next, there will be an introduction of
customizations of the standard Restricted Boltzmann Machine algorithm; as well as an
evaluation of these customizations and why they are viewed as potential improvements.
Finally, a discussion of applying the standard RBM and the customized methods of the

RBM on protein data will be discussed.

5.1 Boltzmann Machine

The original learning algorithm for the Boltzmann Machine (BM), also called stochastic
Hopfield network with hidden units, required randomly initialized Markov chains to approach
equilibrium distributions to estimate both data-dependent and independent expectations

connected pair of binary variables would both be on. A BM, much like a Hopfield Network,
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is a network of nodes where each edge between them represents an adjustable weight wherein
a combination of the Gibbs free energy of the model can be calculated. The purpose is to
learn essential and possibly hidden aspects of an unknown probability distribution based on
samples from this distribution. The embedding of BMs into the framework of probabilistic
graphical models is said to provide immediate access to a wealth of theoretical results and
well-developed algorithms [82].

We calculate the energy of the BM with the following equation(5.1):

E=— (i iwiﬂ'SiSj + i97’81> (51)
i=1

i=1 j=1

Where E is the Gibb’s free energy of the model; n represents the number of nodes in the
model; w; ; represents the weighted edge connecting nodes ¢ and j; s; and s; represent the
binary state 0,1 of node i and j respectively; and 6; represents the bias of node 7 in the
global energy of the model.

We use this same energy metric in the training of the BM in which, in our nodes, we
classify them as hidden and visible. In training, our visible nodes are set to values from our
training set. We use the weighted model to reproduce the original set, continually adjusting
the edges’ weights until this task can be performed and recreate the initial input. This step
is usually done with contrastive divergence. This original learning process was considered
difficult and time-consuming, often resulting in exponential time complexity. The learning
process is simplified by imposing restrictions on the network topology; a machine of this type

is coined the Restricted Boltzmann Machine (RBM).

5.2 Restricted Boltzmann Definitions

RBMs are powerful generative models for labeled and unlabeled data based on latent
variables, which are used to model an input distribution. Though RBMs are considered
by many to be the first step of another learning algorithm because they are widely used to

either provide a preprocessing of the data or initialization for neural networks’ parameters. In
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[83] it is shown that RBMs can provide a self-contained framework for deriving competitive
non-linear classifiers. RBMs are often applied to problems involving high dimensional data
such as images and text and have been successful in classification problems either as feature
extractors [84]. Their conditional form can be used to model high-dimensional temporal
sequences such as video or motion capture data. Their most important use is as learning
modules that are composed to form deep belief nets.

Mathematically, RBM is usually represented by two collections of stochastic, typically
binary, connected by symmetrically weighted edges. The two collections of stochastic nodes
are called the visible layer, and the hidden layer; where the visible layer is treated as a binary

input and the hidden layer are treated as feature detectors.

E=—- Z a;v; — Z bjhj - Zvihjwi,j (52)

i€visible j€Ehidden i,

In equation (5.3) we see the energy function of the Restricted Boltzmann Machine. In this
function v; and h; are the (often binary) representations of the visible and hidden nodes i and
J respectively; a; and b; are the biases for the visible and hidden nodes 7 and j respectively;
and w; ; is the weight between the visible and hidden nodes ¢ and j. In the created graph
the is a probability associated for every possible pair of visible and hidden nodes being one

of its binary options is determined by the following equation (?7):

—E(v,h)

A

e

p(v,h) = (5.3)

Where Z is defined as a partion function calculated by summing every possible pair of visible

and hidden node ( equation (5.4) ):

Z =Y e th (5.4)

v,h

And the probability of the graph assigning a value to a visible node, v, is given by summing
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over all possible hidden vectors ( equation (5.5) )

pl) = e P (5.5)

The Restricted Boltzmann Machine uses this system of equations the train or models
around accurate representations of the training data. This system is done by adjusting the
weights and biases to lower the entire model’s energy. The derivative of the log probability

of a training vector with respect to a weight is given with the following equation (5.6)
= <Uihj>data - <Uihj>model (56)

where the angle brackets represents the expected values of the input vector versus what the
model actually produces, which leads to the learning rule that impacts the change in the

weighted edges in the model (equation (5.7))
Aw;j = € ((Vihy)data — (Vilj)modet) (5.7)

where € represents the learning rate which generally represent a constant value to control
the amounts of change amongst the weights.

