EFFICIENT DRUGCANDIDATE FINDING THROUGH
3D VISUALIZATION AND SIMULATION USING
REALTIME POTENTIAL FEEDBACK

VERSION OF 23 MAR 2010
Revision 443

INF_SCR_09_44

BSc. Pieter van 't Hof
Utrecht University
i

 ii 

EFFICIENT DRUGCANDIDATE FINDING THROUGH
3D VISUALIZATION AND SIMULATION
USING REALTIME POTENTIAL FEEDBACK

THESIS
submitted in partial fulfilment of the
requirements for the degree of
MASTER OF SCIENCE
in
COMPUTER SCIENCE
by
Pieter Christian van 't Hof
born 1982 in Rotterdam, The Netherlands

Master Program Game and Media Technology
Department of Information and Computing
Sciences
Faculty of Science
Utrecht University
www.uu.nl

Logica
George Hintzenweg 89
3068 AX Rotterdam
www.logica.com

 iii 

© 20092010 Pieter van 't Hof. All rights reserved.

 iv 

EFFICIENT DRUGCANDIDATE FINDING THROUGH
3D VISUALIZATION AND SIMULATION
USING REALTIME POTENTIAL FEEDBACK
Author:
Student id:
Email:

Pieter van 't Hof
3186903
pvanthof@xs4all.nl

Abstract
This thesis presents a novel tool for candidatedrug research with molecular dynamic simulations
using various open source tools and applications. The tool is based on the Gromacs molecular
simulation engine and the molecular visualization tool VMD. After initiating a connection between the
two packages using the IMD protocol, peratom LennardJones and Coulomb potential values are
directly visible in VMD during the interactive simulation. The described tool should, when used, result
in a more efficient method for candidatedrug research. This thesis describes the implementation of the
various extensions needed and a validation of the implemented tool. Furthermore, a small survey is
held under the drugcandidate researchers about the preferred visualization method of the LJ and
Coulombpotentials. The results of this survey showed the need for label and colour representation of
these potentials. Since the limited time scope of this project, only the colour representation is
implemented and verified. Furthermore, the implementation is shown to two experts in the drug
research field for validation of the newly proposed drugresearch tool and to get an indication whether
the tool is suitable for an altered drugresearch method.
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1

INTRODUCTION

Proteins play an important role in the human body. A protein consists of a well defined structure of
different atoms. Through complex folding mechanisms proteins are able to bind with proteins of
another type. This is also how virus proteins cause infections by binding to human proteins. As an
example, by binding a certain compound (molecule) into the cavity of the active site of the protein (the
part of the protein which is able to initiate bindings) the protein can be prevented from binding to
another protein, since the cavity is already 'filled' [1]. Commercial drugs mostly contain only one active
molecule which binds to the viral protein or a human protein to disturb the association process.
Effectively, it prevents the protein(s) to bind and the virus is deactivated.
One of the biggest challenges in drug research is finding those molecules which fit 'nicely' in the
cavity of the viral protein [2]. Since there is a tremendous amount of possible compounds (it is assumed
that there exist around 1050 possible chemical combinations, combined with approximately 105
conformations on ligand positions) it is impossible to find a best fitting compound manually. To a
certain extend, computer tools are available, known as docking software, to reduce the amount of
possible compound candidates for a specific target. These candidates do not achieve perfect fits, but
have the potential to become a hit after some small chemical modifications. However, in order to verify
these candidates and their possible modifications, chemists still need to manually test these candidates
by ‘wet’ chemistry and in clinical trials. This is a time consuming pipeline with a relatively low
successrate, which only the biggest pharmaceutical industries can afford.
Therefore, a new method is proposed in order to speed up this process by using molecular
simulations. After the selection of possible candidates, these candidates can be set up in a molecular
dynamics simulation together with the target protein. By visualizing the atomic energies in the
simulation, the goal is to make it clear for the user where the compound and the protein form
productive atomic contacts and where the compound has difficulty binding with the protein. By adding
or removing 'building blocks' to or from the compound, one can make a better fit for the protein. By
visualizing this process for the user, it becomes visible which impact the modification has on the
'bindability' of the compound.
The novelty of the proposed method lies in enabling direct visual feedback of potential values per
atom. Currently, energy (also known as potential) data is only available per molecule and not direct
visible during molecular simulations. Only by analysing result data from the simulation it is possible to
examine the potential data per molecule. By altering the simulation engine and enabling realtime
visual feedback of atom positions and potential data per atom, it is possible to have direct and more
precise feedback on developments of the ligand during the simulation.
In order to make the above proposed method possible, a software tool needs to be developed in
stages which are described in detail later in this document. Furthermore, it is not known whether the
proposed method leads to trustworthy results. Therefore, the tool must be tested on various properties
like performance, consistency and correctness.
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1.1 OUTLINE
This document is split up in 10 main chapters. Chapter 1 holds an introduction about the research,
MD simulations and the used software is given. Since this is a subject which contains indepth
knowledge Chapter 2 provides the necessary information. Chapter 3 describes the research done in this
field and various related sub fields regarding the used software. In Chapter 4 the current method of
drug research is described as well as the proposed additions and modifications on the current method.
The preliminary research necessary for the implementation is described in Chapter 5. Chapter 6 will go
into detail about the various software applications, their architecture and the needed modifications to
the source code. The outline of Chapter 6 will be separately described at the beginning of the section
itself. Validation of the applications, i.e. whether the application produces valid results, is described in
Chapter 7. Validation of the method, i.e. whether the method is more efficient and will be an
improvement to current research methods, is described in Chapter 8. The conclusion of the validation
and implementation is described in Chapter 9. Chapter 10 will hold the future work on which
improvements can be made on this method.

