Abstract

LAI-YUEN, SUSANA KARINA. Nano-scale Molecular Docking and Assembly Simulator
(NanoDAS) with Haptic Force-Torque Rendering and Energy Minimization for Computer-

Aided Molecular Design (CAMD). (Under the direction of Dr. Yuan-Shin Lee).

The objective of this research is to investigate and develop computational and haptic
interface techniques to improve the search and design of molecular docking, and to facilitate
the assembly of molecular components during molecular design. Nano-scale molecular
docking and molecular assembly are vital for the discovery and development of medicines,
nano-scale devices, and new materials. Molecular docking and molecular assembly
processes consist of finding the feasible pathway, and the correct location and orientation
between two molecules so that they can remain attached to each other. As one small
molecule (/igand) approaches a larger molecule (receptor), the ligand may need to change its
conformation until finding one with the lowest interaction energy. Moreover, for a given
receptor molecule, a huge number of ligand molecules need to be searched and tested before
a potentially active drug can be identified. Therefore, a fast and efficient method to
determine the feasibility of the ligand to dock into the receptor is required.

In this paper, a new method called NanoDAS (Nano-scale Docking and Assembly
Simulator) is presented to determine the feasibility of a ligand reaching the binding site of a
receptor. The developed NanoDAS generates a search tree using a potential field analysis

method and a local search with randomization technique to identify feasible ligands for



docking into a receptor in molecular docking, and to determine the feasibility of nano-scale
assembly in molecular design applications.

To improve the design of molecular docking and assembly processes, effective users
(i.e., scientists or designers) intervention is necessary. In this paper, a 5-DOF (degrees of
freedom) force-torque feedback Haptic device is introduced to provide force-torque feedback
to users. Through the force-torque feedback haptic interface, a user is able to feel the forces
exerted on the ligand by the receptor, and to determine whether the ligand can actually dock
into the receptor by considering its conformational changes and finding a feasible path using
the proposed NanoDAS. An energy minimization algorithm has also been proposed to find
low-energy molecular conformations in real-time.

A Two-phase algorithm is proposed to analyze the probability of a ligand to be
docked or assembled into another molecule. The first phase determines the feasibility of a
ligand to dock into a targeted binding site of a receptor using an iterative searching procedure.
The second phase generates a probability graph to examine all the ligand’s feasible paths to
find the most likely docking path. The developed Two-phase algorithm can identify the
ligands that, although feasible for the targeted binding site of the receptor, posses higher
probability towards other binding site than the targeted one.

In this paper, computer implementations and practical examples are presented. The
results show that the proposed techniques can significantly increase the searching efficiency
in the molecular docking and molecular assembly processes. The developed techniques can
be used in Computer-Aided Molecular Design (CAMD) and Computer-Aided Drug Design

(CADD) applications.
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Chapter 1

Introduction

1.1 Motivation

Nanotechnology is perhaps “the most anticipated technological revolution in modern
times” [Knight 1991]. In molecular nanotechnology, two of the major research objectives
are the design, modeling, and fabrication of pharmaceutical drugs and molecular devices
through molecular docking and molecular assembly, respectively [Merkle 1991].  Although
these two problems have distinct applications, they are similar in that both address the
“assembly” of molecules.  Molecular device designs are developed based on a
molecule-by-molecule construction while molecular docking tries to find the best fit between
two molecules. Molecular docking has received a lot of attention due to its importance in
the drug design industry while molecular device design is still in its infancy. The reason
behind the increasing interest on molecular docking lies on its vital role on “discovering and
developing safe and effective medicines that will affect the lives of perhaps millions of
patients” [Boyd 1998]. In addition, the lead-time cost from the laboratory to the market for

a new drug is very high and has risen in the last years [Boyd 1998]:

In 1987 each new medicine cost on average $281 million and took 8-12 years
to bring it from discovery to market...in 1990 [it] had grown to $359 million
for each new pharmaceutical. In 1994, average costs had jumped further to
8597 million on the development of a new drug starting then.

Thus, it takes a long time to find a significant compound since the probability of finding one
from hundreds of thousands of available compounds is minute. Computational geometry,

heuristic search methods, and visualization techniques have been used to speed drug



discovery, reduce costs, and relief some of the problems encountered by chemists giving
place to what is usually referred as Computer-Aided Molecular Design (CAMD) or more
specifically Computer-Aided Drug Design (CADD). The molecular docking problem is
highly complex and far from being completely solved [Halperin 2002]. Therefore, this
paper presents new techniques for solving some of the issues of molecular docking. Due to
the similarities between molecular device design and molecular docking, it is expected that
the methods used for solving the molecular docking problem can also be applied to molecular
assembly design extending the range of applications of these techniques and opening new

areas to explore.

1.2 Molecular Docking

Molecular docking (or binding) is an essential process in biochemical processes and
is the main challenge in drug design since the development of a pharmaceutical drug is a
“long, incremental process, typically requiring years of research and experimentation”
[LaValle 2000]. In general, molecular docking is the process where a drug molecule
(usually referred as the ligand) attempts to find a particular position and orientation inside a
protein (or receptor), as shown in Figure 1.1. This particular position and orientation of the
ligand is called the binding site. The ligand molecule usually has 10 to 50 atoms with
around 5 to 15 torsional degrees of freedom (DOFs); on the other hand, receptor molecules
can contain thousands to hundreds of thousands of atoms with a huge number of DOFs
[Apaydin 2001].

In the example shown in Figure 1.1, the receptor is an HIV protease, which is an
enzyme in the AIDS virus essential to its replication [Rosin 1997]. The ligand, called
XK263, is the inhibitor drug that binds to the active site (or binding site) in the HIV protease

to interrupt the normal functioning of the protease and avoid its replication. Data for the



molecules shown in Figure 1.1 were obtained from the Protein Data Bank (PDB) with PDB

ID: 1hvr [Berman 2000].

Drug molecule (Ligand)

Protein (Receptor)

Figure 1.1 Example of receptor and ligand molecules in molecular docking.

To identify potentially active drugs, a very large number of ligands need to be tried and
docked into a given receptor in a reasonably acceptable amount of time [Venkatachalam
2003]. Many computational techniques have been applied to simulate and predict the
behavior of the ligand in the presence of the receptor [Floudas 1999]. Most of the methods
for modeling receptor-ligand interactions addressed the energy of the ligand only in its final
bound configuration and do not consider any feasible flexible configuration of the ligand as it

enters the binding site [Singh 1999].



Other possible
docking paths

Low-energy

, aw o) Best binding
Feasible L N_J/T site
docking path
to binding site
Receptor

Narrow passage or
high-energy barrier

Figure 1.2 Possible docking paths for the ligand during the molecular docking
process.

Determining the feasibility of a ligand to access and to dock into the binding site is of vital
importance for a chemical reaction to occur. Figure 1.2 shows an example of a ligand

searching for the best binding site during a molecular docking. It can be observed that the



binding site, which is usually considered to be the lowest-energy region in the search space,
is surrounded by other low-energy regions that can attract the ligand and divert it from
arriving at the correct binding site. Moreover, the best binding site might be surrounded by
high energy barriers or narrow passages, making accessibility to the binding site difficult to
find, as shown in Figure 1.2. The problem of trapping in a local optimum has hindered

many searching methods in finding the correct docking sites or docking paths.

1.3 Molecular Assembly

In 1959, Nobel laureate Richard Feynman gave his famous talk “There’s Plenty of
Room at the Bottom,” where he envisioned a technology of building objects atom by atom
and provided a defining moment in nanotechnology [Roukes 2001]. Eric Drexler (1991),
pioneer in molecular nanotechnology defined it as “through, three-dimensional structural
control of materials and devices at the molecular level; the products and processes of
molecular manufacturing.” Recent progress in theoretical and experimental chemistry
provides some support on the possibility of the manipulation of individual molecules and
atoms to build systems at the micro scale [Reif 1999]. Han et al. (1997) proposed molecular
gears from carbon nanotubes with teeth incorporated through a benzyne reaction as shown in

Figure 1.3.



Figure 1.3 Carbon nanotube-based gears with benzyne teeth [Han 1997]

In recent years, considerable progress has been achieved by using different molecular entities
as building blocks in the assembly of molecular machines or nanomechanical devices
[Kanatzidis 2000]. These building blocks can be made out of dozens or thousands of atoms
and can decrease the positional accuracy necessary for assembly [Merkle 2000]. The
assembly of these building blocks has generated whole structures with desired properties.
Furthermore, as new building blocks are being discovered and synthesized, the range of
diverse structures that can be produced by assembly can increase significantly. On the other
hand, since building blocks do not have simple shapes, it is difficult to arrange them to form
things that look more like conventional mechanical parts [Forrest 2001]. Moreover, there
are certain orientations in which building blocks attach to each other and it is difficult to

visualize the assembly of molecules even if they are relatively simple.



1.4 Research Objectives

The objective of this research is to investigate and develop computational and haptic

interface techniques to improve the search and design of molecular docking, and to facilitate

the assembly of molecular components during molecular design. This paper intends to

provide a tool for the search of new ligand molecule design and novel molecular devices

using optimization, computational geometry, and haptic interface. Several research issues

are addressed in this paper to improve the molecular docking design and the molecular

assembly processes:

Nano-scale Docking and Assembly Simulator (NanoDAS) for Computer-Aided
Molecular Design (CAMD). A new NanoDAS method for determining the
accessibility of a ligand molecule into a receptor molecule is proposed for
molecular docking and assembly. The objective of the NanoDAS method is to
identify molecules that cannot be docked or assembled into another molecule
during molecular docking or molecular design.

Haptic Force-Torque Rendering with Energy Minimization for Computer-Aided
Molecular Design (CAMD) and Assembly Simulation. A haptic force-torque
rendering with energy minimization method is presented to provide scientists or
designers with real-time intuitive guide for manipulating the molecules and
facilitating the molecular docking and assembly processes.

A Two-Phase Algorithm for Multiple Docking Path Analysis for
Computer-Aided Molecular Design (CAMD). The two-phase algorithm aims to
provide a tool for examining the different pathways of a molecule and
determining the probability of the molecule to dock or assemble into another

molecule.

The proposed techniques can be used for Computer-Aided Molecular Design (CAMD) and



Computer-Aided Drug Design (CADD).

1.5 Dissertation Organization

The remaining sections of this dissertation are organized as follows:

Chapter 2 presents a literature review on the research issues studied in this work
including molecular docking, molecular assembly, and haptic interface device applications in
molecular modeling.

Chapter 3 describes the proposed nano-scale docking and assembly simulator
(NanoDAS) for determining the feasibility of a ligand molecule to dock into a receptor
molecule for molecular docking and assembly.

Chapter 4 introduces the development of the haptic interface device for molecular
docking and assembly. An energy minimization method is discussed for finding low-energy
and collision-free molecular configurations in real-time.

Chapter 5 presents the Two-phase algorithm for multiple paths analysis. The
algorithm creates a probability graph for determining the likelihood of the ligand’s different
docking paths.

Chapter 6 provides the computer implementations and illustrative examples of the
proposed computational techniques and algorithms.

Chapter 7 presents the concluding remarks and future research.



Chapter 2

Literature Review

In this chapter, we review the issues and previous work related to molecular docking,
molecular assembly, and haptic interface device applications in molecular modeling. These

issues will be further discussed and addressed in the following chapters.

2.1 Molecular Docking

In order to solve the molecular docking problem, several approaches have been
proposed. Early approaches to find the final ligand conformation inside the protein
considered only the translational and orientational degrees of freedom of the ligand treating it
as a rigid body. Then, with the increase in power of computer hardware, the internal
conformational flexibility of the ligand was considered using techniques such as molecular
dynamics, Monte Carlo methods, fragment-based methods [Ewing 2001, Kuntz 1982], point
complementarity, distance geometry methods, simulated annealing [Goodsell 1990, Morris
1996], genetic algorithms [Jones 1997, Judson 1994, Oshiro 1995] and Tabu search
methodologies [Baxter 1998, Morales 2000]. In the work by Jones et al. (1997), the receptor
also had some limited flexibility in addition to the full flexibility of the ligand.

Due to the wide number of approaches, we briefly describe some of the techniques
mentioned above, for more information, please refer to [Halperin 2002, Taylor 2002].
Molecular dynamics approaches the problem by using Newton’s equations of motions.
Finding the global minimum energy is difficult due to the biological surface complexity so
the trajectory is likely to end up in local minima. Monte Carlo (MC) methods are stochastic
optimization techniques that apply random cartesian moves to the system and accept or reject
the move based on a Boltzmann probability. Genetic algorithms generate an initial
population and modify it through genetic operators such as mutations, crossovers and
migrations. They are inspired by population genetics where selective breeding and

recombination strategies can produce better results [Reeves 1996]. However, genetic



algorithms are not apt for extensive flexible drug docking due to their slow processing
[Halperin 2002].

Tabu searches try to model the human memory process. They are based on
neighborhood search with local optima avoidance. The search starts with an initial random
solution and moves are randomly generated to arrive at other solutions. A tabu list is used to
keep track of previous visited solutions in order to avoid cycling and promote diversified
search. A comparison of heuristic search algorithms for molecular docking was presented by
Westhead et al. (1997), where genetic algorithms, simulated annealing and tabu search
methods were tested. It was found that genetic algorithm can find the lowest median
energies but Tabu search was more robust for locating the global minimum.

The models mentioned above can determine whether a ligand fits into the protein’s
binding site or not, but do not consider the conformational changes that a ligand goes through
to arrive at the binding site. In fact, docking may not be feasible because the ligand would
have to traverse high-energy conformations to achieve the final conformation state [Apaydin
2001]. Singh et al. (1999) addressed the problem of finding energetically favorable paths for
the binding site using probabilistic motion planning. They predicted low energy binding sites
on the surface of the protein and determine the average path difficulty for different paths
entering and leaving the site. Bayazit et al. (2001) developed an obstacle-based probabilistic
roadmap motion planning algorithm (OBPRM) based on the probabilistic roadmap (PRM)
proposed in [Singh 1999]. Their algorithm differs in that they generate additional random
configurations near the protein’s surface, build a local roadmap instead of a global roadmap,
and introduce the use of a haptic device for user intervention in finding configurations closer

to the binding site.