When training the RBM, the RBM'’s visible nodes are set to the values provided by a
training vector. The binary nodes of the hidden units are all computed in parallel using the

following equation (5.8):

p(hy=1v) =0 (bj + Zviwi,j> (5.8)

where o (z) is the sigmoid function 1/ (1 + exp (z)). After all hidden nodes are computed,

the visible layer is then reconstructed using equation (5.9):

p(v;=1lh) =0 (ai + Z hjwz-7j> (5.9)

J
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Using the values provided by the reconstructions versus the expected values provided by our
data is what allows for equation (5.7) to adjust the energy of the entire model. Following
these steps until you can reconstruct the data is called contrastive divergence.

In this research, updated models of this contrastive divergence step were performed in
addition to the standard RBM construction. The first update was instead of performing
the contrastive divergence step; the RBM leverages the full Ising model to achieve a 14 fold
speed up in execution. The second update was a novel recreation of the RBM model called
the clique RBM (cRBM). Since information is lost from the conversion from the full BM to
its restricted counterpart, the RBM with the clique RBM’s restrictions on the RBM hidden
assets are loosened by allowing a set of connections between nodes of the same level. The
time-consuming nature of the full BM doesn’t have to be adapted with this model because
though this methodology does increase the complexity, we consider the information gain is

worth it in small cliques.

5.3 Clique Restricted Boltzmann Machine

Restricted Boltzmann machines avoid connections between nodes of the same type,
i.e., between hidden nodes or visible nodes. The belief with the clique Restricted Boltzmann
Machine (cRBM) is that limitations can be placed upon the connections between units of the
same variety and still achieve the speed up and efficiency necessary that the RBM provides
over the Boltzmann Machine that allows it to be useful.

In [84] we find that we can derive the following energy equation by separating the

stochastic binary units into their respective type and the types of connections between them:

1 1
E(v,h;0) = —§UTLU - éhTJh —vTWh

where 0 = {W, L, J} are the weights or model parameters for visible-to-hidden, visible-
visible , and hidden-hidden symmetric interaction terms respectively. Diagonals along L and

J are set to 0 because no node has a weighted connection to itself. This equation leads to
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weight determination being as follows:

Aw;; =€ <<Uihj>v - <Uihj>modez)

ALij =€ ((’Uzv;>v - <Ui‘/}>model>

AJZ‘]‘ =€ ((hzh]>v - <h2h3>

model )

In the cRBM, connections between elements of the same unit type are restricted to
have a set number of connections, N, for the number of connected nodes for the visible units
and Nj for the hidden. These connections are further restricted to form cliques of size N,
for visible units and N, for the hidden. In the respective matrix for these connections all
weights to nodes outside of the clique are set to 0. With these restrictions a full BM would
be a IRBM with N, = #ofVisibles — 1 and N;, = #ofHiddens — 1 and a standard RBM
N, =0 and N;, = 0.

Mathematically, the cRBM is more feasible because the time it takes to add one con-
nection in the worst-case scenario with no additional speed up increases the time constraints
by a factor of 2. Even though this demand is not insignificant, it is still very feasible. One of
the purposes of this research is to see what number of connections the time demand becomes
in-feasible for particular problems and examine the tradeoff of information gained and time

complexity added.

5.4 Restricted Boltzmann Protein Analysis

For this research, we apply the RBM application to amino acid sequences where a—helix
structures are present. This application is made by training a standard RBM as well as a
full Ising model RBM to recognize an alpha—helix on the corresponding sequence. The

application of the full Ising model allows for fast training to recognize new structures. To
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do this, firstly, we scrape the PDB for all DSSP files to create a training set. Using these
files, we parse out sections of the protein sequence with an a—helix structure where there
are six types. We must also convert our data to be something that can be input into an
RBM, meaning that these protein sequences must be converted to a binary string.

To make this conversion, we choose to look at the twenty sequential amino acids’ win-
dows in the primary structure. In those twenty, we only train against character string that
contains at least ten amino acids the correlate to one of the a—helix structures. Each amino
acid is given its binary string equivalent containing digits representing ancillary information
about that specific protein, i.e., hydrophobic/hydrophilic. This conversion allows the RBM
to have a specific number of visible nodes to reflect the 20 character string.

Implementation of the algorithm also starts with a standard RBM built to the specifi-
cation of [84]. This was done using python v3 without using machine learning libraries such
as Theano, SciKit Learn, TensorFlow, etc. This was done to compare speed and accuracy
between a standard binary RBM that uses a contrastive divergence and a more streamlined
version that leverages the Ising model. Leveraging the Ising model allows for more direct
minimization of the system’s free energy to approximate the minimum gradient. Also, as is
standard for RBMs, the weight matrix can be initialized to any uniform random distribution.