1.2 RESEARCH JUSTIFICATION
Having visual feedback during molecular simulations has been realized before, however without the
availability of direct visible potential values [35]. The lack of these potential values should be fine for
the majority of research, but for proteinligand interaction, having potential feedback is a valuable
addition. Yechun et al. give an overview about research done with proteinligand interaction and
interactive molecular dynamics [6]. Again, without feedback of the potential values. To this date (Aug.
2009), no known implementations are registered of interactive molecular simulations with direct visual
feedback in 3D on LennardJones potentials and Coulomb potential and forces. Having such an
implementation could improve efficiency of drug research and a valuable addition in available MD
software.
The research can be classified as applied research, i.e.: research that aims on using knowledge to
solve practical problems in the world. Specifically, enabling the direct feedback of the energy values by
an intuitive representation is researched. Not only the cooperation of various systems, but also the
algorithms to gather the needed information are researched and implemented.

2
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BACKGROUND

This chapter provides the necessary background information for the research project. Although most
information is commonly known, a brief introduction is given with the used acronyms and terms in
order to avoid misinterpretation.
First, a brief introduction is given to atoms and molecules. After this, the molecular simulations are
described with their internal functionality and different energy terms. Finally, an introduction is given
to the docking of so called ligands. Using this background information, one should be able to
understand the following sections.

2.1 ATOMS, MOLECULES AND PROTEINS
Atoms are the most fundamental building blocks of matter. The name atom comes from the Greek
átomos, which means something like indivisible [7]. A molecule is defined as an electrically neutral
entity consisting of more than one atom [8]. This thesis project focuses more on the biological side of
the molecular science. This involves mainly proteins, as described in Chapter 1. Proteins are build up
out of amino acids as basic building blocks. Amino acids on their turn are build up out of carbon,
hydrogen and oxygen atoms. Amino acids are also the basic building blocks of the used ligand in this
project. Figure 2.3 (situated on Page 6) shows an easytounderstand illustration of two water
molecules.

2.2 MOLECULAR DYNAMIC SIMULATIONS
Molecular Dynamics is a theoretical approach combined with molecular mechanics to describe the
behaviour of molecular systems by solving Newton's classical equations of motion [9]. Let S be a
system of n atoms, each atom i ∈S at the position ri is treated as a point with a atomic mass mi and a
fixed charge qi, the force Fi on each atom is determined by:
F i=−∇ U R 

(1)

where U(R) is the potential energy as a function of the atom positions. U(R) is a summation of various
energy terms, based on the distance between atoms or molecules if the interaction is measured between
molecules. For distance the letter R is used and is often given in Å (Ångström). 1 Å is equivalent to 0.1
nanometer or 1010 meter and is named after the Swedish physicist Anders Jonas Ångström.
In general, it can be stated that the general energy term for an atom exists of a bond length
dependent energy part (Ub), a bond angle dependent force part (Ua), a torsion angle dependent force
part (Ut) and a nonbonded interaction part (Un). In formula:
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U  R=U bU a U t U n

(2)

For proteinligand interaction the nonbonded interaction part is the only term where the interaction
between the protein and the ligand is visible. The other parts of the energy term are bonddependent
and therefore only happen within the own molecule. The nonbonded term normally is modeled using a
LennardJones potential for Van der Waals interactions and a Coulomb potential for electrostatic
interactions. These separate potentials are valuable information for proteinligand analyses. In the next
section there is more indepth information about those specific potentials.