2.2 Molecular Assembly

In order to design, analyze, and explore possible nanomechanical devices that can, in
principle, be manufactured, Computer-Aided Design (CAD) tools need to be developed
[Drexler 1992, Freitas 1999]. This is similar to the need of CAD systems at the macro-scale

engineering to design products more efficiently. At the molecular level, several Computer-

10



Aided Molecular Design (CAMD) software packages have been developed since 1980s.
However, they have limitations when designing and manipulating molecular-scale
components with large number of molecules as known as nano-scale components [Freitas
1999]. For this reason, a CAD system for nano-scale devices is necessary to explore nano-
scale structure possibilities.

A project to develop a CAD system for nanoelectronic devices (NANOTCAD) is
being developed in cooperation with several European universities [Iannaccone 2001,
Macucci 2001].  This project mainly addresses the modeling and simulation of
nanoelectronic devices (i.e. single electron transistors and memories) based on
semiconductors and on transport via single molecules. With respect of nanomechanical
devices, Kaehler (1990) addressed the arrangement of atoms to form a bridge out of diamond
crystal by designing hundreds of short, strong molecular brackets and classifying them by
offset and angle. The brackets are stored in a dictionary, which helps the designer on
selecting the proper bracket to use and on finding the place in the diamond lattice where it
will connect. Other few primitive design packages have been attempted such as Crystal
Sketchpad [Leach 1996]. Crystal Sketchpad is a molecular CAD program for the design of
diamondoid molecular structures. It extends the capabilities of a previous software called
Crystal Clear [Leach 1994], which was developed at Xerox PARC.

Molecular Building Blocks (MBBs) have been used for the creation of molecular
structures. They are made from dozens to thousands of atoms. Applications can be seen in
drug design where fragment-based methods are applied to generate a novel molecular
structure that can fit into a known site structure [Schneider 2000]. Some of the advantages
of using building blocks are [Merkle 2000]: (1) The larger size of MBBs requires lower
positional precision for manipulation, (2) Each building block can have more linking groups
leading to greater stiffness and greater facility to form 3D structures, and (3) MBBs can be
relatively easy to synthesize and have more tolerance for contaminants during assembly.
Therefore, the objective of this paper is to develop a CAD tool for facilitating the design of
nanomechanical devices using building blocks and use the developed method for molecular

docking applications.

11



2.3 Haptic Devices in Molecular Modeling

Haptic comes from the Greek word haptesthai, which means to touch, relating to or
based on the sense of touch [Salisbury 1999]. The haptic device is an electromechanical
device that exerts forces on users while tracking their motions. These forces provide users
with the illusion of touching something. Haptic interface devices have been widely used in
many applications such as virtual prototyping, shape sculpting, and surgical simulation and
training [Srinivasan 1997]. In our earlier work, a 5-DOF haptic-based force-torque feedback
system has been developed for product development and manufacturing [Ren 2005, Zhu
2003, 2004a].

In molecular docking, haptic devices have been used for representing the ligand, and
for letting the user feel the protein potential field and identify possible binding sites in the
protein [Lee 2004, Nagata 2002, Ouh-young 1988]. Figure 2.1 shows a haptic interface for
molecular modeling, where the user holds the haptic device probe to feel the potential field
around the molecule. One of the first ones to introduce haptic device in this area was Ouh-
young et al. (1988). They developed a real-time molecular docking system using a
manipulator to generate the forces and torques exerted on the ligand by the receptor. The
manipulator serves as an input device for 6D manipulation as well as an output device for
force feedback. Levine et al. (1997) developed an interactive system called Stalk, which
interacts with a genetic algorithm running on a parallel computer to find low energy
geometric configurations. Nagata et al. (2002) used the haptic probe to represent a single
charge and have the user feel the electrostatic potential field of a protein to identify candidate
sites for binding. Finally, Lee et al. (2004) developed a new method for smoothing haptic
interaction with molecular force calculations.

The above systems represent the ligand as a rigid body or as a single charge. A ligand
is a flexible body that adopts different low energy conformations based on the repulsive and
attractive forces exerted by the protein. Thus, it is desirable to determine these low energy
conformations that the ligand adopts and verify the accessibility of the ligand to the binding

site based on its flexibility.
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Figure 2.1 Haptic Device in Molecular docking [Salisbury 1999].

2.4 Summary
In this chapter, we briefly review the related techniques, which will be later referred
or used in this paper. In the following chapters, details of the proposed techniques and their

applications in computer-aided molecular design (CAMD) are presented.

13



Chapter 4
Haptic Force-Torque Rendering and Energy Minimization for
Computer-Aided Molecular Design (CAMD) and Assembly

Simulation

This chapter presents a method of haptic force-torque rendering and the energy
minimization for computer-aided molecular design (CAMD) and molecular assembly. A
lab-built 5-DOF (degree of freedom) haptic device and the driving computational engine
have been developed to provide force-torque feedback to the users for computer-aided
molecular design (CAMD). An energy minimization method is proposed for finding
collision-free molecular configurations in real-time for molecular docking and assembly.
The molecular flexibility in terms of its torsional angles is considered to achieve
collision-free and low-energy molecular configurations. The presented techniques can be
used in the computer-aided molecular design to provide the scientists or the designers a
real-time intuitive guide for manipulating the ligand and understanding of the ligand’s

behavior towards the binding site of a receptor.

4.1 Introduction

Nanotechnology currently is perhaps the most anticipated technological revolution in
modern times. In molecular nanotechnology, two major research objectives are: (i) the
design, modeling, and fabrication of molecular machines/devices, and (ii) the molecular
docking [Boyd 1998, Merkle 1991].  Although these two problems have distinct
applications, they are similar in that both address the “assembly” of molecules [Knight 1991].
Molecular machine designs are developed based on a molecule-by-molecule construction
while the molecular docking tries to find the best fit between two molecules.
Computer-aided techniques for molecular docking have recently received a lot of attention
due to its importance in the medicine and drug design industry while molecular machine

design is still in its infancy. The reason behind the increasing interest in molecular docking

44



lies in its vital role in ‘discovering and developing safe and effective medicines that will
affect the lives of perhaps millions of patients’ [Boyd 1998]. In addition, the discovery of a
new pharmaceutical drug is a long and costly process, requiring years of research and

experimentation [LaValle 2000].

Drug molecule (Ligand)
(13 atoms)

Protein (Receptor)
(2,423 atoms)

Figure 4.1 Receptor and ligand molecules involved in the molecular docking process.

The main task of molecular docking is to make a ligand, which is a relatively small moving
molecule, dock onto a receptor, which usually is a much bigger molecule, as shown in Figure
4.1. In Figure 4.1, the example ligand is a Tyrosine containing 13 atoms and the receptor is

a Tyrosyl-tRNA synthetase with 2,423 atoms from the Protein Data Bank (PDB) with the
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PDB ID: 4tsl [Berman 2000]. The task of molecular assembly is essentially similar to
molecular docking since components are molecules themselves that need to be assembled
with each other and are subject to similar force interactions [Requicha 2003]. From this
point we refer to the smaller molecule as the /igand and to the larger molecule as the receptor
(see Figure 4.1). Also, due to the similarities between molecular docking and molecular
assembly, we will refer to both as molecular docking.

To achieve a successful molecular docking (or binding), the ligand must find a
specific position and orientation inside the protein while satisfying the geometric,
electrostatic and chemical constraints [Bayazit 2001]. Figure 4.2 shows an example of a
ligand molecule docking into a protein receptor molecule. As shown in Figure 4.2(a), there
might be several possible binding sites while the targeted binding site could be far away from
the ligand’s initial search location. The search for the targeted binding position needs to
ensure the ligand is not trapped in a local low-energy region and thus misses the targeted
binding site. This binding site should also be accessible to the ligand, making the search for
the feasible docking path to the binding site vital to the design of molecular docking (or
assembly). In addition, due to the complex molecular structure and geometry as shown in
Figure 4.2(b), the ligand may encounter high energy barriers (i.e., narrow passage on the
receptor) along the path to reach the binding site [Lee 2004, Singh 1999]. The ligand needs
to change its molecular configuration to successfully pass through the narrow passage and
arrive at the binding site, as shown in Figure 4.2(c). The real challenge lies in how to find
the new flexible configuration that enables the ligand to pass through the narrow passage, as

shown in Figure 4.2(c). Notice that, in Figure 4.2(c), the ligand’s original interactive force

—_

F, 1s arepulsive force and the force FT. of the ligand’s new molecule configuration is an

attractive force, resulting in a much lower total potential energy.
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high-energy barrier
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F, :Repulsive force

(b) Ligand in collision with receptor (c) Ligand changing its shape to enter
at a narrow passage the binding site

Figure 4.2 Ligand’s search and molecular configuration change process in molecular
docking.
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Methods for finding a feasible path to the binding site using probabilistic roadmaps
(PRM) have been reported [Bayazit 2001, Singh 1999]. PRMs are able to show the
accessibility of the ligand into the binding site but sometimes fail to find the docking path
due the uniform sampling strategy used in PRMs. Bayazit et al. (2001) overcame this
drawback by letting the users insert additional nodes into their obstacle-based PRM (OBPRM)
through a haptic device. However, it was also reported that it was tedious for the user to
explore all the corners of the protein in search of possible protein pockets.

In Chapter 3, a new method called NanoDAS (Nano-scale Docking and Assembly
Simulator) has been developed to find the feasible docking path to reach the targeted binding
site. The developed NanoDAS method uses a potential energy gradient method and a
search tree algorithm to explore the search space to find the feasible docking path to reach
the targeted binding site [Lai-Yuen 2004]. The NanoDAS method can be used for studying
the feasibility of a ligand docking into a receptor’s targeted binding site.

In recent years, besides using the visualization techniques, there has been increasing
interest in using the haptic interface to facilitate the exploration and analysis of molecular
docking and assembly [Lee 2004, Nagata 2002, Ouh-Young 1988]. In addition to the
molecular docking and molecular assembly, haptic interface has found its applications in
design, medicine, entertainment, education, industry, graphic arts, etc. [Srinivasan 1997]. In
our previous work, a haptic-based force-torque feedback system has been developed for
product development and manufacturing [Lai-Yuen 2002, Ren 2005, Zhu 2003, 2004a].

Previous studies have shown that interaction between molecules can be better
understood in the presence of a force display than by having a visual display alone
[Ouh-Young 1989]. In these methods, a ligand was treated as a rigid body during the
analysis and simulation. Ligand flexibility with torsional freedom is important since it has
been shown that the simplification of the ligand as a rigid body negatively impacts the ability
to find the binding site [Bayazit 2001]. For molecular docking simulation, it is necessary to
provide some ‘reasonable’ force feedback in case a ligand incorrectly penetrates into a

receptor as well as to represent the internal configuration changes taking place in the ligand
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structure [Lee 2004]. Similarly, besides the force feedback, the additional torque feedback
is particularly useful for molecular modeling since orientational fitting is essential for the
correct alignment of molecules [Birmanns 2003, Taylor 1999]. It is of interest to both the
research community as well as industry to consider the molecule’s flexibility and the
force-torque feedback in the development of computer-aided molecular design and
simulation.

This chapter presents a new method of haptics force-torque rendering and an energy
minimization method with the consideration of molecular torsional flexibility for intuitive
computer-aided molecular design (CAMD). The method provides real-time force-torque
feedback to the users when manipulating a ligand in the presence of a receptor during the
molecular design and simulation.

The remainder of this chapter is organized as follows: Section 4.2 introduces the
haptics force-torque rendering for computer-aided molecular docking and assembly
simulation. Section 4.3 presents the human-computer haptic interface with the developed
NanoDAS to speed up the molecular docking and assembly processes. Section 4.4
describes the molecular flexibility representation for molecular collisions and docking.
Section 4.5 discusses the details of the proposed algorithm for adaptive local search for
molecular flexibility by avoiding ligand-receptor collision and minimizing the total
interaction energy between the ligand and the receptor. Examples of the proposed haptics
force-torque rendering and energy minimization techniques are presented in Section 4.6,

followed by the summary in Section 4.7.

4.2 Haptics Rendering for Computer-Aided Molecular Design (CAMD)

In this chapter, the techniques of 5-DOF haptic force-torque rendering with molecular
energy minimization are proposed for molecular docking and assembly. Haptics is
concerned with information and object manipulation through touch [Lee 2004, Zhu 2003,
2005]. Besides transducing position and motion commands from the user, the haptic
devices can present controlled forces to the user, allowing him or her to feel virtual objects

and to control or deform the objects [Biggs 2002]. As the precursor of this research, a
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5-DOF (Degree of Freedom) haptic device was developed for molecular docking and
assembly. In our earlier research work presented in [Zhu 2004a, 2004b], a lab-built 5-DOF
(degree-of-freedom) haptic device, the haptic hardware controller and the haptic rendering

software were developed for product design and prototyping.

Figure 4.3 Lab set-up of haptic controller and 5-DOF haptic device with a dual-CPU
workstation.

As shown in Figure 4.3, the haptic device involved in this research is a lab-built 5-DOF
pen-based electro-mechanical device. The haptic interface device can detect 6-DOF of
haptic probe movement and provide 5-DOF feedback, with both force and torque feedback.
In Figure 4.3, the lab-built haptic device is located in the middle. It is a pen-based net
force-torque display device and grounded to a desktop computer with the controller on its
side. Its right hand side is a dual 2.4GHz CPU workstation with the implemented software
and haptic rendering programs presented in this chapter. Basically, the haptic device has
left and right articulated arms, as shown in Figure 4.3. The two arms are linked to each
other at the distal end, where a probe is located. The probe (grip) serves as the end-effector.

The arms are driven by six DC motors. These DC motors can provide the force feedback on
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the X, Y, and Z axes and the torque feedback on the A and B axes. Hence it can provide
5-DOF output. The 6™ DOF is for the rotation of the probe itself and is meaningful for
sensing. The lab-built 5-DOF haptic is used for the development of the computer-aided
molecular docking and assembly.

The following sections present the techniques of calculating the haptic force-torque
feedback for molecular manipulation and docking. To achieve the necessary high haptic
updating rate, both the force and the torque are calculated by using a 3D grid-based method

of the molecules as described in the next sections.