It must be said that the RBM is assumed to have a convex weight matrix, where there
is one global solution for a class of secondary structures. This concept leads to the theory
that any RBM trained on a single helix is equally valid as a solution to the entire training
set like any other for the same training set. This solution is an approximation. Due to the
convexity, the final weight matrices are averaged together to arrive at one generalized solution
that works well for the entire training set. The generalized solution is a strong assumption,
but as all the underlying training data describes the same type of physical structure, it
follows that training continues iteratively in the standard model that any training sample

would eventually approach a similar solution.
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5.5 Results and Conclusions

Using a standard and Ising RBM, we were able to train models to recognize an a—helix
with a fair degree of accuracy. In the testing, both RBMs recognized both the a—helix
structures that were trained for (160 members) and some that were not. While testing,
we noticed that using such a small sample in training that sequences that are significantly
different from those in the training set werent well detected. These results provide us the
belief that RBMs are a useful way to encode higher-order descriptions of protein structure.
Clustering independently supports the belief that there are underlying building blocks and
rules, i.e., a primer for protein structure folding, that would allow for very fast folding based
on our protein binary string creation and identify interchangeable structures for protein

assemblage quickly.
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PART 6

WEISFEILER-LEHMAN RELATIONSHIP GRAPHS

This final section of this research will describe the portion of the software suite used to
analyze proteins and other molecules’ interactions. In two of the previous sections ( part 2
and 4 ), when the shape doc tool and the hybrid evolutionary algorithm is discussed, several
potential interactions of various types are collected with no more in-depth level of analysis.
A plan of analysis for this information generated is required to ensure that information
generated is adequately leveraged. The analysis plan being proposed in this section is a
modified application of the Weisfeiler-Lehman Graph Kernel algorithm that was proposed
by Shervashidze et al., [85].

Recall from the introductory chapter and subsection 1.2.3, where an introduction to
molecular interactions is provided; there are a wide array of molecular interactions between
proteins and other molecules, not all of which are considered physical interactions. Each
distinct interaction a protein exhibits forms the protein’s overall function; the classification
and reference of those individual types of interactions develop an accurate understanding
and profile of that protein that can be compared against other proteins for similarity. This
type of data can easily be stored in a graph of proteins and other macromolecules that are
connected by directional edges labeled with the relationship classification it is describing.

Using the knowledge of the practical relationships between the data points in our graph
of protein connections, we can pull graphs of different proteins’ networks and compare them
to determine the similarity between proteins and draw more information. Very similar tech-
niques are used in social media networks to classify and profile the users in the system. In
this research, we plan to compare us accounting for patterns of relationships to determine a
more accurate comparison between sub-graphs that have multiple different types of edges;

we call this methodology the Weisfeiler-Lehman Relationship Graph Kernel (WLRGK) algo-
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rithm. The system described in this research information about these relationships is stored
in a multi-graph where each relationship is a labeled directed edge between two entities.
We would test this algorithm again in an ideal experiment, a very detailed and verified
database of protein interaction information. Although our overarching research is trying to
develop this, a robust version of this database does not currently exist. Due to this drawback,
a proof of concept for this algorithm is to be performed on publicly available social media
data where the relationship can quickly be drawn from the information stored. Because the
relationships of proteins themselves occur in a very similar manner to how they study the
interconnected relationship between users in a social network like Facebook, Instagram, or
Twitter, we feel this is an appropriate substitute to prove our concept WLRGK algorithm.
Throughout this section, we will detail all of the preliminary definitions required to fully
understand what this research is attempting to accomplish and see what is novel about the
WLRGK. After, we will define the WLGRK Algorithm and detail its use cases, and whats
separates it from a standard WL or WL Graph Kernel algorithm. Finally, we will describe
what a future experiment would look like that test the validity of the WLGRK versus the
WL Graph Kernel algorithm; this description will highlight the outline of the investigation

that has not been performed previous to writing this section.

6.1 Preliminary Definitions

In this section, we are introducing terms that have not been previously defined. These
terms are not expected to be understood by someone with general knowledge of computer
science, biological or bioinformatics research (much less the layman trying to learn more
about the topic). We will provide the definition and context to several of them required
to understand this section. These terms include graph, multi-graph, graph kernel, and

Weisfeiler-Lehman algorithm.
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6.1.1 Graphs and Multi-Graphs

A graph is a general term in computer science as well as mathematics. For this research,
we will be using the computer science definition of a graph; in which, a graph is an abstraction
used to represent a set of objects where links or specific relationships connect some pairs
of items; in the definition, the connected objects are named nodes or vertices ( where the
singular is vertex ), and the relationships, or links, are called edges. Formally, a graph is a
pair of sets (V, E'), where V is the set of vertices and E is the set of edges connecting the
pairs of vertices.