2.2.1

LENNARDJONES POTENTIAL

As described in Section 2.2, the LennardJones potential is normally used in MD simulations to
model the atom interactions. A pair of neutral atoms or molecules is subjected to two distinct forces in
the limit of large separation and small separation. First, an attractive force at long ranges known as the
Van Der Waals force [10], or dispersion force discovered in 1873 [11] and shown in Figure 2.3. Second,
a repulsive force at short ranges as a result of overlapping electron paths, referred to as Pauli repulsion
from the Pauli exclusion principle, as found by Wolfgang Pauli in 1925 [12]. Both these forces are
combined in the LennardJones potential.
The LennardJones potential function is a generalization based on empirical potential values. It was
first proposed in 1924 by LennardJones [13]. Although the potential does not represent the reallife
situation completely accurate, it is often used in simulation software because of its ease of computation.
Let S be a system of n atoms again, each atom i ∈S . Let Ji be the set of neighbouring atoms to atom
i at distance r ij r cutoff and j ∈J a neighbouring atom. The formula used in most MD simulations is:
n

∣J i∣

U n =∑ ∑ 4 ij
lj

i=0 j=0

[    ]

r ij

12

−


r ij

6

(3)

where ij equals the precomputed depth of the potential dip depending on the atom types and  the
predefined distance on which the interparticle potential is 0 again. In MD simulations the potential is
often truncated at 2.5  . So if r ij 2.5  , the potential value is truncated to 0. Since the potential is
approaching zero quite quickly after the dip (Figure 2.1), the deviation caused by this truncation is
negligible. This way, computation of the potential is less expensive in CPU terms and memory usage.

Figure 2.1: LennardJones potential as a function of the distance
between atoms (r)
4

Figure 2.2: Coulomb Force as a function of the distance between
atoms (r)

2.2.2

COULOMB POTENTIAL

'Coulomb's law' or the Coulomb potential describes the electrostatic charge between atoms. It was
first described by Charles Augustin de Coulomb in 1773 [14]. All atoms have a static electric charge.
This charge is a result of subatomic particles called electrons and protons. Each atom has an different
electric charge, based on the amount protons and electrons, which differs for each type of atom. An
electron has a defined charge of 1 and a proton has a defined charge of +1.
If another atom comes too close ( r ij 0 ), the static charges collide and will repulse. This force is
called the Coulomb potential [10]. Let the same system be used as in Section 2.2. The Coulomb
potential for all atoms in a system can be computed using the formula:
n

∣J i∣

U n =∑ ∑ k
cb

i=0 j=0

qi q j
2

r ij

(4)

where q equals the charge of the atom, k equals a proportionality constant and rij equals the Euclidean
distance between atoms i and j. The Coulomb potential only has influence on a short range.
Furthermore, Equation (4) shows that the force of attraction between two atoms, is inversely
proportional to the square of the distance between them, in addition to being directly proportional to the
product of the electric charges.
Together with the LennardJones potential, the Coulomb potential is responsible for the nonbonded
interaction values of each atom. Although both important, the influence of the Coulomb potential is
proportionally bigger to the LennardJones potential. The total nonbonded potential Un in most MD
simulations is a plain summation of both the LennardJones and the Coulomb potential:
cb

lj

U n=U n U n
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(5)

2.3 DOCKING OF LIGANDS
Since a part of the new method involves a prediction algorithm for building blocks, the technique of
the docking process is needed. The docking process again involves the prediction of ligand
conformation and orientation within a defined active binding site, which is in this project usually the
protein. An extensive overview of the available docking applications and their methods is described by
Kitchen et al. [15]. With a docking method, also parts of the ligand can be fitted or shown to fit during
the visualization. This way, it is possible to visually propose different poses for the ligand.
All docking applications have to tackle a similar challenge: finding the possible poses for a ligand is
a complex problem. It depends on the number of rotatable atomic bonds in a ligand. The challenge lies
primarily in the vast amount of possibilities. The number of possible conformations nconf of the ligand to
the active side of the protein can be computed using:
N

n inc

n conf = ∏ ∏
i=0 j=0

2
ij

(6)

where N is the number of rotatable bonds and ij the rotational interval in radians in which should be
searched for possible conformations. One can see that with only a small amount of rotatable bonds, the
possible conformations are growing rapidly in the order of O n2 .
In order to tackle this problem, much docking software applications use an incremental search
method where the possible conformations are searched with algorithms based on randomization. When
a part of the ligand is successfully 'docked', the search is continued with the docked part of the ligand
as constraint condition. This way, not all possible conformations may be found, but it drastically
decreases the search time to a O log n complexity in best case.