4.2.1 Potential energy and interactive molecular force calculation

Interactions between molecules are represented by the potential energy generated
between them. This potential energy consists of the electrostatic potential, van der Waals
potential, hydrogen bond potential, etc. [Goodford 1985]. Computing the total potential
energy is very computationally expensive since it takes into account the contribution for each
atom pair that can easily count as many as millions or billions of pairs [Luty 1995]. To
simplify the computation and to provide real-time force-torque haptics rendering, in this
chapter, the potential energy £ function used is defined as the sum of the major element of

the van der Waals force, shown as follows [Leach 2001, Nagata 2002]:

Nig N, Niig N o A. B.
E=)2e=22|1%"—¢ (4.1)
i=l j=1 i=1 j=1 I/;‘] I/;‘j
where e, is the potential energy between one ligand atom i and one receptor atom j
. 4, B
and is defined as e, =| —5——¢ |,

Aj and Bj are the van der Waals repulsion and attraction parameters,
respectively,

ri 1s the distance between atoms i and j, and

Nijg and N, are the number of atoms in the ligand and the receptor,

respectively.
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A. )
In Equation (4.1), the two terms (—5 and —¢

) correspond to the general formula of the

Lennard-Jones potential [Nagata 2002]. The Lennard-Jones interaction has greater
influence when interacting atoms are close to each other and rapidly loses its influence as
atoms move apart from each other [Keserii 1999].

In our previous work presented in [Lai-Yuen 2004], a potential energy gradient

method has been developed to analyze the interaction force between a receptor molecule and

another adjacent receptor. In the potential field analysis, the interaction force F) that

potential

a molecule has on another molecule can be found by differentiating the potential energy E

with the distance 7;; between a ligand atom i and a receptor atom j. So, the interaction force

R ——

F. between each pair of ligand atom i and receptor atom j is defined as follows:

ij
F - (4.2)

where ¢, is the potential energy between one ligand atom i and one receptor atom j

defined previously in Equation (4.1), and

ri  1s the distance between atoms i and ;.

Given the interaction force ]?U between each pair of ligand and receptor atoms, the

interaction force F

potential

dE _ d [&s
Foontias =———=—— e, 43
potential d”'” d rij (Z Z /) J ( )

i=l j=l

between a ligand and a receptor is defined as follows:

where ¢, is the potential energy between a ligand atom i and a receptor atom j

defined by Equation (4.1),
r; 1s the distance between a ligand atom i and a receptor atom j, and
Nijg and N, are the number of atoms in the ligand and the receptor,

respectively.
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Using Equations (4.1) and (4.3), the interaction force F (Z,Z,Z) acting on a ligand

patc ential

molecule by a receptor molecule is determined as follows:

- — — Nig N, Nig N, r(‘(‘
Fpotential = Fpotential (fr s fv s fz ) [fx » fy f ] (_ _J (44)

zl/l i=l j=1

The force elements (f,f,f) of the interaction force F

potential

are in the X, Y, and Z

directions acting on a ligand atom i located at (x; y; z;) by a receptor atom j. The force

—_— s —

elements (fx,, , fyjj , fzj) can be found by differentiating the potential energy e, between a

ligand atom i and a receptor atom j using the Chain Rule, shown as follows:
— Oe, de; O

— b _ 4.5
L ox, 81;7 8xi *)

— Oe.. ae 61”

=T = 4.6
fyif ay[ ar[j ayi (49
f—» B ﬁe,.j B 86 6r @7

7 fz Orﬁ Oz,. .

where e; is the potential energy between a ligand atom i and a receptor atom j
defined by Equation (4.1);
r 1s the distance between a ligand atom 7 located at (x;, y; z;) and a receptor

atom .

Substituting Equations (4.5), (4.6) and (4.7) into Equation (4.4), the interaction force

F it @cting on a ligand molecule by a receptor molecule can be found as follows:

Nlig N,

ree [— — _.]

Fpotential = Z Z _fo s fy.. D ,fz

) v

_ ZZ __,-j_’___ S Il X (4.8)
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The force vector F,,,,, calculated by Equation (4.8) is the interaction force between a
ligand molecule and a receptor molecule in the potential energy field. The interaction force

F

otential derived in the energy potential field will be used later to calculate the haptic
force-torque feedback to the user via the haptic device.

The real challenge comes from a strict restriction that, for haptic force-torque
rendering, it is critical to have the computing thread of 1 kHz (i.e., within 0.001 second per
cycle time) to provide intuitive “sense of touch” [Lee 2004, Salisbury 2004, Zhu 2005].
Since the number of atoms in molecules can range from a few to hundreds or thousands of
atoms, it is very difficult, if not impossible, to perform a real-time (within 0.001 second, or at
R

1 kHz) calculation of the interactive force by Equation (4.8) among millions or

potential
even billions of atom-pairs. To relieve the computation burden, the grid-based energy
methods have been used to pre-compute the force magnitude and direction to support the
real-time computation [Meng 1992, Pattabiraman 1985, Turk 1989].

In this chapter, a 3D grid-based energy method is used to speed up the haptic
rendering and to provide real-time force calculation within 1kHz. The surrounding area of
the protein molecule is enclosed by three-dimensional grids, where each grid point stores the
potential energy and force for each atom type in the ligand molecule generated by the
surrounding protein atoms at that point [Bayazit 2001, Goodford 1985, Lai-Yuen 2004].
The accuracy of the pre-calculated 3D grid method is based on the size of the grids, usually
being about 0.5 A of the grid size to provide an accurate enough approximation [Bayazit

2001].
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Figure 4.4(a) shows a receptor molecule enclosed in 3D grids for real-time

force-torque computation. At each grid, the force components for F

potential  MC
pre-calculated using Equations (4.5)-(4.7) and then stored according to the grid data structure.
When a ligand is introduced in the vicinity of the receptor, all the grids occupied by the
ligand atoms are identified, and the corresponding information from the grid is retrieved to

efficiently calculate the total interaction energy and force. Figure 4.4(b) shows the

calculation of the force F

potentia

, on a ligand produced by the receptor when the ligand is

placed within the 3D grid. It can be observed that the resultant force £, isthe sum of

rec

Nig N, .
all the forces ZZFU of the receptor’s atoms acting on the ligand’s atoms, where Ny, is the

i=1 j=I
number of atoms in the ligand and N, is the number of atoms in the receptor, as shown in
Figure 4.4(b). Atoms that fall outside the adjacent proximity grids are assigned with a zero

force value.

4.2.2 Calculating molecular collision forces by 3D collision grids

Besides the interaction force F'

potential >

another necessary interactive force is the

molecular collision force F acting on the ligand as it contacts or collides with a

collision
receptor. Figure 4.5 shows the 3D collision grids of a pair of a ligand and a receptor. The
3D grid cells’ length is equal to the size of the ligand’s largest diameter atom [Turk 1989].
A virtual wall is defined as the offset boundary of the receptor by the ligand atom radius, as
shown in Figure 4.5. The detection of this virtual wall begins by checking if any of the
ligand atoms are in collision with the receptor atoms. The list of colliding receptor atoms is
determined using a set of pre-computed grids called collision grids to speed up the
time-consuming collision detection [Lee 2004]. Each collision grid stores the possible

receptor colliding atoms, assuming a ligand atom is placed in the collision grid cell.
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Figure 4.5 Calculation of collision force between a ligand and a receptor using pre-computed
3D collision grids.

Figure 4.5 shows the receptor enclosed in the collision grid and the force calculation as the
colliding atoms are identified. ~As shown in Figure 4.5, ligand atoms L; and L, were found

to be inside a collision grid containing colliding receptor atoms R; and R,. The distance

wall
i

between each ligand atom center p, in collision and its projection to the virtual wall p

wall

determines the penetration of the ligand into the receptor. The projection point p"“" 1is

defined as the projection of the ligand center p, into the virtual wall by the corresponding
colliding receptor atoms acting on the ligand in collision. Therefore, the collision
force F, is defined as the sum of the forces applied on the ligand atoms in collision as

collision

they penetrate the virtual wall as follows (also in Figure 4.5):
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collmon - 25 k ( ”‘7” ) (49)
where, ncouision 1S the number of ligand atoms falling into collision grids containing
colliding receptor atoms,
o is the Kronecker delta, and 6 = 1 if the ligand p; falls inside any of the
collision grids and 6= 0 otherwise,

p; 1s the center of the ligand atom i in collision,

wall

p;"" 1s the projection of p, onto the virtual wall of the collision receptor,

and

k is a pre-defined spring constant of molecules.

Using Equations (4.8) and (4.9), the total molecular interaction force F

total

acting on a

ligand can be found by summarizing the molecular potential force £, and the collision

force F, .., shown as follows:
F:‘atal = Fpotential + Fcallision
s N ; Or;  Oe, Ory Qe Ory | "y
- Ly I T N Sk (ptt - p, 4.10
;; A A A | 2k ) (4.10)

Once the molecular interaction force F;ml

is found by Equation (4.10), the haptic

—_

responding force (F/ and FT?) and the haptic responding torque (rt and r_,;) feedback

can be determined. Details of determining the haptics force and torque feedback are

discussed in the next section.

4.2.3 Calculating haptic force and torque feedback for molecular docking

As shown in Figure 4.6(a), to calculate the haptic force-torque feedback, a pivot point
P, is defined at the ‘center of weight’ of a ligand. The accumulated force is assumed to be
applied through the pivot point of the molecule. Accordingly, the torque 7 is around an

axis that passes the pivot point P, as shown in Figure 4.6(a).
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Figure 4.6 Haptic responding force and torque distribution to haptic device.
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The total molecular interaction force F,,, calculated by Equation (4.10) is first

calibrated in the controlling program according to the maximum allowable haptic output

force magnitude to obtain the total haptic force F! feedback to the user [Zhu 2004a,

total

2004b]. The torque 2_': induced at the pivot point P,,, by a collision point P; is calculated

as follows (also see Figure 4.6(a)):

—_—

N, rec
r, =Y P PxF,

i

4.11)

where P is the virtual pivot point’s location,

P is the collision point’s location, and

—_—

F, is the corresponding collision force between the ligand atom i and a

y
receptor atom ;.
Using Equation (4.11), the total torque 7 is calculated as follows:
Nig . Nig| Npoe |
P35 -3 SR 12
i=1 i=1| j=I
where Ny is the number of atoms in the ligand. As shown in Figure 4.6(b), with a 5-DOF

haptic force-torque interface, only the torque r_x; on the X-Y plane can be displayed to the

user and the torque Z is along the haptic probe’s Z-axis. The torque Z can be found as:
r.=7e7 (4.13)
As shown in Figure 4.6(b), the haptics torque a feedback to the user can be found as

follows:

—_—

Txy

=7-7, (4.14)

where 7 and Z are defined by Equations (4.12) and (4.13). As shown in Figure 4.6(c),

_—

the total haptic force F! is evenly distributed to the two manipulators (the left and the

ota

right), shown as follows [Zhu 2004a]:
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Fl=F" /2 (4.15)

total

FT=F" /2 (4.16)

total

In Figure 4.6(c), assuming that the vector from the left haptic manipulator end P, to the right
14

manipulator end Py is the torque a is distributed to the two (left and right) haptic

LR >

manipulators and the correspondent responding force F, and F, R:_ can be found as

follows:

— T T Xr o
Ffl =2 .2 2 =_F (4.17)

— ' — — Rz,

Txy X r]_R

Tir
Using Equations (4.15), (4.16) and (4.17), the desired haptic responding forces FTH and

]*TRH on the left and right manipulators are calculated as follows:

FP=F+F/ (4.18)

Fl=Fl+Fl (4.19)

The haptics torque found by Equation (4.14) and the haptics responding force found by
Equations (4.18) and (4.19) are provided to the users in the computer-aided molecular design.
The following sections present the haptics force-torque rendering for finding molecular
docking that considers the flexible molecular configuration and an adaptive local searching

method.

4.3 Haptics Force-torque Rendering for Computer-Aided Molecular
Design

In this chapter, a haptics force-torque rendering system is developed for
computer-aided molecular design (CAMD). Figure 4.7 shows the general concept of the
proposed haptics-based interface with the NanoDAS search engine for CAMD.
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Figure 4.7 The haptic-based NanoDAS system with force-torque feedback for
molecular docking.
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Providing force-torque feedback for molecular manipulation, the user can explore the
receptor surface to find the binding site in molecular docking or plan the assembly of a
component in molecular assembly. A NanoDAS computing engine and an energy
minimization search algorithm are used to find the best feasible path for molecular docking.
Given a binding site location, the user can search for and verify the docking of the ligand into

the receptor.

With the proposed system and a given database containing a variety of molecules, the
user can either select a molecule as a potential ligand for validation or let the system search
for a feasible ligand from a list of candidate ligands. As the user places the ligand in the
vicinity of the receptor, the interacting energy, the respondent force and torque are calculated
to provide force-torque feedback to the user as shown in Figure 4.7. In Chapter 3, a
NanoDAS (Nano-scale Docking and Assembly Simulator) has been developed to analyze and
simulate molecular docking for determining the feasibility of molecular docking. The
developed NanoDAS automatically explores the 3D space by building a search tree until the
initial position and the final molecular docking position are connected. It was shown that
the NanoDAS can effectively search for a feasible path for a ligand to dock at the binding site
[Lai-Yuen 2004].

As shown in Figure 4.7, while the user explores the search space and studies the
intermolecular interactions, the user can apply the NanoDAS search engine to find a feasible
path to the binding site. The NanoDAS constructs a search tree starting from the initial
molecule location to explore the 3D search space and to exploit the low-energy regions until
the targeted molecular binding site is reached. The feasible path is returned to the user, who
can use the path as a visual guide to manipulate the ligand towards the binding site while
feeling the intermolecular force and torque through the haptic device. The user can also
leave the ligand at any position around the receptor and let NanoDAS simulate the ligand’s
motions toward the binding site. The proposed system can free the user from having to do a
thorough exploration of the search space to find the binding path or to verify the docking
feasibility.
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4.4 Flexible Molecular Configuration in Molecular Collisions and Docking

Traditionally, a ligand’s bond lengths and bond angles are considered as fixed during
the search for a feasible molecular docking. Handling molecular flexibility and searching
for new molecular conformations have been identified as computationally expensive and as
major challenges in drug design and molecular design [Finn 1996, LaValle 2000]. In this
chapter, the ligand is considered fully flexible while the receptor is treated as a rigid body to
reduce the computational complexity. Approximating the receptor as a rigid body has been

justified by experimental data in earlier studies [Finn 1999].

(a) Amolecule and its degrees of freedom

Root Root
AtomCluster AtomCluster

AtomCluster 3

)\

\'4)8 ¢i+§I%i

+2 ) = I ¢1+1 I%(i)+2 - N
AtomCluster 4
AtomCluster 2 AtomCluster ‘AtomCluster
4 after torsional 2

AtomCluster 1 angle change AtomCluster 1

AtomCluster 3

(b) Atom clusters formed based on the number of rotatable bonds before
and after bond rotation

Figure 4.8 Arrangement of atoms into groups based on the number of rotatable bonds
within the molecule.
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Figure 4.8 shows a molecule consisting of atoms connected by bonds, and only some
of these bonds are rotatable, i.e., having the ability to rotate about their own axis. In Figure
4.8(a), the rotatable or torsional angles are shown as ¢. A flexible molecule has at least six
degrees of freedom: three translational (x, y, z) and three rotational (e, £, ). In addition, as
shown in Figure 4.8(a), each torsional bond of the molecule accounts for an additional
degree of freedom (¢). Given an initial molecular configuration ¢;, a new configuration
gi+1 can be found by sampling new variables values from a uniform random distribution.

