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abstract

In all biological processes, protein molecules and other small molecules interact to function and form transient macromolecular complexes. This interaction of two or more molecules can be described by a docking event. Docking is an important phase for structure-based drug design strategies, as it can be used as a method to simulate protein-ligand interactions. Various docking programs exist that allow automated docking, but most of them have limited visualization and user interaction. It would be advantageous if scientists could visualize the molecules participating in the docking process, manipulate their structures and manually dock them before submitting the new conformations to an automated docking process in an immersive environment, which can help stimulate the design/docking process. This also could greatly reduce docking time and resources. To achieve this, we propose a new virtual modelling/docking program, whereby the advantages of virtual modelling programs and the efficiency of the algorithms in existing docking programs will be merged.

1. Introduction 
Large protein molecules, called receptors, and other small molecules, called ligands, interact together to form complex molecules and/or perform complex biological functions. This process of protein-protein or protein-ligand recognition can be described as docking. The docking procedure is an important phase for most drug design strategies, particularly those employing a structure-based approach. There are existing docking programs that perform automated docking, but these are desktop-based and have limited visualization and user interaction during the docking phase itself. To stimulate the molecular design of new ligands (potential drugs), it would be helpful if scientists could visualize the molecules participating in the docking process, manipulate their structures and manually dock them before submitting the new conformation to the automated docking process. Additionally, this could result in a significant decrease in automated docking time and computational resources used. Virtual Reality (VR) is a field of computer simulation having beneficial aspects that can be used for better visualization and understanding of the different receptor and ligand interactions.


This paper presents an overview of the current state-of-the-art VR, protein information files, and docking algorithms. An analysis of existing non-immersive desktop docking programs and immersive visualization and docking programs is also included for the comparative purpose. A novel immersive program is proposed and future work is outlined.

1.1. Virtual reality

Virtual reality is a computer simulation of a real or imaginary system that allows a user to perform operations on the virtual (or simulated) system and the effects are shown in real time. VR offers immersion, imagination and interaction.  There are three main types of virtual reality systems, namely: non-immersive, semi-immersive and fully immersive.  These vary in the level of immersion and degree of presence, which is a subjective feeling of being immersed in the virtual world. 


In non-immersive systems the user is not surrounded by the system (that is, the user is not immersed into the environment). Semi-immersive systems use high performance graphics computers and usually project the simulated system on large monitors or projectors. This provides a larger field of view which subsequently increases presence. Fully-immersive VR systems on the other hand completely obscures the reality, such that the user is fully immersed into the virtual environment. The two most common ways of achieving full immersion are either by wearing a Head Mounted Display (HMD) [1] or by being in a Cave Automatic Virtual Environment (CAVE) [2]. 


The HMD is a device that can partially or fully exclude the user’s view of the real world, thus enhancing the field of view of the virtual image. For 
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Figure 1. (a) Structure of amino acid; (b) Condensation of two amino acids to form peptide bond.

realistic immersion, some have a motion tracker, which tracks the user’s head position and orientation, and updates the virtual image to the current view. However, HMDs can be heavy and cumbersome, and a CAVE is thus preferred. 


The CAVE is a room-size, high resolution environment with semi-transparent walls, onto which stereo images are projected. Shutter glasses are worn to provide the illusion of depth. These are synchronised with the projectors and rapidly alternate between the right and left eye, and allows the wearer to perceive depth. The CAVE also has trackers, which serve the same purpose as a tracker in a HMD. These can be head or motion trackers. Within a CAVE, navigation can be achieved by using a hand-held wand. The latter is a small hardware device with a pressure-sensitive joystick and trigger buttons. The wand allows navigation within the environment and interaction with the virtual objects themselves. Gloves can be used for interaction but can also be extended to simulate a sense of touch. 


Since the CAVE optimally provides full immersion and a large field of view, it is appropriate for the development of an application for visualization and manipulation of large complex biological molecules.

1.2. Proteins

Proteins are large organic compounds made up of amino acids. The latter are small molecules which have a central alpha carbon (Cα) linked to an amino group (NH2), carboxyl group (COOH), a hydrogen atom and a side chain (R group), as shown in Figure 1 (a). The naturally occurring 20 different amino acids vary in their side chain, which confers specific chemical properties upon the individual amino acids. 