Figure 2.3: Two water molecules to illustrate atoms, molecules and Van Der Waals
definitions
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3

RELATED WORK

As mentioned in Section 1.2, Yechun et al. [6] describes an overview of work done in the field of
molecular dynamic simulations. Blum et al. [2] implemented an useful database which can be used as
input data for the proposed method. This chapter describes the various software packages in different
disciplines which are available to date. Each of these disciplines are needed in the proposed method.

3.1 SIMULATION
Currently there is a wide variety on available molecular dynamics simulation software. At this
moment (2009) there are around 25 available applications 1 which are capable of doing molecular
dynamics simulations. However, only the two most important for this project will be described here as
an introduction.
The first application is NAMD. NAMD was developed by the Theoretical and Computational
Biophysics Group in the Beckman Institute for Advanced Science and Technology at the University of
Illinois at UrbanaChampaign [16]. This institute also actively develops a visualization tool which will
be described in Section 3.2. Because of this, the NAMD software incorporates a protocol to
communicate realtime with visualization software, which is necessary for Interactive Molecular
Simulations (IMD).
IMD incorporates a simulation tool and a visualization tool. These tools communicate with each
other during the simulation of a molecular system. The result is a visualization of the simulated system
which is updated each time step. Furthermore, it is possible with IMD to apply forces to separate atoms
in an arbitrary direction and arbitrary magnitude. IMD plays an important role in the realisation of this
project. After extending the protocol during this project, the IMD protocol, the separate potential values
per atom are sent from the simulation engine to the visualization engine, where it can be further
processed. The introduction of the IMD protocol is further described in Section 5.1.
The other wellknown software application is Gromacs. Gromacs was introduced first in 1995 and
was developed at the Groningen University in the Netherlands [17]. Gromacs is an acronym for
GROningen MAchine for Chemical Simulations. Unlike NAMD, Gromacs has to this date no native
IMD implementation [18]. However, Gromacs incorporates a more detailed temperature system [19; 20]
and has more functionality built in for executing proteinligand interactions. Furthermore, an IMD
patch for Gromacs has become available recently [21] and the source code of Gromacs is easily
accessible and customizable. Therefore, Gromacs will be used as primary simulation engine during this
thesis project.

1

http://en.wikipedia.org/w/index.phptitle=List_of_software_for_molecular_mechanics_modeling&oldid=319526496
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3.2 VISUALIZATION
Aside from the wide availability of simulation software, there is also a great choice of visualization
software2. However, only a few applications have the IMD possibilities needed for this research. From
those few, VMD is the most stable and has the most features [22]. Like NAMD, VMD was developed
by the Theoretical and Computational Biophysics Group in the Beckman Institute for Advanced
Science and Technology at the University of Illinois at UrbanaChampaign. Furthermore VMD is open
source, which is a requirement for this project, since there need to be features added to the
visualization. Therefore, the visualization application VMD will be used as main visualization engine
in this thesis project.

3.3 DOCKING
Again, like with molecular dynamics and molecular visualization software, there is a wide variety of
available software for docking purposes [15]. However, Autodock [23] is at this date (2009) the most
commonly used application for docking purposes. Furthermore, Autodock uses common file formats
which can be read by both Gromacs and VMD. Using this file format, the proposed poses can easily be
integrated and visualized in the research pipeline of direct modifiable molecule simulations.

2

http://www.rcsb.org/pdb/static.do?p=software/software_links/molecular_graphics.html
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4

METHOD

This chapter describes the proposed method for drug research. Apart from a short description and
overview, a hypothesis is provided along with a plan of five implementation steps. These steps are
defined according to the needed modifications in different applications. An overview of the used
applications and their connections is described in this chapter.