The variables for a molecule in this case are {x, V2,0, By s G "n}, where x, y, and z

represent the translation variables, «, f, and y represent the rotation along the X, Y, and
Z-axes, and ¢ represent the £ torsional bond angles (k=1,...,n).

Since haptic applications require an update rate of 1kHz, the computation burden of
finding the accurate ligand configuration during checking becomes infeasible. For this
reason, the objective of a quick conformational search is to find a ligand configuration that
approximately represents the behavior of a ligand as it approaches the receptor. Since the

user has direct control on the first 6 degrees of freedom ( x, y,z,a, 5,7 ) of the ligand through

the haptic device, the energy minimization cycle only modifies the torsional angles (¢)
k=1,...n to find the lower-energy and collision-free configuration. The molecule is modeled
as an articulated body where the atoms are clustered into AfomClusters according to the type
of bonds in between them [Zhang 2002]. In other words, all the atoms within an
AtomCluster are connected by bonds that do not rotate while AtomClusters are connected by
torsional bonds, as shown in Figure 4.8(b). This method creates some local frames to each
AtomCluster so the update of atom positions as the bond rotates requires less computation
time and decreases inaccuracies in calculations.

While the user controls the translation and rotation of the ligand (x,y,z,a,5,7)
through the haptic interface, an adaptive local search method is applied to the ligand
configuration to control the torsional angles (&) x-;.... As the user places the ligand, the

ligand is tested for collision against the receptor. If no collision is detected, the ligand

configuration remains the same; otherwise, an adaptive local search method is applied to
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Using the collision grid described in Section 4.2.2, the AtomClusters that are in collision
with the receptor molecule can be identified, and thus determine whether the ligand is in

collision with the receptor or not. The adaptive local search assigns a new torsional angle

within the allowable range (#/, ¢, ) to the AtomClusters, where @ and ¢, are the lowest

and the highest allowable angle values for the torsional angle ¢, of the K" AtomCluster 4Cy.
If a lower energy and collision-free new configuration ¢,..( x, y,z,a, ,7) can be found, the

current molecular configuration ¢., is replaced with the g... Otherwise, the current
molecular configuration g, is returned to the user along with the corresponding force and
torque feedback.

By allowing ligand flexibility, the ligand molecule can attain various configurations
or different spatial configurations of its atoms in order to lower the high forces exerted on it
by the receptor as they are in contact. Moreover, allowing ligand flexibility can improve the
effective search for the binding site for molecular docking. The next section describes the
method of molecular conformation search using an adaptive local search method to minimize

the total molecular interactive energy.

4.5 Adaptive Local Search and Flexible Molecular Docking

Figure 4.9 shows the general searching scheme of the proposed method for finding a
feasible path to the targeted molecular binding site. Using the haptics interface, the user can
place a ligand in the vicinity of a receptor as shown in Figure 4.9(a). As presented earlier in
Chapter 3, the NanoDAS algorithm constructs a search tree and tries to advance the ligand

toward the targeted binding site based on the gradient of total energy field.
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As a ligand approaches the receptor, the ligand is tested against the collision grids
and its interacting energy, force, and torque are calculated through the earlier mentioned
grid-based method. If a ligand does fall within the potential field as the molecule B shown
in Figure 4.9(a), the potential field method quickly pulls the search tree towards the lower

energy regions by the interacting force £, between the ligand and the receptor.

otential

As the ligand approaches the targeted binding site, there is a possibility of the
ligand’s colliding with the receptor. As shown in Figure 4.9(a), there are two scenarios at
this point: (i) the ligand is not in collision with the receptor (the molecules 4 and B), and (ii)

the ligand is in collision with the receptor (the molecule C). If a ligand is colliding with the

receptor, as the molecule C shown in Figure 4.9(b), a new interactive force F

collision appears
and the proposed adaptive local search method is applied to find the possible change of the
molecular configuration and to minimize the total field energy level. In Figure 4.9(b), the
ligand goes through an energy minimization cycle where its molecular configuration is
modified for a new feasible molecular configuration (molecule C’ in the diagram) that is
collision-free and has a lower interacting energy. The process continues until the search
tree finally reaches the targeted binding site as shown in Figure 4.9(b).

Figure 4.10 shows the process of searching for a new molecular configuration as the
ligand collides with the receptor. The ligand atoms that collide with a receptor are found
through the collision grid described in Section 4.2.2.  Figure 4.10(a) shows the ligand atoms

in the AtomCluster 1 colliding with a receptor. The energy minimization search method is

invoked to find a set of new torsional angles ¢,,4,,...,¢,. As the example shown in Figure
4.10(b), a new molecular configuration with the new torsional angle value ¢, is found to

be able to lower the total potential energy and to pass through the narrow passage for

molecular docking.
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Figure 4.10 Molecular configuration change through energy minimization using the adaptive
local search method.
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The following Algorithm IV presents an adaptive local search technique and an
energy minimization procedure for finding a new collision-free molecular configuration.
The algorithm minimizes the energy of a ligand as the ligand contacts the receptor and
searches for a new collision-free configuration along with new haptic force and torque
feedback. If no molecule collision exists or no feasible collision-free new molecular
configuration is found after searching, the algorithm returns the original ligand molecule

configuration. Following are the details of Algorithm IV:

Algorithm_1V  Adaptive Local Search and Energy Minimization for Molecular Docking.

Inputs: g, Current molecular configuration.
Outputs: ¢yen: New molecular configuration,

E  : Energy for new molecular configuration gy, if exists,

new

_

F . : Haptic force feedback of gy,

new

7, . Haptic torque feedback of ¢y

Step 1. Initialize the new configuration gpew <— Gcur;
Initialize ligand collision < 0; g <« 0.

Step 2. Calculate the new molecular energy E,,  of g, by Equation (4.1).

new

Step 3. Calculate the new molecular interactive force F and the new torque

new

7 ofthe new configuration ¢,.,, by Equations (4.10) and (4.12).

Step 4. Check if any ligand atom of g,.,, occupies any of the collision grids as
described in Section 4.2.2.  If so, set ligand_collision < 1.
Step 5. IF (ligand_ collision == 0), then
Go to Step 8.
ELSE

Set the number of iterations g<— 0.
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Step 7. WHILE (g < @max)
Grest < NEW_TORSION_ANGLES();

<« 0; TeO; - <« 0;

test test

Set E

test

FOR (each AtomCluster ACy in yes)
collision < CHECK COLLISION(ACy);
IF (collision == 1)
Exit FOR-Loop;
ELSE

E.Fy 74, < GET_ENERGY_FORCE_TORQUE(ACy);

Etest <« (Etesl +EACk )’

_—

F

test

——

« (F +F,c, );

—_—

T

——

<~ (Ttest + z-AC,‘. )

test

END-FOR.
IF [(collision == 0) AND (Erest < Enew)]

Enew < Etest;

F new test >

_— —

T 7T

new test >
Gnew < Glest;
& < 8max-
END-IF.
g—gtl.
END-WHILE.

—_—

Step 8. Output (guew, Enen F_

new ? Tnew )

END.
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In Algorithm IV, the function NEW TORSION ANGLES() assigns a new ligand’s

torsional angles of the rotational bonds within the bonds’ feasible torsional angles (g, , @, )

for the new test configuration ¢y, as discussed earlier in this section. The function
CHECK COLLISION() checks each AtomCluster AC; in the test configuration g for
possible collision with the receptor, as described in Section 4.2.2. The function
GET ENERGY FORCE TORQUE() calculates the new energy, interactive force and torque
for the new q,.;; using Equations (4.1), (4.17), (4.18) and (4.19), as discussed earlier. If the
test configuration ¢ is collision-free and its energy Ey is below the current configuration
energy E,.., the new test configuration ¢, is accepted to replace gue,. Algorithm IV stops
when any of the following situations occurs: (a) the current configuration ¢, is not in
collision with the receptor, (b) a new collision-free test configuration ¢, with lower energy

has been found, or (c) the number of iterations g,y has elapsed, which indicates the number

of failed attempts to find a collision-free configuration with lower energy has been reached.
The presented Algorithm IV is used in the developed interactive haptic system for an
adaptive search of new feasible torsional angles of molecular bonds when a ligand is found

colliding with the receptor while performing molecular docking.

4.6 Examples

A lab-built 5-DOF (degree-of-freedom) haptic device, the haptic hardware controller
and the haptic computing driver were developed earlier at our lab and are used for the
following examples. The ligands and proteins used in the examples are from the public
domain Protein Data Bank (PDB) [Berman 2000].

Figure 4.11(a) shows the lab set-up of the haptic device and computer display
implemented at our research lab. Figure 4.11(b) shows the NanoDAS system user interface
with an example receptor Tyrosyl-tRNA synthetase and a ligand Tyrosine (PDB ID: 4ts1).
The Tyrosyl-tRNA synthetase receptor has 2,423 atoms and the Tyrosine ligand has 13 atoms,
as shown in Figure 4.11(b).
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(a) Haptic display and device developed at our research lab
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(b) Tyrosyl-tRNA synthetase receptor with the ligand Tyrosine (PDB ID: 4tsl1)

Figure 4.11 Haptic interface and the example receptor-ligand complex.
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Figure 4.12 Potential energy and force-torque feedback for the example Tyrosyl-tRNA
synthetase receptor with Tyrosine ligand.
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Figure 4.12 shows the behavior of the ligand as it approaches to a docking site of the
example receptor. It can be observed in Figures 4.12(a) and (b) that the ligand contacts the
receptor during docking and the interaction force is observed. The presented local search
algorithm is invoked to find a new feasible configuration of the ligand. Figure 4.12(c)
shows the new configuration of the ligand and the reduced interaction force. As the ligand
continues to approach the receptor, the energy and force increase again as shown in Figure
4.12(d). Figure 4.12(e) shows the change of the total potential energy between the ligand
and the receptor at different locations. Notice the high energy level at the position b where
the collision occurs and the lower energy level at the position ¢ after it changes to a new
flexible configuration, as shown in Figure 4.12(e). Figure 4.12(f) shows the interaction
force response at different locations as the ligand approaches the receptor. More computer

implementations and illustrative examples are presented later in Chapter 6.

4.7 Summary

In this chapter, a new method of adaptive local search and energy minimization with
the haptic force-torque rendering techniques has been presented for computer-aided
molecular design (CAMD). The molecular flexibility in terms of its torsional angles is
considered for new molecular configuration to achieve collision-free and low-energy
molecular docking. A lab-built 5-DOF (degree of freedom) haptic device and the haptic
force-torque rendering techniques have been developed for computer-aided molecular design
(CAMD). The following chapter presents a two-phase algorithm for finding the success
probability of a molecule to be docked or assembled into another molecule using the

developed haptic force-torque rendering and energy minimization techniques.
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Chapter 5

Two-Phase Algorithm of Multiple Docking Paths Analysis for
Computer-Aided Molecular Design (CAMD)

In this chapter, a Two-phase algorithm is proposed for finding the success probability
of a molecule to be docked or assembled into another molecule for computer-aided molecular
design (CAMD). The first phase determines the feasibility of a ligand to dock into a
targeted binding site of a receptor using an iterative searching procedure. The second phase
generates a probability graph to examine all the ligand’s feasible paths to find the most likely
docking path. The proposed Two-phase algorithm is able to find the feasible ligands among
all the considered candidates for molecular design and screening process. The algorithm
can also identify and exclude the ligands that, although feasible for the targeted binding site
of the receptor, have higher probability towards other binding site than the targeted one.
The presented techniques can be used for computer-aided molecular design (CAMD) and

molecular assembly applications.

5.1 Introduction

Molecular docking or molecular binding is essential to many biological processes and
is the main challenge in drug discovery and biotechnology [Taylor 2002]. Computational
geometry and visualization techniques have recently been used to relief some of the difficult
problems encountered by scientists in molecular docking giving place to what is commonly
referred as Computer-Aided Molecular Design  (CAMD) or more specifically
Computer-Aided Drug Design (CADD).
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Targeted
Binding Site

Drug molecule or Ligand
(13 atoms)

Protein or Receptor
(2,423 atoms)

Figure 5.1 Example of receptor and ligand molecules in molecular docking and assembly.

As shown in Figure 5.1, molecular docking (or binding) is the process where a drug molecule
(usually referred as the ligand) attempts to find a particular position and orientation inside a
protein (or receptor) [Bayazit 2001]. This particular position and orientation, called the
binding configuration, should satisfy certain geometric, electrostatic, and chemical
constraints for the drug molecule to “dock™ into the protein and to provoke a chemical
reaction. The targeted binding site should be accessible so the ligand can reach the site
from outside, and the ligand must be flexible in order to change its shape to reach and fit into
the binding site [Bayazit 2001, Boyd 1998].

Finding the most likely path in molecular docking is computationally expensive since
there are many different possibilities how the ligand may approach the targeted binding site.
Figure 5.2 shows an example of a ligand to be docked into a receptor. With the given
targeted binding site on the receptor, there may be more than one possible binding site, as

shown in Figure 5.2. At certain region, to successfully reach the targeted binding site, a
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ligand may need to change into some different configuration to pass through the narrow
passage, if the ligand’s molecular structure allows the flexibility of rotating molecular bonds
as shown in Figure 5.2. Computational issues become very complicated when a ligand is
considered flexible, which incorporates additional degrees of freedom (DOFs) into the
problems, as discussed in our work presented in [Lai-Yuen 2005a]. As shown in Figure 5.2,
the existence of other low-energy regions may distract the ligand molecule from immediately
reaching the targeted binding site. How to analyze and evaluate the possibility of a flexible

ligand’s success reaching to the targeted binding site becomes a challenging task.