A peptide bond is formed when the carboxyl group of one amino acid forms a covalent bond with the amino group of another amino acid, releasing a water molecule. Figure 1 (b) illustrates the condensation process of two amino acids. Proteins are formed when amino acids sequentially bond together giving rise to a long polymer to form the primary structure, which in turn stabilises to form the secondary structure (alpha helixes or beta sheets). This stabilised structure then folds to form the tertiary structure, the fully folded, stable state of the protein. The interactions involved in stabilising this folded state of the protein primarily consist of weak van der Waal’s forces, disulfide bonds, electrostatic interactions and hydrogen bonds. The quaternary structure of a protein arises from binding of two or more similar or different polypeptide chains.

1.2.1. Protein files

The three-dimensional (3D) structure of protein molecules can be determined experimentally using techniques such as Nuclear Magnetic Resonance (NMR) spectroscopy and X-ray crystallography. The 3D molecular information is ultimately stored as Cartesian coordinates (x, y, z) in files. There are different file formats to store these data; the most common are Protein Data Bank (PDB) [3], Crystallographic Information File (CIF) [4] and Macromolecular CIF Dictionary (mmCIF) [5].  Of these different file types, the PDB format is the simplest and most commonly used by biologists. The PDB files contain important molecular information such as the number of atoms, types of amino acid residues, types of atoms, and spatial coordinates in addition to text annotation referring to methodology and publications. There are different atom related records in a PDB files denoted by ATOM and HETATM, which give details corresponding to atoms of specific amino acids and any ligands (metals, small molecules) respectively, that may be present in the structure.


In the past there were different organisations dealing with the annotation and public deposition of PDB files, therefore PDB files often had different formats. However, these organisations have now adopted a common PDB format. Also, major changes were brought about in the format of PDB files to cater for the increasing number of files deposited. These changes are elaborated in [6]. Due to the changes that took place in the PDB format, inconsistencies in PDB files are very common, such as mismatches in protein 
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Figure 2. Molecular Representations.

chain identifiers. Furthermore, structural details which cannot be observed experimentally result in missing information (that is, breaks in the polypeptide chain or missing amino acids in R side chains). If missing atoms occur in backbones, there can be discrepancies in the visualization of these molecules. Bhat et al. [7] and Westbrook et al. [8] provide an in-depth study of PDB inconsistencies.

1.2.2. Molecular representations

While visualizing and analysing protein structures, scientists use different molecular representations to emphasise different aspects and level of detail of the molecules. The most common molecular representations are: Wireframe, Stick, Ball-and-Stick, Space Filling / Corey-Pauling-Koltun (CPK), Pipes-and-Planks and Ribbon, these representations are illustrated in Figure 2. The Ball-and-Stick is the most detailed molecular representation and is therefore mostly used to represent the individual atomic details of proteins; while Pipes-and-Planks and Ribbons focus more on the secondary and tertiary structures, respectively.

1.3. Drug design

Drug design can be performed in the traditional way whereby researchers carry out high throughput in vitro screening and many times obtain their results by trial and error or after several years of research. However, there is another way of finding new drugs, by making use of computational tools, mainly docking mechanisms. Drug designers use special tools with appropriate docking mechanisms to find new drugs, which fit the active site of a specific receptor. Docking is used as an important concept in being able to better understand molecular reactions and interactions as well as for designing new drugs. The main steps involved in structure based drug design are: 3D structure determination, site representation, site identification / characterization, ligand generation (either by docking or de novo design) and scoring [9].