There are several classifications of graph dependant upon restrictions you place on the
edges that connect vertices. The three most commonly taught classification of graphs are
directed, undirected, and weighted graphs. A directed graph is a graph in which all the edges
point in a single direction, i.e., a directed edge from V; to V5 suggest you can only travel
from vertex V; to vertex Vs; these edges are also called unidirectional. An undirected graph
is a graph in which all the edges do not point in any specific direction. In an example, an
undirected edge from V; to V5 suggest you can both travel from vertex V) to vertex V5 and
vice versa; these edges are also called bi-directional. Finally, we have weight graphs. Each
edge is assigned a weight or cost in a weighted graph, suggesting a penalty for choosing to
travel one edge versus another.

In this research, we use a very particular type of graph that’s not as commonly taught;
this graph is called the multigraph. In graph theory, a multigraph is a graph that allows
for multiple edges to exist between two vertices; These are also called parallel edges. The
same classifications of graphs can also be applied to multigraphs, i.e., directed multigraphs,
undirected multi-graphs, and weighted multigraphs. For our research, we will be using
directed multigraphs, seeing that each edge in our graph will represent a relationship between

two vertices, and there may be several types of one-way relationships.
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6.1.2 Graph Kernels

Graph kernels are a relatively new area of study. The idea graph kernels were introduced
in 1999 [86]. Their paper introduced this method of constructing kernels on sets whose
elements are discrete structures like graphs. The term graph kernel was introduced in 2002
[87], where the purpose of the graph kernel is primarily to allow for the characterization and
comparison of graphs and subgraphs (a graph contained within another graph). When the
term graph kernel was introduced, the study’s suggested application was on the internet and
the hyperlinks that reference individual web pages.

In [85], graph kernels are defined as instances of a method of determining kernels on
graphs by comparing all pairs of decompositions of the graph; A decomposition relation R
decomposes that graph into any of the subgraphs and the remaining portion of the graph. It
is noted that graph kernels are convolutional kernels on pairs of graphs and not the vertices
that comprise them. The kernelization of graphs allows for applying the kernel method on

graphs, i.e., classification, feature extraction, clustering, etc.

Algorithm 1 One iteration of the 1-dim. Weisfeiler-Lehman test of graph isomorphism

1. Multiset-label determination
e For i =0, set M;(v) := ly(v) = \(v)?
e For i > 0, assign a multiset-label M;(v) to each node v in G and G’ which consists
of the multiset ;1 (u)|u € N(v).
2. Sorting each multiset
e Sort elements in M;(v) in ascending order and concatenate them into a string s;(v)
e Add [;;(v) as a prefix to s;(v) and call the resulting string s;(v)
3. Label compression
e Sort all of the strings s;(v) for all v from G and Gy in ascending order.
e Map each string s;(v) to a new compressed label, using a function f : > % — >
such that f(s;(v)) = f(s;(w)) if and only if s;(v) = s;(w).
4. Relabeling
e Set [;(v) := f(s;(v)) for all nodes in G and G’
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6.1.3 Weisfeiler-Lehman Graph Kernels

Firstly, the Weisfeiler-Lehman (WL) algorithm is a graph labeling method that deter-
mines vertex ordering based on graph topology. In the WL we must add on to our definitions
of a graph as they do in Shervashidze et al., [85]. In their paper, Shervashidze et al. define
a graph as a triplet (V, E, \) where V and E have their standard definition of vertices and
edges, and A is a function that assigns labels to vertices in the graph. They describe the
Weisfeiler-Lehman test of graph isomorphism algorithm, which is defined in Algorithm 1.

When the WL algorithm is applied to graph kernels, it allows one to determine the
isomorphic relationship in the graph itself more efficiently. This determination is done by
comparing the labels present in the final iterations of the algorithm. A speed-up in the
determination of similarity between structures by a significant margin and in 1 they also
show multiple different algorithmic tweaks that can be performed for other result types.
Only the vertices and the edge in between them are required to update the label in these
algorithms. Still, all edges themselves are treated pretty uniformly, not considering the
type of relationship it may be. This point is where our concept of the Weisfeiler-Lehman

relationship graphs kernels comes into play.