Low-energy
areas

. Other possible
. docking paths

Ligand
Initial location

Feasible
docking path
to binding site

Receptor
Narrow passage or
high-energy barrier

Figure 5.2 Possible docking paths for the ligand during the molecular docking process.
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Most of the existing approaches use some heuristic search to solve the molecular
docking problems and only consider the final step of the docking by assuming the ligand as a
rigid body [Singh 1999]. Some recent research addressed the molecular docking problems
by using some probabilistic motion planning methods [Bayazit 2001, Singh 1999]. The
main drawback of the probabilistic motion planning methods is the failure of solving the
narrow passage problems, which consists of finding feasible ways to pass through some
narrow space regions [Aarno 2004, Bayazit 2001]. For molecular docking, the narrow
passage is the region with high potential energy that becomes a barrier for the ligand to pass
through. It has been shown that binding sites are usually surrounded by high potential
energy areas to be retained in the site after docking [Apaydin 2001, Singh 1999]. Thus, to
successfully reach the targeted binding site, the ligand usually needs to pass through some
narrow passages to arrive at the binding site.

In Chapter 3, we introduced our developed Nano-scale Docking and Assembly
Simulator (NanoDAS) for the feasible docking path search. The search space for the
molecular docking and assembly processes is defined as a continuous energy space that
constraints the movements of a ligand in the surroundings of a receptor. The NanoDAS
search tree explores and exploits the molecular search space, which is a continuum of energy,
by sampling molecular configurations based on a Potential Field Analysis method and
through randomization [Lai-Yuen 2005c].

In this chapter, a Two-phase algorithm is presented to analyze the multiple docking
paths and to determine the likelihood of a ligand to successfully dock into the binding site of
a receptor. In Phase I, feasibility of docking the ligand into the targeted binding site is
evaluated. In Phase II, a probability graph is generated to analyze all the multiple docking
paths, and to determine the ligand’s most likely docking location and the docking path. The
remainder of this chapter is organized as follows. Section 5.2 briefly describes the
NanoDAS search tree and the grid-based energy calculation method used for calculating the
molecular interactive energy. Section 5.3 presents the Phase I of the algorithm to analyze
the docking feasibility by using an iterative search tree with energy-constrained guidance.

Section 5.4 discusses the Phase II determines the most likely docking site and path by
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generating a probability graph for multiple docking path analysis. Examples of the
proposed two-phase algorithm are presented in Section 5.5, followed by the summary in

Section 5.6.

5.2 NanoDAS and Interactive Energy Calculation for Molecular Docking

In our earlier work presented in [Lai-Yuen 2004], a Nano-scale Docking and
Assembly Simulator (NanoDAS) has been developed to analyze the molecular docking and
to determine the feasibility of molecular docking. The developed NanoDAS explores the
3D space by constructing a search tree until the initial position and the final molecular
docking position are connected. It was shown that the NanoDAS can effectively find a
feasible path for a ligand to dock into the targeted binding site [Lai-Yuen 2004].

The NanoDAS procedure for exploring the molecular search space is based on the
potential field analysis and randomization. A local search method was used in the
NanoDAS to further exploit the low-energy regions by considering the ligand’s flexible
configuration [Lai-Yuen 2004]. The interactions between molecules during docking are
represented by the potential energy generated between them. The potential energy used in

this work consists of the Van der Waals forces shown as follows [Leach 2001, Nagata 2002]:

Niig N o Niig N o A. B.
E=32e=22|1—% (5.1)
i=1 j=1 i-1 1| Iy un
where e, is the potential energy between one ligand atom i and one receptor atom j
. A B,
and is defined as ¢, =| —5——¢|,
" v..
ij i

Nijg and N, are the number of atoms in the ligand and the receptor,
respectively,

A; and By are the van der Waals repulsion and attraction parameters,
respectively, and

r;7 s the distance between atoms 7 and ;.
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N B..
In Equation (5.1), the two terms (—5 and —) correspond to the general formula of the

Lennard-Jones potential [Nagata 2002]. The Lennard-Jones interaction has greater
influence when interacting atoms are close to each other and rapidly looses its influence as
atoms move apart from each other [Keserii 1999].

A grid-based energy method proposed by Pattabiraman et al. (1985) and Goodford
(1985) is used to calculate the potential energy in real-time. To speed up the energy
calculation and provide real-time feedback, a protein is enclosed by a three-dimensional grid,
where each grid point stores the potential energy generated by the surrounding atoms at that

point [Lai-Yuen 2005¢]. Using the potential energy E from Equation (5.1), we can obtain

the interactive force F acting on the ligand atom i by the receptor atom j as follows

[Lai-Yuen 2005a]:

- Niig Ny, aei' ae,“ aei'
= Z _—j,__Ja__j (52)
o Ox, Oy, Oz

i=1j i

where e; was defined previously in Equation (5.1). Both the energy £ and the interacting

force F are used to generate the NanoDAS search trees for finding the feasible docking
path, as discussed in our earlier works in [Lai-Yuen 2004, 2005a, 2005b]. The NanoDAS
search tree is used in this chapter to analyze the possibility of a ligand’s successful docking
and to identify the most likely docking ligand among all the candidates. Details of the

algorithm are discussed in the following sections.

5.3 Two-Phase Algorithm for Evaluating Docking Feasibility and
Identifying the Most Likely Docking Ligand

In this chapter, a Two-phase algorithm is proposed to analyze the ligand’s multiple
docking paths and to determine the successful docking ligand with the most likelihood.
Figure 5.3 shows the proposed Two-phase algorithm for determining the docking feasibility
of a ligand into a targeted binding site of a given receptor, and for identifying the most likely

successful ligand.

81



Set the ligand’s initial position
as the root of the search tree T
v

Expand search tree T

NanoDAS*
computing

energy
and force

vNo

*NanoDAS: Nano-scale
************** ' Docking and Assembly
i Simulator

Phase I1. Multiple Docking Paths Analysis
Set { TC} as the set ofall the configurations

in the NanoDAS search tree T

v
Add a configuration ¢,,, from

new

TC} into the probability graph PG
v

Generate edges between ¢,,, and
its neighbor configurations
v

Assign edge weights to the edges

o

v No
Output probability graph PG

Figure 5.3 Overview of the proposed two-phase algorithm for molecular docking.



As shown in Figure 5.3, Phase I of the algorithm determines the feasibility of a ligand
to access the binding site of a receptor using an interactive search tree method. Phase II
generates a probability graph to analyze the multiple docking paths and verify whether the
ligand follows the path towards the binding site of the receptor, or the ligand will be
distracted to other low-energy areas.

As shown in Figure 5.3, a receptor molecule (for example a protein molecule) is
given and different candidate ligand molecules are retrieved from the molecules database for
evaluating docking feasibility. Phase I of the algorithm tests the docking feasibility of a
ligand by growing a NanoDAS search tree T using 3D grid energy with pre-computed energy
values as mentioned earlier in Section 5.2. The initial location of the ligand is set using the
haptic interface developed in our earlier work [Lai-Yuen 2005a]. As the NanoDAS search
tree expands, it explores and exploits the search space attempting to connect the initial
position of the ligand with the binding site of the receptor as detailed later in the next section.
The Phase I procedure continues expanding the search tree until the binding site is reached or
the number of iterations have elapsed as shown in Figure 5.3.

Once Phase I has determined whether the ligand is feasible to dock into the receptor,
the multiple possible paths generated by the NanoDAS search tree are analyzed. A
probability graph PG is generated by using the NanoDAS search tree from Phase I, as shown
in Figure 5.3. For each configuration, edges are created connecting the configuration with
its closest neighbor configurations. Using the probability of a success molecular move, the
weights of the possible molecular moves are assigned to each edge based on the energy of the
configurations. Details of the weights calculation will be discussed in Section 5.5. The
Phase II process continues until all the configurations from the search tree T have been
investigated and added to the probability graph PG, as shown in Figure 5.3.

The proposed Two-phase algorithm can evaluate whether a ligand can access the
binding site of a receptor, and then analyze the different pathways of the ligand. The
following sections provide the details of the Phase I and Phase II of the proposed two-phase

algorithm for docking feasibility evaluation and multiple docking paths analysis.
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5.4 Phase I: Docking Feasibility Evaluation Using the NanoDAS Search
Tree

The NanoDAS search tree is used to determine a ligand’s feasibility of docking into
the binding site of a receptor. The NanoDAS search tree uses a combination of exploitation
and exploration methods to grow the search tree and find a feasible docking path. The
exploitation stage in the NanoDAS search tree growth effectively uses the Potential Field
Analysis and Local Search methods to simulate the behavior of a ligand in the presence of
attractive molecular forces [Lai-Yuen 2004]. During the exploration stage of the NanoDAS
search tree, randomization is used to expand the search tree towards unexplored regions of
the search space.

In this chapter, we incorporate knowledge of the continuous energy search space
between a ligand and a receptor to guide the NanoDAS search tree growth during the

exploration stage. During the exploration phase, a weight w, of a possible molecule move

is described to guide the expansion of the search tree based on the variation of the continuous
energy search space. Figure 5.4 shows the concept of expansion of the search tree in Phase
I of the algorithm. Knowledge of the continuous search space is obtained during the growth
of the NanoDAS search tree by calculating the probability of a ligand to move from
configuration ¢, tonew configuration ¢, shown as follows [Singh 1999]:

e ~(E;—E;)/kgT
P = I (5 3)
—(E,—E;)/ kgT _ _ .
ij exp (E;—E;)/ kg exp (E,_y—E;) kgT

where E, |, and E, are the energies for the configuration ¢, and previous
configuration ¢, , using Equation (5.1),
E; is the energy for the new configuration g,

kj 1s the Boltzmann constant, and

T is the temperature.
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Figure 5.4 Growth of the NanoDAS search tree with energy-constrained guidance for Phase
L.

In Equation (5.3), the probability F, of a ligand to move from a configuration ¢, to a new

configuration ¢, depends on the likelihood of configuration g, moving to the new
The correspondent weight w;,

configuration ¢, given the previous configuration g, .

between configurations ¢, and g¢; can be defined as follows:
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wy = —In[F;] (5.4)
where /n() is a natural logarithm function and £, is the probability of a success move
between the two configurations ¢, and ¢, found by Equation (5.3). Figure 5.4 shows

the growth of the NanoDAS search tree during the exploration phase using the weights found

by Equation (5.4). In Figure 5.4, a random configuration ¢, ,, 1s sampled from the search

space to define the next direction for expanding the search tree. The random configuration

9,.a 15 sampled from a uniform distribution from the lower and upper allowable

configuration values as shown as follows [Lai-Yuen 2004]:
4,uns = Random(v,* v, Vi=1,..,n (5.5)
where Random() is a function that samples from a uniform random distribution
limited by v," and v,

v" and v are the lower and upper bounds for a set of # variables v,

1

defining the molecular configuration.

In Equation (5.5), the random configuration ¢,,, defines the new direction that the search

tree T is to expand; thus it is also defined as the directional configuration g, i.e.,
(940 =q,0a)- Once the directional configuration is determined, the & closest neighbors of
the search tree T to the random configuration ¢, are selected. The set of k closest
neighbors can be defined as Q... = {qies} =1~ In Figure 5.4, let k=2, so the set of the
closest tree nodes Queigh t0 q,,,, is defined as Oueigh = { ey » dnein /- The weights of
each k closest neighbor are analyzed and the one with the lowest weight g,,,, is the one

considered for tree expansion. Therefore, the near configuration ¢, 1is set as the lowest

weight q:e,.gh of the k closest neighbor Q,.io» shown as follows:

q’war = q:eigh = Min. {Wq'{“ } (56)

igh
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In Equation (5.6), W, is the weight of the /" of all the k neighbor configuration of the set

h

O, found by Equation (5.4). The near configuration ¢, is the one considered to be

added to the expanding NanoDAS search tree, as shown in Figure 5.4. Therefore, a new

node ¢, canbe added to the expanding search tree T and ¢, can be defined as follows:

qneigh q”md (5 7)

*
qnew = Qneigh té&

qneigh qrand
where q:eigh is the configuration with the lowest weight from the neighborhood set

Qneigh = {q;{eigh}’ ] = 15"'3 k » and

¢ 1s a predefined search step between the nodes of the tree.
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Figure 5.5 Phase I of the docking feasibility evaluation using the NanoDAS search tree with
energy-constrained guidance.
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Figure 5.5 shows the procedure of Phase I for evaluating the docking feasibility using
the NanoDAS search tree with energy-constrained guidance. As shown in Figure 5.5, the
NanoDAS search tree attempts to connect an initial location with the target location, thus
verifying the feasibility of a ligand to access the binding site of a receptor. By

incorporating the weights w. representing the continuous ener search space, the
p g g i p g gy pace,

expansion of the NanoDAS search tree can be guided toward the targeted binding site. The
following Algorithm V details the procedures of Phase I in generating and guiding the

expanding NanoDAS search tree for determining a ligand’s docking feasibility.

Algorithm_V. Phase I: Docking Feasibility Evaluation using Search Tree with

Energy-Constrained Guidance

Inputs:

Qinitiar> Initial molecular configuration,

dg0ar: Goal configuration,

G: pre-computed 3D grid for energy and force calculation.
Output:

T: Resultant NanoDAS search tree.

Step 1. Initialize the search tree by assigning g, as the root of the search tree 7.
Set qcurr < Qinitial-

Step 2. Calculate the energy e, and the force F.

curr

for g, using Equations (5.1)
and (5.2), respectively.
Step 3. IF [(ntite < Nyax) AND (qgow  T)], then
Go to Step 4;
ELSE Go to Step 8.
Step 4. IF (ecurr < €feia), then

Set a configuration along the current force direction F.  as the

curr

directional configuration gy,
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9,0r < NEAREST NODE(T, qai),

random <« 0.
ELSE
4, < RAND_CONF(),

O,in < NEAREST_KNODES(T, gair),
G ear < Min. {weightq , + by using Equation (5.6),

random <« 1.
Step 5. IF [(random == 1) OR (random == 0 AND qcurr == qnear)], then
Go to Step 6;
ELSE Go to Step 7.
Step 6. IF [EXTENSION FEASIBLE(quir, T, Gnears qnew)], then

ecurr e enew:
qcurr < Gnews
Go to Step 3.

Step 7. Set (€curr < €4, +J,) to escape the potential field analysis method and

switch to the randomization method.
Go to Step 3.

Step 8. Output the search tree 7.

END.

In Algorithm_V, the function NEAREST NODE() searches for the closest node in the search
tree T to qqi. The function NEAREST KNODES() returns a set of &k closest nodes in the
search tree T to gz RAND_ CONF() generates a random configuration from a uniform
random distribution based on the allowable values for the configuration variables, including
translation, rotation, and bond torsion variables.