When a ligand is already known prior to the docking process, several low energy ligand conformations are searched and the best pose is accepted. The best pose is defined as the conformation which fits the binding site both geometrically and energetically. However, when the ligand is not known beforehand, huge chemical databases of molecules are searched during the process. Alternatively, ligands may be found through novel design and generation, a process referred to as de novo construction. This can be achieved either by a linking method, whereby individual fragments are placed independently in the active site and then linked together or by a growing method, whereby a seed fragment is placed in the active site to which fragments are added sequentially.
1.4. Docking

Docking is the process of binding a ligand into the cavity (also known as pocket or active site) of a receptor to form a complex which is energetically and geometrically stable. Figure 3 (a) shows a ligand and receptor when undocked and the ligand in the receptor’s cavity when docked. Different types of docking interactions exist, ranging from simple to more complex interactions, such as: protein-protein, protein-DNA, protein-metal and protein-ligand.

1.4.1. Types of docking

There are three main types of docking: rigid, semi-flexible and flexible. In rigid docking, both the ligand and the protein are considered to be rigid, as shown in 
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Figure 3. Docking; (a) Receptor and ligand docking (undocked and docked position); (b) Rigid docking; (c) Semi-flexible docking. Arrows indicate degrees of allowed rotational freedom.

Figure 3 (b). Semi-flexible docking, on the other hand, considers a flexible ligand and a rigid receptor, as shown in Figure 3 (c). However, this is not how docking naturally occurs. In reality, docking occurs as a dynamic, fully flexible event, but due to the complexities of the process, most automated docking programs provide only non-flexible or semi-flexible docking. Additionally, fully flexible docking requires massive computational resources.

1.4.2. Docking algorithms

The docking process comprises two main steps: search and evaluation. The search procedure scans for the best configurational and conformational space.  For effective docking results, the search algorithm must cover 3D conformational spaces very quickly while the scoring function must evaluate the different conformations quickly among huge population of poses (individual docked results) generated.


The most common search algorithms include systematic search, stochastic search and simulation methods. Systematic search algorithms include incremental search and conformational search. These types of algorithms scan for all possible degrees of freedom and are therefore exhaustive. Stochastic search algorithms include Monte Carlo [10], Genetic Algorithm (GA) and Tabu search. These algorithms are cyclic and have repetitive steps to improve the chance of success.  Simulation methods typically use a combined energy minimization and molecular dynamics algorithm.


The evaluation step makes use of a scoring function which is used to discriminate between correct and incorrect docking solutions. Scoring functions methods are categorised as Knowledge-based [11], Empirical-regression [12] and Force-field. Knowledge-based functions use simple atomic interactions to model receptor-ligand complexes; while empirical methods use the individual correlated terms to approximate binding energies [13]. Force field functions on the other hand use the energies of the receptor-ligand interactions and may also include the ligand’s internal energy.

2. Existing Technologies 

There are many different docking programs which provide both visualization and docking of molecules. Most programs are run on desktop systems, are non-immersive and thus have limited visual capabilities. Visualization is an important aspect that helps stimulate the design process. 
2.1. Non-immersive docking programs

Some common examples of non-immersive docking programs are: DOCK [14], AutoDock [15, 16], FlexX [17], Surflex [18] and Glide [19]. These programs have different search algorithms and scoring functions.

DOCK is based on a sphere matching procedure with a fixed ligand conformation. Early versions of DOCK considered both the ligand and the receptor to be rigid. Later on, partial ligand flexibility was introduced by dividing the ligand into a few fragments, which were then docked independently and then fused.. However, only the position and rotation of the ligand were flexible and could be changed while the protein part remained rigid.  Recent versions of DOCK have added features, such as force-field scoring enhanced by solvation, receptor flexibility and better optimisation. The DOCK scoring function is a simplification of the Assisted Model Building and Energy Refinement (AMBER) force field [20]. 


AutoDock is a commonly used docking program among the scientific community. It is mainly used for automated docking of flexible ligands to macromolecules. It caters for more flexibility than DOCK. AutoDock comprises two modules: AutoGrid and AutoDock. AutoGrid pre-calculates a set of grids for the receptor and the ligand while AutoDock performs the docking of the ligand to these set of grids. Early versions of AutoDock combined a rapid grid-based method for energy evaluation to calculate the interaction energies. This was then used for Monte Carlo simulated annealing to explore the conformational space. However, the Monte Carlo simulated annealing search performs well only with ligands of eight or less rotatable bonds. Later versions of AutoDock have incorporated a modified genetic algorithm, known as the Lamarckian Genetic Algorithm (LGA). 