6.2 Weisfeiler-Lehman Relationship Graph Kernel

In the WLRGK, we require a directed multigraph where each edge between vertices
represents a specific relationship between the vertices in question. A directed multigraph
is chosen not only because an undirected multigraph can be fully represented in a directed
multigraph, but also a directed multigraph would be better at representing diverse one-way
relationships that can exist in many general spaces. The WLRGK still uses the WL labeling
technique on a graph kernel, but updates the algorithm to relabel based on the pattern
of relationships that is being searched against. This update would allow us to create new
topologies based on the relationship patterns of the specific edges between vertices, giving

way to finding more profound, more meaningful patterns in the relationship between nodes
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in a graph. It is to be noted that a standard WL Graph Kernel would provide the same

results as a WLRGK with every relationship chosen each time.

6.3 Experiments

When applying the WLRGK to the information stored in our system, we would deter-
mine the similarity between proteins because of the information they hold and the topology
of their graph kernels and relationship sub-graphs. For this research, an ideal system would
be to train and test our WLRGK on a database of protein relationships peer-reviewed and
robust. This dataset is one of the desired outputs of our overall research. At the time of
writing, this dataset does not currently exist to the author’s knowledge. As proof of concept,
this analysis is suggested to be performed on publicly available social media information. In
an experiment, first, studying and understanding the types of relationships available in the
dataset must be done; then, a multigraph is created. It is also suggested that the graph
should be stored in a graph database like neo4j. Moreover, a tool that allows you to do this
in a distributed fashion like GraphFrames is also heavily suggest.

In my research, the dataset that was used as the Stack Exchange cstheory meta dump
from July 2019 that dates to August 2010. There is already a system of users who express
positive and negative sentiments about the material being discussed through upvoting and
downvoting, which gives three levels of relationship; sentiment analysis of the text can also
be accounted for to provide different levels of relationship. The initial test shows favorable
results, but during writing this document had not been deeply studied. This analysis suggests
that what is performed is a controlled test where WL Graph Kernel and WLRGK are used
to analyze the system. Then edges are removed to determine if both systems would predict

what type of relationship would be missing.
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PART 7

CONCLUSION

This research has shown that producing a software suite of these novel applications is
quite feasible and should be pursued, improved upon, and maintained. Many of the algo-
rithms studied were proof-of-concept tools that validated that these novel concepts work well,
but they were not designed to operate as optimally as possible. Each algorithm discussed
can be parallelized, made, distributed, and integrated into a web application, allowing for
the creation of a central database that could be added to and accessed by the public and
grown to the point where the data it provides should be vetted and improved. Each tool
discussed needs a wealth of real world samples to create a valid data set to be studied; even

considering the GA generates many potential instances.

7.0.1 Future Works

Soon, several of these applications will be applied to different data sets to be peer-
reviewed individually. A full analysis and comparison of the cRBM will be performed to
find the optimal clique size can generally be determined to balance the information gained
versus time complexity can be determined. A comparison of the RBM and ¢cRBM will be
made using the MNIST handwriting dataset, seeing that the RBM has been thoroughly
tested on this dataset in several papers and tutorials. We will soon also use stacked Ising
RBM and cRBM to create deep belief networks for its analysis to determine if each layer can
be analyzed to determine any currently unknown patterns about these secondary structures.
The Weisfeiler-Lehman Relationship Graph Kernel’s application and results will be applied to
the Stack Exchange cs theory data dump and a smaller database of the molecular interactions
of proteins. Our database’s growth can be applied to our interaction network, where we can
then classify the type of relationships we stored based on these results. There are also plans

on applying the WLRGK to criminal and spam activity on apps like Telegram to see if
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anonymous users can be classified based on responses and message patterns.

7.0.2 Outside Questions and Application

It is well worth stating that the research done in this document, although applied to
proteins, can have applications in several other areas. The Shape Doc Algorithm has drawn
much interest in the area of geology and the studying of information in underground caves.
The idea of the cRBM, if feasible for the system, could be applied to any deep learning tool
that uses convolutional neural networks. The WLRGK has deep levels of application and
integration with analysis tools like sentiment analysis as well as word-to-vector tools that
could lead to a diverse set of problems in its own right in the field of language analysis.
Additionally, the idea of distributing the tools used in this research amongst a parallel
network could significantly speed up the timing limitations and further advance the benefit of
each algorithm. When writing this document, there was a personal focus on the advancement
of medicines and the study of genetic evolution; that does not limit the scope of which these

tools can be applied.
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