In the Step 7 of Phase I algorithm, the EXTENSION FEASIBLE() function
determines a new potential node to be added to the search tree. If the extension is feasible,

the function EXTENSION FEASIBLE() returns true, and a new node is added to the search
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tree. The process continues until either the search tree T reaches the goal position or a
maximum number of iterations N, has elapsed.

Once a ligand is determined to be feasible for docking into the targeted binding site
of a receptor by Phase I algorithm, the Phase II algorithm starts to generate a probability
graph (PG) with the sampled configurations generated by the NanoDAS search tree to
analyze multiple docking paths. The details of the Phase II algorithm are presented in the

next section.

5.5 Phase II: Multiple Docking Paths Analysis using a Probability Graph

In Phase II of the proposed algorithm, a probability graph (PG) is generated to
analyze the different docking paths available to the ligand. The main task of the Phase II
algorithm focuses on converting the NanoDAS search tree into a probability graph PG and
analyzing the ligand’s likelihood of reaching the binding site. The probability graph PG is
generated from the sampled configurations of the NanoDAS search tree generated in Phase 1.
The resultant probability graph provides a tool for analyzing the different pathways that a
ligand might take to arrive at the target location.

Figure 5.6 shows the procedures of Phase II algorithm in generating the probability
graph PG to find the most likely one among all the multiple docking paths. The probability
graph PG is constructed based on the configurations sampled by the NanoDAS search tree in
Phase L.
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Figure 5.6 Generation of the probability graph for multiple docking paths analysis of Phase
11
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As shown in Figure 5.6(a), the configurations are linked through edges to form a

probability graph. Each edge between two configurations ¢, and ¢, has a probability

P’

i

which represents the probability for the molecule to move from ¢, to g, and is

defined as follows [Apaydin 2003]:

—\E. - E. c. /b,
Lexp|: ( J l):| lf J J <l,
PijG _Jb, 1 k,T & /b, (5.8)
— otherwise;

b,

1

where b, and b, are the number of neighboring nodes for configurations ¢, and
q;, respectively,

E;, and E; are the energies for the configurations ¢, and g,

respectively, using Equation (5.1),

¢, and ¢; are the Boltzmann factors for configurations ¢, and g¢,,
respectively,

k, 1s the Boltzmann constant, and

T is the temperature.

As shown in Figure 5.6(b), before each pair of the edges is added to the graph, the feasibility

that a configuration ¢, can reach the next configuration g, is checked by placing several
test configurations Drest bt along the edge between g, and ¢q;. The number of test
configurations » is determined based on the distance between ¢, and ¢, and a pre-defined

step size 0 as shown in Figure 5.6(b). The interactive energy E,  ~ for each test

.....

E falls below a pre-defined maximum allowable energy FE the next test

b
9test k|k=1,.n max

configuration along the edge is chosen. This process continues until any of the following

conditions occurs:
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Once the probabilities P

a) The configuration ¢, isreached so an edge is added to the probability graph, or

b) the energy E

Qeest b=ty = e dest,k|k=l,...,

maximum allowable energy threshold E_, so no edge is chosen.

are assigned to the edges of the probability graph PG by using

i

Equation (5.8), each graph edge has a weight w;? based on its corresponding probability.

The edge weight WIIG is defined as follows:

wy =-In(P{) (5.9)

where /n() is the natural logarithm function and Pf is the probability of moving the

candidate ligand from configuration ¢, to g, by using Equation (5.3).

Low-energy
arcas

e ~— Ligand

Potential energy - \*\\l\rﬁtial location
threshold  ~/ ‘»
=
le“arget 4
location \ Probability graph
1 final path

Receptor

Figure 5.7 Phase II of the analysis of multiple docking paths using the probability graph.

93



As shown in Figure 5.7, given the edge weights w;? , the path with the
minimum-weight can be found to link the initial location g¢,,, and the target location

using Dijkstra’s algorithm, as detailed in the following Algorithm VI.  The

9 arget
probability graph PG is generated as the NanoDAS search tree is expanded through the 3D
search space, since each configuration added to the NanoDAS search tree is also added to the
probability graph PG. The final docking path is the path that can connect the initial location

Qi @nd the target location g,,,,, with the minimum total weight. The following Phase

II algorithm describes the procedures of generating the probability graph PG for analyzing
the multiple docking paths and finding the most likely one with the highest success docking
probability.

Algorithm_VI. Phase Il: Generation of a Probability Graph for Multiple Docking Paths

Analysis.

Inputs:  @imiia: Initial molecular configuration,
qeoar:  Goal configuration,

G: pre-computed 3D grid for energy and force calculation.

Outputs: PG: Resultant probability graph.

Step 1. SET ROOT(T) < Ginitiai-
Initialize the probability graph PG.
Step 2. Let the set {TC} be the set of all the configurations in the NanoDAS search
tree T.
Step 3. IF [{TC} = ], then
Get a configuration g, from {7C} and add g,.. to the probability
graph PG.
ELSE
Go to Step 6.
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Step 4. Find the set of the closest neighbor configurations { NB, } for gyew.

Step 5. FOR each configuration ¢;* in { NB, }:

.....

Calculate the interactive energy £, of the test configurations

test k| k=1,....n

AAAAA

IF (VE < E

9rest k| k=1,..n max )
Generate edges between ¢,.,, and ¢ ?’B ,

Add the edges to the probability graph PG,
Calculate and assign the weight w, to each edge in the
probability graph PG by using Equations (5.3) and (5.4).
END-IF.
END-FOR.

Go to Step 3.

Step 6. Output the probability graph PG.
END.

Algorithm VI generates the probability graph and analyzes the different pathways for the
ligand to arrive at all the possible docking locations including the targeted one, as shown in
Figure 5.7. The Dijkstra’s algorithm is used and implemented in Phase II algorithm to get
the minimum-weight path. Both Algorithm V and Algorithm VI are used in the developed
Two-phase algorithm. In the next section, examples of the developed two-phase algorithm

for molecular docking and assembly are presented.

5.6 Examples

A 3D grids potential energy modeling discussed earlier in Chapter 3 is used to

enclose the receptor and to store the energy values in each grid. As the ligand is introduced
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near the receptor, the total interacting energy and force are calculated. A 5-DOF
force-torque feedback haptics interface system developed and presented earlier in Chapter 4
were also integrated with the implemented software system to explore the computer-aided
molecular design (CAMD). The example ligands and proteins used in this chapter are from

the public domain Protein Data Bank (PDB) [Berman 2000].

Targeted
Binding Site

Receptor
(2,423 atoms)

Ligand
(13 atoms, 9 DOFs)

Figure 5.8 Example Tyrosyl-tRNA synthetase (receptor) with tyrosine (ligand), PDB ID:
4tsl1.

Figure 5.8 shows the first example of the Tyrosyl-tRNA with the tyrosine (PDB ID: 4ts1).
As shown in Figure 5.8, the receptor of Tyrosyl-tRNA has 2,423 atoms and the ligand of a
tyrosine has 13 atoms with 9 degrees of freedom (DOFs) for molecular rotation flexibility.
The size of the protein receptor usually can more than thousands of atoms but the size of

ligand is usually much smaller than the receptors.
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Cross-sectional
plane for display

Tyrosine ligand

(13 atoms, 9 DOFs) Tyrosyl-tRNA receptor

(2,423 atoms)

(b) 2-D contour plot of the energy field

Figure 5.9 Molecular energy field for receptor molecule Tyrosyl-tRNA (PDB ID: 4ts1).
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Figure 5.9(a) shows the calculation of the surrounding energy field for the example
receptor Tyrosyl-tRNA (PDB ID: 4ts1) when a Tyrosine ligand is introduced in the nearby
region. The 3D potential grid is calculated and generated by using a grid size of 0.5 A in
computation. For illustration purpose, Figure 5.9(b) displays a 2D contour plot on a cross
section plane of the Tyrosyl-tRNA receptor to show the surrounding potential energy
distribution.  Notice in Figure 5.9(b) that the dramatic change of potential energy
distribution when it gets closer to the narrow passage as well as the regions embedded deep
inside the molecular structure.

Figure 5.10 shows the searching procedures by the Phase I and Phase II algorithms
and the possible candidate docking pathways. As shown in Figure 5.10(a), Phase I
algorithm is able to find a feasible docking path with 24 search tree nodes to reach the
targeted binding location with a total path weight of 133.78. After applying the Phase II
algorithm of generating the probability graph PG, a resultant Phase II docking path with only
8 search nodes and a total weight of 36.91 is obtained (the lower the total path weight, the
better), as shown in Figure 5.10(a). Based on Equations (5.3) and (5.9), a lower total path
weight indicates the higher success docking probability by considering the chemical and
molecular behaviors. It can be observed that by analyzing the different docking paths using
the method of the probability graph in Phase II, a better docking path can be found, as shown
in Figure 5.10(a). Figure 5.10(b) shows the two different docking paths found by Phase I
and Phase II to lead the ligand to pass through the narrow passage of the receptor. More

computer implementations and illustrative examples are presented later in Chapter 6.
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Figure 5.10 Resultant docking paths of the proposed two-phase algorithm for the example
Tyrosyl-tRNA with Tyrosine complex.
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5.7 Summary

In this chapter, we presented a Two-phase algorithm to evaluate a ligand’s feasibility
in docking into a receptor and to find the most likely docking site on a receptor by analyzing
all the possible docking pathways for computer-aided molecular docking and assembly.
The Phase I of the algorithm establishes the feasibility of a ligand to access the binding site
of a receptor using an iterative search tree. In Phase II, a probability graph (PG) is
generated to analyze all the different docking paths of the ligand towards the receptor. The
presented methods can be used to study the ligand’s behavior during molecular docking and
for the computer-aided molecular design (CAMD) applications. In the next chapter, the
computer implementations and examples of the techniques developed in this paper are

presented.
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Chapter 6

Computer Implementations and Results

In this chapter, the computer implementations, illustrative examples and computation
results of the proposed techniques are presented. The proposed methods have been
implemented on a dual 2.4GHz CPU workstation using Visual C++ programming language
and OpenGL® library functions. MATLAB is used for displaying the 2D energy contour
graphs. Several practical examples of ligands and proteins are used for illustration. These
ligands and proteins used in the examples are from the public domain Protein Data Bank
(PDB) [Berman 2000]. The implemented system has been integrated with a lab-built
5-DOF (degree of freedom) haptics force-torque feedback interface. The haptic hardware
controller and the haptic computing driver were developed earlier at our lab and are used for

the implementation and examples.

6.1 Proposed NanoDAS System with Haptic Force-Torque Feedback and

Multiple Paths Analysis

Figure 6.1 shows the general concept of the proposed NanoDAS (Nano-scale
Docking and Assembly Simulator) with haptic force-torque feedback and multiple paths
analysis for computer-aided molecular design (CAMD). As shown in Figure 6.1, while the
user explores the search space and studies the intermolecular interactions, the user can apply
the NanoDAS search engine to find a feasible path to the binding site of the receptor. The
NanoDAS constructs a search tree to explore and exploit the search space until the targeted

binding site is reached, as described earlier in Chapter 3.
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*NanoD AS: Nano-scale Docking and Assembly Simulator
Figure 6.1 Proposed NanoDAS system with force-torque feedback and multiple docking

paths analysis for computer-aided molecular design (CAMD).
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As shown in Figure 6.1, the user can manipulate the ligand and feel the
intermolecular force and torque through the haptic device using the force-torque rendering
and energy minimization techniques presented in Chapter 4. If the NanoDAS method
determines that the ligand is feasible for docking into the receptor, a multiple paths analysis
is performed using the probability graph of the Two-phase algorithm described in Chapter 5.
The results of the docking feasibility and multiple paths analysis are returned to the user, as
shown in Figure 6.1. The developed system can free the user from having to do a thorough
exploration of the molecular search space to find the docking path or to verify the docking
feasibility. ~ Therefore, the proposed system can significantly increase the search
effectiveness in the molecular docking and molecular assembly processes. The following

sections provide the examples and results of the proposed techniques.

6.2 Results of Nano-scale Docking and Assembly Simulator (NanoDAS)

Figure 6.2 shows the NanoDAS search results for the example Streptavidin receptor
and the Biotin ligand (PDB ID: 1stp) with different initial search locations. Figure 6.2(a)
shows that the NanoDAS search tree, starting initially from location A4, is able to find the
targeted docking site. For the example shown in Figure 6.2(a), it takes 30 search nodes to
successfully reach the targeted docking site of the Streptavidin-Biotin example. Figure
6.2(b) shows the NanoDAS search tree when the same Biotin ligand is placed at different
initial location B to explore the docking feasibility. Notice that, due to being away from the
targeted docking site, the NanoDAS searches the surrounding space of the example
Streptavidin protein receptor with 66 search nodes, as shown in Figure 6.2(b). These results
demonstrate the effectiveness of the NanoDAS in finding the docking path regardless of the

initial ligand location.
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Figure 6.2 NanoDAS results for different initial searching locations for the
Streptavidin-Biotin complex (PDB ID: 1stp).
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(a) Molecule collides with receptor as the ligand tries to pass through the narrow passage
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(b) Ligand changing shape as it enters the narrow passage to reach the binding site

Figure 6.3 NanoDAS results showing the configuration change of the Biotin ligand as it
enters the narrow passage towards the binding site of the Streptavidin receptor.
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Figure 6.3 shows the change of ligand configuration as it goes through a narrow
passage of the molecular docking path found previously in Figure 6.2 for the example
Streptavidin-Biotin complex. Figure 6.3(a) shows the Biotin ligand encountering a
molecule collision when it enters the narrow passage towards the targeted binding site. The
molecule collision between the ligand and the narrow passage causes a high-energy barrier
that invokes the local search for any possible new ligand configuration to pass through the
narrow passage, as shown in Figure 6.3(a). Figure 6.3(b) shows the NanoDAS changes the
ligand’s molecular configuration to enable the ligand to pass through the narrow passage and
to reach the targeted binding site. By using the local search for a new possible ligand
configuration, the presented NanoDAS is able to find the feasible docking path with
necessary flexible molecule configuration to overcome the high-energy barrier and the

narrow passage to perform the molecular docking into the receptor.

Figure 6.4 shows an example of using the developed NanoDAS to access the
feasibility and to screen different ligands for molecular docking with a selected receptor. In
Figure 6.4, the example receptor is the Tyrosyl-tRNA synthetase receptor (PDB ID: 4tsl)
with 2,423 atoms, and four different candidate ligands are tested for the docking feasibility.
These four ligands are indicated as Ligand 1, 2, 3 and 4, and they vary in shape, number

of atoms, and degrees of freedom (DOFs), as shown in Figure 6.4.
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Binding Site
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(2,423 atoms)
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Ligand 1: Aspirin Ligand 2: Biotin Ligand 3: Benzyldiamine Ligand 4: Tyrosine
(21 atoms, 10 DOFs) (16 atoms, 11 DOF's) (9 atoms, 6 DOFs) (13 atoms, 9 DOFs)

Figure 6.4 Example Tyrosyl-tRNA synthetase (PDB ID: 4ts1) receptor with different ligands
to be screened for testing.