FlexX is an incremental construction approach consisting of 3 main stages. The base fragments are first selected followed by a placement of these base fragments into the active pocket. The base fragments are placed independently of the rest of the ligand. The last step involves the incremental reconstruction of the ligand inside the active site of the receptor. This process is based on a simple greedy strategy.


Surflex is a fully automatic flexible molecular docking algorithm which has an incremental construction search approach.  The ligand is first fragmented into 1 – 10 fragments, with each having some rotatable bonds. The search algorithm then scans for surface-based molecular similarity to rapidly generate putative conformations of ligand fragments. A scoring function is then applied to the poses generated. 

Glide is a docking program which makes an approximation of a complete systematic search of the conformational, orientational, and positional space of the ligand. The search space is narrowed by having an initial rough position and scoring phase. This step is followed by a flexible energy optimization. Monte Carlo sampling is then used to refine the best candidates from the optimisation process.  The scoring function uses empirical and force-field based expressions. Glide can be ‘more than twice as accurate as FlexX for ligands having up to 20 rotatable bonds’ [19].

Different docking programs have been compared for their efficiency and the main criteria to differentiate between the various docking methods, which are, the descriptions of the receptor site, type of ligand, docking algorithm involved and scoring function have been described [21]. All docking applications must identify and prepare the binding site, dock the ligand and evaluate the poses through the use of a scoring function. According to an experiment performed by Warren et al. [22], where ten docking programs were tested against eight proteins, it was found that all of the docking programs could correctly identify the ligand conformation and were similar to those found in the equivalent crystallographically determined protein-ligand complexes. However, the scoring functions in each case were less successful due primarily to the fact that the scoring functions being evaluated were unable to differentiate between closely related active and inactive compounds. 

2.2. Immersive docking programs

In addition to desktop docking programs there are also immersive modelling/docking programs, such as, Vibe [23], Stalk [24], Applying Virtual Reality Visualization to Protein Docking (VRDD) [25], Pauling World and Distributed Pauling World [26] and AMMP-Vis [27]. 


Vibe is among the first molecular modelling programs which have made use of a CAVE to provide an immersive sensory experience to the user. The Vibe program consists of simulation and display sub modules. The simulation program calculates molecular dynamics based on CHARMM (Chemistry at HARvard Macromolecular Mechanics) [28] force field and a parameter set, which uses bonded and non-bonded interactions in the energy function. Once the molecular dynamics are calculated, the simulation program sends relevant information to the display program which provides an immersive and interactive environment in the CAVE. Any change in position of the ligand is sent back to the simulation program which then calculates the molecular dynamics for the new Cartesian points.


Stalk comprises two main parts: simulation and visualization. The simulation program runs a robust genetic algorithm. It calculates the lowest energy conformation and assigns a value to each individual (referred to as a ‘string’) in the population. After any iteration the simulation program interacts with the visualization program by sending the string corresponding to the lowest energy conformation. The visualization program uses the string parameter to compute and display the lowest energy conformation in a CAVE. The user of Stalk can interrupt the GA and translate or rotate the molecule. The new position and orientation values are sent back to the GA and an energy evaluation can be done. However, it was found that when the GA is interrupted it gives worst results than when it runs uninterrupted. Stalk has another limitation which is the visualization program has a sphere representation for the molecules. This is a time-consuming mode, therefore creating a time lag between the time the user moves a molecule and the time the molecule is redrawn in the CAVE. It is also not the most helpful representation for detailed molecular analysis and further molecular design. Stalk can also be confusing sometimes for the user as molecules usually have many atoms and the sphere representation of all these atoms in the CAVE disorientates the user in the immersive environment.

The main objective of VRDD is to address the drawbacks of Stalk. VRDD is based on a Monte Carlo algorithm, which explores the current ligand orientation for a number of steps defined by the user. For each step, a translation and/or rotational perturbation is applied to the ligand orientation. Only new orientations having lower free energies are accepted. The Monte Carlo local search removes clashes involved in van der Waal’s and electrostatic energies. One tremendous advantage of VRDD is that it uses a Solvent Accessible Surface (SAS) representation which is faster than the sphere representation in Stalk. 