4.1 DESCRIPTION
For clarity, the proposed method is described in enumerated steps. Although the paradigm described
below shows much resemblance to the method currently used, there are several key differences which
should cause a significant decrease of runtime.
1.
2.
3.
4.
5.
6.
7.
8.

Drugresearcher selects drugcandidate and target protein from data banks (common available.
For example as described by Blum & Reymond [2])
Drugresearcher prepares simulation session by importing the molecules in a for Gromacs
readable input format, along with other simulation variables.
Drugresearcher starts simulation and visualization.
Having the protein and ligand on screen, the drugresearcher can with direct feedback apply a
force on a part of (or the whole) ligand. While the simulation gives direct feedback of the atom
potentials using atom colouring or another intuitive representation.
The docking software proposes various orientations for the ligand.
If the ligand does not fit as a whole, it is possible to break up the ligand in parts and replace
parts of the ligand by different, predefined building blocks (small molecules)
Having an altered ligand, the drugresearcher can retry the procedure with real time feedback.
After successfully placing the ligand at the active site of the protein, the simulation is ended.

9.

The drugresearcher can read back the recorded potential values over time in a stored energy
file. Combined with already available trajectory data of the molecules, the drugresearcher can
evaluate its actions.
10. The altered ligand can be synthesized, if the simulation showed promising results, in real life
and some wet chemical tests can be done to evaluate the outcome of the simulation. If this is
the case, a new drug candidate is found.
11. Further research is done to evaluate the effectiveness of the found candidate with existing
methods.
The latter steps 10 and 11 are only necessary if the simulation shows promising results. If the
simulation shows results which are not desirable, a new candidate have to be tried. In that case the
simulation prevented unnecessary real time tests which are expensive and time consuming.
9

Steps 48 are the added possibilities due to this project. Normal methods also use a simulation, only
this simulation is limited to only one preset scenario. It is not possible to alter orientation and/or
position of the molecule during the simulation. Also, one has to wait for the simulation to be finished
before the results can be analysed. The new steps enable the researcher to see the simulation outcome
on the fly in a much more intuitive way then analysing graphs and data tables afterwards. Furthermore,
adding the potentialperatom information to the available data enables researchers to analyse how well
the ligand fits in a much more detailed way. With the new method it can be shown which part of the
molecule does not fit in the active side. The traditional method only shows to what amount the
molecule fits as a whole entity or unit.

4.2 HYPOTHESIS
For this research, it is needed to test whether the numerical results of the method described in the
previous section have any resemblance to a real world experiment which is already known and
documented. During the researched, the following 'hypothesis' will be answered:
Does having direct peratom visible feedback of LennardJones potential values and Coulomb
forces enable chemical experts and drug researchers to analyse the level of compatibility between a
protein and a ligand more precisely and adequately?
Experts in drug research have to decide whether the average energy per atom is within the margin of
acceptance. This decides whether the method can be called trustworthy and be used in drug research
methods.
For the validation of the above hypothesis, the proposed software must first be realised following the
description stated in the next section. Second, a validation of the implemented application must be
executed in order to determine the correctness of the simulation results. This will be done by simulating
an experiment which is already done in real life (further described in Section 4.3.5). Also the method
proposed in the previous section must be validated. This incorporates the complete drug finding
process using the modified applications.

4.3 NEEDED MODIFICATIONS
To achieve the described method, modifications to the current available software packages have to
be applied. Furthermore, the new system of cooperating applications has to be tested and validated
whether it produces results similar to real life experiments. Therefore, a number of implementation
steps have been defined. Each step represents a different application which has to be altered or a
milestone in the research project.
The overall goal of the project is acquiring real time potential data per atom in the visualization
using the software applications described in Section 3.2. An schematic overview of the applications is
shown in Figure 4.1.
The simulation part is executed by Gromacs version 4.0.5. For the visualization part, VMD version
1.8.7. is used. The IMD functionality of Gromacs is realized by MDDriver 0.99, presented as the
Connection socket in Figure 4.1. For the docking process, the Autodock application is used. Gromacs,
VMD and MDDriver all need to be extended in order to being able to handle the potential data per
atom. Autodock does not need to be altered. In Figure 4.1, the functionality which is already available
is shown in black. Text in green is functionality which is needed, but not yet existing. This functionality
will be realized during this project. The following sections describe the needed steps for realization.
Chapter 6 shows an indepth description about the implementation of the added functionality.
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Ligand
information
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Figure 4.1: Schematic view of available functionality and their
connections. Text in green has to be realized.