107




NanoDAS > J Targeted

search tree

Initial location

for Ligand 1

Initial location &
for Ligand 1 Receptor Closest docking location B

with ligand energy = -3.9146

(a) NanoDAS search tree result for Ligand 1 with 475 search nodes
(local energy = -3.9146)
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(b) NanoDAS search tree result for Ligand 2 with 478 search nodes
(local energy =-4.3115)

Figure 6.5 NanoDAS results for screening Ligand 1 and Ligand 2 into the Tyrosyl-tRNA
synthetase receptor (PDB ID: 4ts1).
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The search and testing results by the developed NanoDAS are shown in Figures 6.5
and 6.6. Figure 6.5(a) shows the NanoDAS search tree of Ligand 1 performing docking to
the receptor. Figure 6.5(a) shows that the targeted docking site of the example
Tyrosyl-tRNA receptor is at site 4 and the closest docking location the Ligand 1 can perform
docking is located at location B with a local energy of —3.9146. Figure 6.5(b) shows the
NanoDAS search tree of Ligand 2 performing docking with the example receptor. The
closest docking site at which the Ligand 2 can perform docking with the example receptor is
located as site C with a local energy of —4.3115, as shown in Figure 6.5(b). Figures 6.5(a)
and (b) show that both the Ligand 1 and Ligand 2 fail to successfully access the targeted
docking site 4, and their docking locations B or C are not even close to the targeted docking

site 4 of the receptor.

Figure 6.6 shows the NanoDAS search trees of the other two ligands, Ligand 3 and
Ligand 4 performing docking with the same example receptor. Figure 6.6(a) shows the
Ligand 3 is able to dock at site D, which is very close to the targeted docking site 4 with a
local energy of —8.5553. Figure 6.6(b) shows the Ligand 4 performing docking with the
receptor at the site £, which is the same as the targeted docking site 4, with a very low local
energy of —15.6129. The NanoDAS identifies the Ligand 4 to be able to dock into the
targeted binding site A of the example receptor, as shown in Figure 6.6(b). This identified
result of the Ligand 4 Tyrosine with the Tyrosyl-tRNA synthetase receptor is consistent with
the data in the “Protein Data Bank” published in [Berman 2000].
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(a) NanoDAS search tree result for Ligand 3 with 224 search nodes
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Figure 6.6 NanoDAS results for screening Ligand 3 and Ligand 4 into the Tyrosyl-tRNA
synthetase receptor (PDB ID: 4ts1).
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Figure 6.7 shows the change of molecule configurations of Ligand 4 during the
docking into the Tyrosyl-tRNA synthetase receptor. As shown in Figure 6.7, the initial
configuration of Ligand 4 has a local energy of -0.0730. As the Ligand 4 enters the narrow
passage, it encounters a high energy barrier of 841.6851 and it has to change to a new
configuration to pass through the narrow passage, as shown in Figure 6.7. As searched by
the presented NanoDAS, the Ligand 4 successfully docks into the targeted binding site 4

with a new molecule configuration and a local energy of -14.9043, as shown in Figure 6.7.

Targeted
binding site A

Ini tial
location
for Ligand 4

Initial configuration Intermediate configuration Final configuration
of Ligand 4 of Ligand 4 of Ligand 4
(local energy =-0.0730) at narrow passage attargeted binding site

(local energy = 841.6851) (local energy =-14.9043)

Figure 6.7 Change in molecule configuration of Ligand 4 as it enters into the targeted
binding site 4.
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Table 6.1 Comparison of performance results for the example Streptavidin-Biotin

complex.
Max. number of nodes
1,000 2,000 3,000
Algorithm Goal Bias
% Avg. # of % Avg. # of % Avg. # of
Success* | nodes in | Success* | nodesin | Success* | nodes in
Tree Tree Tree
Traditional 5% goal bias 19 533 19 1,110 27 1,527
Random 10% goal bias 29 446 22 996 31 1,367
Sampling 15% goal bias 23 450 32 866 38 1,206
Search Tree | 20% goal bias 29 388 46 639 26 1,293
5% goal bias 93 108 97 162 99 162
NanoDAS 10% goal bias 94 84 97 114 100 93
15% goal bias 96 44 98 92 98 116
20% goal bias 96 37 97 85 96 133

*Percentage success over 100 runs and 3D grid size of 0.5A.

Tables 6.1 and 6.2 show a performance comparison between the traditional random search
methods and the developed NanoDAS based on the success percentage of searching for
docking and the average number of search nodes during search. Table 6.1 shows that, given
the same searching criteria, the NanoDAS can constantly achieve 93~100% success rate,
while the traditional random sampling search can only reach about 19~46% in finding a
success molecular docking. As shown in Table 6.1, the average number of search nodes that
the NanoDAS takes is also lower than the traditional method. Table 6.2 shows that even as
the maximum number of search nodes is increased over 50,000 nodes, the traditional random

sampling search method can achieve at most only 76% success compared to the constant
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success of 100% by the NanoDAS. The NanoDAS performance remains a constant 100%
success of finding the docking sites once the maximum number of search nodes exceeds
3,000 nodes. Moreover, as shown in Table 6.2, the traditional random sampling search
method takes a significantly higher number of search nodes (average about 6,500 nodes) and
a substantial huge amount of computing time (about 4.42 hours) to reach the binding site
with 36~76% success, compared to NanoDAS with very efficient computing time (less than
1 second) and a constant 100% success. These results show that NanoDAS performs
significantly better in computing time and has a superior effectiveness in finding the

molecular docking than using the traditional search method.

Table 6.2 Comparison of performance results for the example Streptavidin-Biotin complex
by increasing the maximum number of search nodes.

Max. % Avg. # of Avg.
Algorithm number | Success® | nodes in running

of nodes Tree time

(sec)

5,000 36 2,236 35.97

Traditional Random Sampling 10,000 54 3,449 73.51
Search Tree 30,000 68 8,530 9,792.90
50,000 76 11,905 15,895.06

5,000 100 108 0.19

NanoDAS 10,000 100 175 0.91

30,000 100 102 0.18

50,000 100 100 0.19

*Percentage success over 50 runs and 3D grid size of 0.5A.

It is interesting to notice that, from Tables 6.1 and 6.2, the goal bias in selecting the
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new search direction does not have any real impact on the overall search for the optimal
docking. This can possibly be interpreted as the search for a success molecular docking is
heavily dependent on the geometric complexity and molecule configuration flexibility,
instead of just relying on the information of a targeted binding site. In other words, what
this indicates is that, even the scientist or user knows the targeted binding site (i.e., the goal),
whether a success docking can be found heavily relies on the receptor’s geometric
complexity and the ligand’s configuration flexibility. In this chapter, the developed
NanoDAS can effectively explore the molecular flexibility and efficiently find a success

molecular docking.

6.3 Results of Haptic Force-Torque Rendering with Energy Minimization

Figure 6.8 shows the haptic device and computer display implemented at our research
lab. Figure 6.9 shows the difference between docking a rigid and a flexible Tyrosine ligand
(PDB:ID 4ts1, with 13 atoms) into the example Tyrosyl-tRNA synthetase receptor (with
2,423 atoms).

Figure 6.8 Haptic display and device developed at our research lab.
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Figure 6.9 Docking rigid and flexible ligands to a receptor.
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When a rigid ligand is used, it is observed that a collision exists and the ligand
encounters high repulsive forces before arriving at the binding site, which requires the user to
push the ligand towards the binding site, as shown in Figure 6.9(b). On the other hand,
when a flexible ligand (9 DOFs) is found by the developed searching algorithm, the ligand
changes its flexible configuration to access the binding site and an attractive force towards
the binding site is created, as shown in Figure 6.9(c). The attractive force generated by the
ligand’s new configuration makes the docking to the binding site possible, as shown in
Figure 6.9(d). Figure 6.9(e) shows the different force responses of using the rigid ligand
and the flexible ligand. As shown in Figure 6.9(e), using a flexible configuration, the ligand
changes into a new configuration with much less resistant force and successfully docks into
the targeted biding site. Through the interactive haptic system, the user experiences the
change of molecular responding forces and torques from repulsive to attractive while
performing the design and simulation of molecular docking.

Figures 6.10 show an example of docking a flexible Tyrosine ligand into a
Tyrosyl-tRNA synthetase receptor by the NanoDAS. Figure 6.10(a) shows the search tree
and the resultant docking path found by NanoDAS that offers the user a visual guide to the
binding site in addition to the force-torque feedback. The user can easily follow the path
and feel the change of interactive dynamics during molecular docking via the haptic feedback,
as shown in Figure 6.10(b). In Figure 6.10(c), the ligand encounters a narrow passage
during the docking toward the targeted binding site. As the ligand approaches the binding
site, the ligand changes into a new configuration and the change generates attractive forces
towards the binding site, as shown in Figure 6.10(c). The user can successfully dock the

flexible ligand by following the path generated by the algorithm, as shown in Figure 6.10(d).
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binding site

Figure 6.10 Results of NanoDAS docking a flexible ligand for the 4ts1 complex.
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(a) NanoDAS search tree with 1,274 search nodes and the final docking/binding path
for imtial location A

Targeted
binding site
NanoDAS
search tree
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(b) NanoDAS search tree with 32 search nodes starting at different initial location B
andits final docking/binding path

Figure 6.11 NanoDAS results for different initial searching locations for the Tyrosyl-tRNA
synthetase with Tyrosine complex (PDB ID: 4ts1).
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Figure 6.11 shows the different search trees generated by the NanoDAS when the
ligand starts at different initial locations. Figure 6.11(a) shows the Tyrosine ligand starting
at the initial location 4 and the search tree takes 1,274 search nodes to reach the targeted
binding site on the receptor. As shown in Figure 6.11(a), the final resultant docking path is
shown as the dark path consisting of 40 nodes. Figure 6.11(b) shows the same Tyrosine
ligand starting at a different location B and the NanoDAS search tree takes 32 search nodes
for docking. The resultant final docking path consists of 11 nodes, as shown in Figure
6.11(b). Figure 6.11 shows that, regardless of the ligand’s initial starting location and its
original molecular configuration, the NanoDAS can effectively search for and find the
feasible docking path to dock the feasible ligand into the targeted binding site of a receptor.

The presented techniques can also be used to search for and identify the feasible
ligand among a list of possible ligands of a ligand database for a protein receptor. Figure
6.12 shows a Streptavidin receptor (PDB ID: 1stp with 901 atoms) and three different
candidate ligands (Ligand 1, Ligand 2 and Ligand 3) obtained from the Protein Data Bank
(PDB) [Berman 2000]. The mission is to find from a list of candidates a feasible ligand that
can successfully dock into the targeted binding site of the receptor, as shown in Figure 6.12.
A haptic device is used by the user to place the candidate ligand close to the targeted binding
site (with force-torque feedback), and the searching algorithm is invoked to find and validate
the possible molecular docking paths and configuration. The user can drop the ligand
anywhere in the receptor’s surroundings and let NanoDAS simulate the ligand’s motions

along the resultant path to reach the targeted binding site.
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(901 atoms)

Ligand 1: Aspirin
(21 atoms, 10 DOFs)

Ligand 2: Tyrosine
(13 atoms, 9 DOFs) Ligand 3: Biotin
(16 atoms, 11 DOFs)

Figure 6.12 Example of finding the feasible ligand from different candidate ligands to be
docked into a targeted binding site of the Streptavidin (PDB ID: 1stp) receptor.
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(d) Potential energy for docking Ligand 1 (d) Force magnitude for docking Ligand 1

Figure 6.13 Force feedback and potential energy results for docking Ligand 1 into the
targeted binding site.
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Figure 6.13 shows the docking process of Ligand 1 (Aspirin, with 21 atoms) into the
Streptavidin receptor (with 901 atoms). Figures 6.13(a)-(c) show the molecular interactive
forces when the ligand is moved to different positions a, b and ¢. Figure 6.13(d) shows the
change of the molecular potential energy at the different docking stages. As shown in
Figure 6.13(d), a negative potential energy (small attraction force) is pulling the Ligand 1 (at
distance) towards the targeted binding site when the ligand is located at position a (see
Figure 6.13(a)). As Ligand 1 approaches the targeted binding site, the potential energy
increases and the interactive force becomes repulsive when the ligand moves into positions b
and ¢, as shown in Figures 6.13(d) and (e).

A similar force response is observed in Figure 6.14 when performing docking of
Ligand 2 (Tyrosine with 13 atoms) into the targeted biding site of the example receptor.
The search algorithm tries to minimize the high potential energy of Ligand 2 by changing its
molecular configuration at position b (see Figures 6.14(b) and (c)), but it cannot successfully
find a new feasible configuration to achieve docking into the targeted binding site. The
ligand is pushed into the binding site by using the haptic device but encounters high potential
energy and a high repulsive force, as shown in Figure 6.14(d). Figure 6.14(e) shows that
the Ligand 2 is initially attracted to the receptor*s targeted binding site, but it is repelled later

when it moves closer to the binding site.
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(d) Potential energy for docking Ligand 2 (e) Force magnitude for docking Ligand 2

Figure 6.14 Force feedback and potential energy results for docking Ligand 2 into the
targeted binding site.
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Figure 6.15 shows the docking process of Ligand 3 (Biotin with 16 atoms) into the
example Streptavidin receptor. As shown in Figure 6.15(a), the Ligand 3 is subject to an
elevated potential energy as it gets closer to the binding site at position a. After searching
for a new feasible configuration, Ligand 3 changes to its new molecular configuration to
pass through the narrow passage at the position b to access the targeted binding site, as
shown in Figure 6.15(b). Figure 6.15(c) shows the Ligand 3 successfully docked into the
targeted binding site at position ¢. Figures 6.15(d) and (e) show the change of molecular
potential energy and the responding force during the different molecular docking stages. It
can be observed in Figures 6.15(d) and (e) that, in contrast with the previous two candidates,
Ligand 3 is able to find a very low potential energy (and an attractive force) inside the
targeted binding site. Figures 6.13-6.15 show that the presented method can successfully
identify the Ligand 3 from the list of candidate ligands to perform successful docking into a

given Streptavidin receptor.
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Figure 6.15 Force feedback and potential energy results for a successful docking of Ligand 3
into the targeted binding site.
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Table 6.3 shows the comparison of the effectiveness of using the presented NanoDAS
searching method and the traditional random search methods. Two sets of examples were
used in the testing: the Streptavidin-Biotin complex (PDB ID: 1stp, 901 atoms) and the
Tyrosyl-tRNA synthetase-Tyrosine complex (PDB ID: 4tsl, 2,423 atoms), as discussed
earlier in this section. As shown in Table 6.3, the examples were tested based on a
maximum number of 5,000 search nodes and over 100 runs of sampling examples. The 3D
grid size is set to be 0.5 A. For both of the testing examples, the proposed NanoDAS
outperforms (with 98% and 100% success) the traditional random search methods (8% and
61% success). The developed NanoDAS can also find the final search path with far fewer
searching nodes during searching, as shown in Table 6.3. Table 6.3 shows that the
developed NanoDAS search algorithm can effectively find the binding path to reach the

targeted molecular binding site.