Pauling World (PW) is a virtual application for simulation and visualization as well as interaction and manipulation of molecular structures. Distributed Pauling World is a distributed version of PW. The virtual world is shared among users who are located at different places. The main user has control of the menu and the other users are represented as avatars and control can be passed on among the users. Distributed Pauling World makes use of a distributed database of models to maintain a distributed virtual environment. Each user has a local copy of all the models. Thus, there is no need for a high bandwidth, as only state changes are communicated to the users. The main drawback of distributed PW is that it is currently limited to two users only and problems of bandwidth can arise for real time interaction. Also, Distributed PW makes use of distributed virtual environment which can be costly.


AMMP-vis is a collaborative visualization and modelling program consisting of a molecular dynamics server (AMMP), an orientation server, a communication server and any number of clients.  The AMMP server has the current state of the molecule and writes and receives molecular updates from each client. Each user in the virtual environment can define an area of interest by defining a bounding box. Objects outside the bounding box are thus de-emphasised. If there is an overlapping of the area of interest, the bounding box area is allocated on a first-come-first-serve basis. AMMP-vis is very flexible in that users can be equipped with a HMD or simply use a desktop monitor with cheap gaming gloves. However, AMMP-vis has a scalability problem. When there is a change in molecular orientation, the information is broadcasted to all the clients. If there are too many clients, performance may be affected. Another limitation of AMMP-vis is the way feedback information is sent, which is currently done via text.

3. current work

As mentioned earlier, it is beneficial if scientists can visualize the receptor and the ligand in order to manipulate and manually dock the ligand prior to submission to an automated docking program. To achieve this, they should be able to properly visualize the binding pocket/cavities. Existing non-immersive automated docking programs are limited on visual information. A better visualization and understanding of molecules in 3D are achieved if the molecules are projected in a virtual system such as the fully-immersive CAVE.  Although there are a limited number of virtual modelling/docking programs, these have been shown to have disadvantages, which may limit their use in stimulating novel drug design. The aim of our work is to exploit the advantages of each method and produce an alternative method which has ultimate functionality and flexibility in both visualization and modelling/docking. 


Flexible visualization of the molecular information obtained from a PDB file format has already been achieved in the CAVE. Figure 4 shows a user visualizing a CPK representation of a molecule structure in the CAVE. 
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Figure 4. Visualization of CPK structure in CAVE.


Current work is now focused on the modelling/docking methods in the CAVE to develop a user-friendly interface for molecular design and interaction. This is being achieved by a set of menus and sub-menus that allow complete manipulation of the visualized receptor and ligand. The menus/sub-menus provide operations such as loading different files, manipulation and modelling molecules (rotation, translation, bond making and bond breaking), fragment manipulation and data handling of multiple PDB files. These operations are performed using a combination of wireless technologies; wand, glove and tracking. 
4. future work

Future work will focus on the docking process. Initial work will emphasise on the use of existing docking programs to make use of their robust algorithms. Another possibility would be to use the GA as utilised by Stalk coupled with the SAS representation of VRDD. This could then be used as a stepping stone for a distributed collaborative system. The idea of a local database of models at a client’s side also may be adopted from Distributed Pauling World, along with the bounding box concept proposed in AMMP-vis.  Furthermore, it may be advantageous to develop a new docking algorithm based on a Monte Carlo approach, specific to the CAVE environment and exploiting distributed computing.
5. conclusion

High quality visualization in a 3D environment is significant for a more thorough understanding and analysis of the 3D structure of molecules, particularly with respect to finding cavities and active sites in receptor molecules and trying to optimally dock ligands into those cavities. The CAVE provides an ideal environment to achieve such quality visualization. In this paper, molecular details such as amino acids, proteins and protein information files have been outlined to provide contextual understanding of the problem. Details of existing docking methods have been explained to provide background rationale toward the development of a more fully functional and flexible 3D environment that will greatly enhance the design of potential new drug molecules.
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