Table 6.3 Comparison of performance results using the traditional random sampling search
method and the proposed NanoDAS searching method.

Example Max. Avg. # of | Avg. # of Success
receptor- Algorithm allowed tried nodes in | percentage*
ligand number | searching | search
complex of nodes nodes tree
Traditional Random 4,715 887 8%
1stp Sampling Search Tree 5,000
(901 atoms) Methods
Proposed NanoDAS 419 203 100%
Search Tree Method
Traditional Random 2,631 610 61%
4ts1 Sampling Search Tree 5,000
(2,423 atoms) Methods
Proposed NanoDAS 1,065 483 98%
Search Tree Method

*Percentage success averaged over 100 runs.
*3D grid size of 0.5A.
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Table 6.4 shows the performance comparison of molecular docking with and without
using the presented haptics interface. The same two testing examples were used for
comparison. As shown in Table 6.4, one hundred random initial positions were tested for
the case without haptic input, and another one hundred user-placed initial positions were
input through the haptic device for molecular docking. As shown in Table 6.4, the required
running time of using the presented haptics interface system is much shorter than the one
without haptics. As shown in Table 6.4, for both the example of Istp (901 atoms) and 4ts1
(2,432 atoms), the NanoDAS takes much less running time (with 85% ~ 98% reduction)

compared to the traditional methods.

Table 6.4. Comparison of performance results using NanoDAS with and without the
presented haptic interface system.

Example Max. % Avg. Reduction of
receptor- Algorithm allowed | Success® | search running
ligand number time time
complex of nodes (sec)
1stp Traditional Random 8 368.29
(901 atoms) Sampling Search Tree 5,000
NanoDAS | No Haptic 100 5.75 98.44%
With Haptic 100 0.84 99.77%
4ts1 Traditional Random 61 270.09
(2,423 atoms) Sampling Search Tree 5,000
NanoDAS | No Haptic 98 41.20 84.75%
With Haptic 100 25.06 90.72%

*Percentage success averaged over 100 runs.
*3D grid size of 0.5A.
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Notice that in Table 6.4, using the haptic interface takes much less running time for a
successful docking, and it also improves the success percentage of using NanoDAS alone
(see the example of 4tsl protein case). The introduction of user knowledge through the
haptic device into the NanoDAS search tree can significantly speed up the molecular
searching, thus effectively reaching the binding site in less running time, as shown in Tables

6.3 and 6.4.

6.4 Results of the Two-Phase Algorithm for Multiple Paths Analysis

The developed NanoDAS system with haptic force-torque rendering is shown in
Figure 6.16. It can be observed that users can manipulate the ligand while feeling the

intermolecular forces.

Figure 6.16 Developed NanoDAS system with haptic force-torque rendering.
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Figure 6.17 Ligand is not feasible for docking into the binding site and it does not dock
anywhere else in the receptor.
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Figure 6.17 shows the example of the ligand-receptor molecular docking using the
developed Two-phase algorithm. The receptor is the Tyrosyl-tRNA synthetase receptor
(PDB ID: 4ts1) and another ligand with 46 atoms is used for checking the docking feasibility,
as shown in Figure 6.17(a). Figure 6.17(b) shows the NanoDAS search tree nodes
generated by the Phase I for evaluating the docking feasibility. It was found that the ligand
is not feasible to access the targeted binding site on the receptor, as shown in Figure 6.17(b).
Figure 6.17(c) shows the ligand is stopped outside the receptor without success in accessing
the targeted binding side, as detected by the developed method.

Figure 6.18 demonstrates the simulation of the identified feasible docking path found
for the example Tyrosyl-tRNA synthetase receptor and the Tyrosine ligand. Figures 6.18(a)
and (b) illustrate the example molecules and the resultant feasible NanoDAS search tree for
docking the ligand (with a total weight of 1,018.95). The Phase II algorithm was able to
analyze other docking paths and determine the likelihood of the ligand to reach the targeted
binding site. In Figure 6.18(c), it was found by the Phase II algorithm that the ligand can
access the targeted binding site of the receptor along a better docking pathway with a total
weight of 30.64. Figure 6.18(d) shows the interaction potential energy of the moving ligand
as it traverses through the docking path obtained from Phase II. Notice, in Figure 6.18(d),
the potential energy of the ligand gets much higher when it is passing through the narrow
passage and its potential energy drops to a much lower and stable level once it passes through

the narrow passage and successfully docks into the binding site.
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Figure 6.18 Ligand is feasible for docking and it successfully docks into the binding site of
the receptor.
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Figure 6.19 Ligand is feasible for docking into the binding site but it is attracted to location
B.
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Figure 6.19 shows another example of using the developed method to identify a
ligand being feasible for docking into the given targeted binding site, but it ends of finding
another lower-energy area for its docking (location B). Figure 6.19(a) shows the evaluation
for docking feasibility provided by the search tree generated by Phase I algorithm. Figure
6.19(a) shows that the Phase I procedure shows the ligand is feasible for docking. When
Phase II is invoked to sample all the possible docking sites on the receptor for the given
ligand, Phase II procedure finds there is other possible binding site (location B) that the
ligand will most likely dock into (not the originally given targeted binding site 4), as shown
in Figure 6.19(b). When this situation is identified and verified, the scientists need to find
some other ways to first block the other binding site so the ligand can successfully dock into
the targeted binding site to disable a protein or cure a disease. Figures 6.18 and 6.19 show
that the presented method is able to find the most likely docking site with feasible docking
path for a given ligand to successfully perform docking into the targeted binding site on a
receptor.

Figure 6.20 shows an example of finding possible ligands from a database for
docking into the targeted binding site of a given receptor. As shown in Figure 6.20, several
different candidate ligands are considered to be docked into the example Streptavidin
receptor (PDB ID: Istp) with 901 atoms. Four example ligands: Ligand 1 (XK263),
Ligand 2 (Aspirin), Ligand 3 (Tyrosine) and Ligand 4 (Biotin) were taken from the public
domain Protein Data Bank (PDB). The four ligands vary in size and number of degrees of
freedom (DOF), as shown in Figure 6.20. The developed Two-phase algorithm is used to
search and find the feasible ligand able to perform docking into the targeted binding site on

the receptor.
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Figure 6.20 Example of finding the feasible ligand from different candidate ligands to be
docked into a targeted binding site of the Streptavidin (PDB ID: 1stp) receptor.
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Figure 6.21 Docking paths for Ligand 1 and Ligand 2 using the proposed two-phase
algorithm.
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Figure 6.21 shows the searching tree nodes for docking the Ligand 1 and the
Ligand 2 using the proposed Two-phase algorithm. It can be observed in Figure 6.21(a)
that Phase I of the algorithm determined that Ligand 1 cannot access the binding site (target
location A), and Phase II found the most likely final position for Ligand 1 is different from
the target location. Figure 6.21(a) also shows the other low-energy configurations found by
Phase II algorithm. A similar scenario of Ligand 2 is shown in Figure 6.21(b). As shown
in Figure 6.21(b), Phase I of the algorithm found the Ligand 2 infeasible to enter into the
target location 4. Also shown in Figure 6.21(b), Phase II found and provided the most
likely docking path and the final position for Ligand 2 (location B), which is far from the
target location 4.

Figure 6.22 shows the results of the Ligand 3 and Ligand 4 found by the developed
Two-phase algorithm for the given example receptor. Figure 6.22(a) shows that Phase I of
the algorithm determined the Ligand 3 is feasible to dock into the binding site. However,
after the Phase II analyzed all the possible docking pathways, it was found that Ligand 3 will
most likely dock into another lower-energy area that is different from the target location, as
shown in Figure 6.22(a). This indicates Ligand 3 will not successfully dock into the
targeted biding site, instead would be distracted to other binding site, as demonstrated in
Figure 6.22(a). Figure 6.22(b) shows the result of Ligand 4 trying to dock into the example
receptor. As shown in Figure 6.22(b), the Phase I algorithm evaluated and determined
Ligand 4 feasible to dock into the targeted binding site and Phase II verified that the target
location of the receptor is the most likely docking location for Ligand 4 with the best success

possibility.
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Figure 6.22 Docking paths for Ligand 3 and Ligand 4 using the proposed two-phase
algorithm.
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Tables 6.5 and 6.6 show the results of Phase I and Phase II of the proposed algorithm
for the four ligands tested, as shown previously in Figures 6.21 and 6.22. As shown in
Table 6.5, Ligand 1 and Ligand 2 were determined not feasible for docking by Phase I.
However, Phase 1 found that Ligand 3 and Ligand 4 are feasible for docking.
Consequently, an analysis of the multiple paths for Ligand 3 and Ligand 4 was performed

by Phase II of the proposed algorithm as shown in Table 6.6.

Table 6.5 Docking feasibility evaluation for the different ligands by Phase I.

# of tried | # of nodes Avg. Feasible
Ligand nodes in Tree running for

time docking?

(sec) (Y/N)

Ligand_1 3,000 1,492 171.80 N
Ligand_2 3,000 1,935 240.89 N
Ligand_3 449 274 6.77 Y
Ligand_4 49 22 0.12 Y
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Table 6.6 shows the two most likely paths for each Ligand 3 and Ligand 4. It can
be observed that the most likely path (lowest total path weight of 17.46) for Ligand 3 falls
into location B, which is different from the target location 4. On the other hand, the most
likely path for Ligand 4 (lowest total path weight of 336.04) coincides with the path arriving
at the target location A, as shown in Table 6.6. Therefore, the developed two-phase
algorithm shows that although both Ligand 3 and Ligand 4 are feasible for docking, only

Ligand 4 is most likely to arrive at the target location 4 or binding site of the receptor.

Table 6.6 Multiple paths analysis by Phase II for the ligands found feasible for docking.

Ligand Final location for path Energy of most Total path
likely final weight
location
Ligand 3 Location B -5.91 17.46
(most likely path)
Target location A4 -0.44 70.47
Ligand 4 Location B -1.47 641.75
Target location A -15.53 336.04
(most likely path)

6.5 Summary

In this chapter, the computational results and practical examples of the proposed
techniques have been presented. The results show that the developed techniques proposed
in this research can significantly reduce the time and efforts in the molecular docking and

assembly processes. The proposed techniques can be used as a new tool to determine the

139



accessibility of a set of candidate ligands docking into a protein molecule, and facilitate

molecular design and ligand screening.
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Chapter 7

Conclusions and Future Research

7.1 Conclusions

In this paper, computational techniques and detailed algorithms have been developed

for solving the molecular docking and molecular assembly problems. The computer

implementations and results demonstrate that the techniques developed in this paper can

significantly reduce the time in the molecular docking and assembly processes. The

proposed techniques can provide a tool for rapidly screening candidate ligand molecules

during molecular docking, facilitating the design of molecular assemblies, and better

understanding the molecular interactions in real-time using the developed haptic system. The

accomplishments of this research are summarized as follows:

A new method called Nano-scale Docking and Assembly Simulator (NanoDAS)
has been proposed to determine the feasibility of a ligand molecule to access into
the binding site of a receptor molecule for molecular docking and assembly
applications. One of the main contributions of the proposed NanoDAS algorithm
is the inclusion of the potential field analysis and local search techniques to
allow the search tree to overcome the energy barrier and the narrow passage
problems commonly encountered in the traditional methods. Both the potential
field and local search methods “exploit” the search space as low-energy regions
are found while randomization “explores” the search space, avoiding the search
getting trapped into local minima regions. The developed NanoDAS can be used
as a new tool to identify feasible molecules from a set of candidate ligands

docking with a protein molecule for molecular design and ligand screening.

A lab-built 5-DOF (degree of freedom) haptic device and the haptic force-torque

rendering with energy minimization techniques have been developed for

141



computer-aided molecular design (CAMD). The developed haptic force-torque
feedback provides the users with an intuitive tool for understanding the
interactions among molecules and reducing the required running time in design
for molecular docking and assembly. The presented techniques can be used for
the computer-aided molecular design (CAMD) to provide the scientists or the
users a real-time intuitive guide for manipulating the ligand and understanding

the ligand’s behavior towards the binding site of a receptor.

A new two-phase algorithm for analyzing a ligand’s multiple docking paths for
molecular docking and assembly has been developed. The first phase, Phase I,
establishes the feasibility of a ligand to access the binding site of a receptor using
a NanoDAS search tree. In Phase Il, a probability graph is generated to analyze
the different docking paths of the ligand. Results show that using the proposed
algorithm can determine the feasible and most likely docking path of the ligand
to the binding site. The presented algorithm can be used to study the ligand’s
behavior during molecular docking and assembly and in computer-aided

molecular design (CAMD) applications.

7.2 Future Research Plan

The proposed techniques of finding the feasible and most likely path to the best

binding site in the receptor can provide a powerful tool for screening candidate ligands and

for better understanding molecular interactions. Based on the developed techniques in this

paper, future research will continue in the following directions:

Incorporating other intermolecular forces such as electrostatic and hydrogen
bonding, to the potential energy function to achieve more accurate molecular
behavior.

Considering the receptor as a flexible molecule can provide a better insight on the

behavior of the receptor as the ligand tries to dock into the binding site. Receptor
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flexibility may facilitate the access of the ligand during docking at the expense of
increasing computing complexity due to the higher number of degrees of freedom.
Incorporating more molecules into the system to provide a better design tool for
molecular assembly. In the proposed paper, only two molecules are considered at
a time. However, the insertion of more molecules will require a more complex
calculation of intermolecular forces so better methods are needed to speed up the

computation while providing real-time results.
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