4.3.1

EXAMINE THE IMD PROTOCOL

In order to enable interactivity in the simulation, it is necessary to supply a connection between the
visualization package and the simulation package. Since VMD already has a possibility to send and
receive simulation data using IMD, implementing an IMD connection possibility in GROMACS is
most suitable to achieve the desired interactivity. The IMD protocol has to be analysed whether it is
suitable to support the necessary peratom energy data with the required information. If this is not the
case, the IMD implementation of both packages need to be extended, such that the various available
energies per atom are communicated to the visualization package.

4.3.2

EXTRACTING THE SIMULATION ENERGIES

Before the energies can be shown in the visualization package, the energies have to be logged during
simulation runtime and be analysed afterwards for validation purposes. The simulation package
currently produces energy logs where all atomenergies are summed up per molecule or even groups of
molecules. The currently available information does not contain any information on per atom energy
potentials. Therefore, a custom application has to be implemented which produces more detailed (per
atom) energy logs during runtime of the simulation.

4.3.3

CHOOSING A VISUALIZATION METHOD

If the energies are logged and therefore can be transmitted to the visualization package (VMD),
these forces need to be visualized in a, for the user, as clear as possible way. Research has to be done in
order to decide which visualization creates the most comfortable and efficient experience for the user.
This can be done by implementing several possible representations or use screen shots with a survey
attached. After this research, the result will be implemented in VMD.

4.3.4

VISUALIZATION OF SIMULATION ENERGIES INSIDE VMD

When the representation method is decided, the chosen representation has to be implemented in
VMD. VMD already has several builtin representations for atoms and molecules. Also, different
colour schemes are already part of the application. This should reduce the time and complexity of the
 11 

implementation of the visualization method. The method should be implemented such that it is possible
to choose the visualization, but that it is not a required setting. In other words: the implementation
should not interfere with the normal functionality of VMD.

4.3.5

VALIDATION OF THE APPLICATION

After completion of the previous steps, the results need to be checked whether the results show any
resemblance with the original software, in order to ensure correctness of the modified software. A real
life protein and known drug will be simulated and the results are compared to previously simulation
results. When the results are identical, or show at least great resemblance, the validation can be
concluded as successful. Furthermore, a performance validation will be performed to give insight
information about the changed running times after extending the software capabilities of the simulation.
When completing the above described steps the method described in Section 4.1 should be enabled.
The next chapter describes the preliminary research which is needed in order to complete the steps. The
results are used and applied during the implementation of the various software components as
described in Section 6.
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5

PRELIMINARY RESEARCH

This chapter describes the research that has been done in order to complete the implementation
described in Chapter 6. The described research in this chapter is of the preliminary kind. Hence, the
results are brief and only described in short.
The preliminary research was needed for clarification of certain risks involved in the
implementation of the proposed method. Whether implementation of the method would be possible
depends heavily on the possibilities and the extendibility of the IMD protocol. Therefore, a short case
study on the IMD protocol was done, which is directly an indication on the feasibility of the research.
The results of this study are described in Section 5.1. This part of the preliminary research can be seen
as a feasibility study for the project, because of the dependence on the IMD protocol.
Furthermore, a study is performed on different visualization techniques. Since implementing all
possible techniques is not feasible within the scope of this project, one visualization technique must be
chosen. The study on visualization techniques and the results are described in Section 5.2.

5.1 THE IMD PROTOCOL
The IMD protocol is used to establish a connection between the simulation and visualization
package. An UDPsocket connection is used, so that both packages do not need to run on the same
physical machine. The IMD protocol was originally developed to incorporate external forces in the
simulation initiated 'realtime' by a user [4; 24]. The system can also be used to get extra information
about the atoms from the simulation to the visualization package.
For this project, the IMD protocol must be capable of communicating peratom energies. Since there
is no existing official IMD protocol manual and/or definition known, the current IMD capabilities need
to be inventoried by research.
As mentioned in Section 3.1, Gromacs itself does not have a native IMD implementation. However,
with a project called MDDriver, which is described and used in [21], a functioning IMD connection can
be realized in Gromacs. VMD itself has native IMD connection possibilities. Although there are several
alternatives to GROMACS with built in IMD connectivity, these packages offer only limited
implementation of the features necessary for the required simulation steps in the drug research, as
described in Section 3.1. Since it has no official documentation about possibilities or functionality, the
IMD protocol has to be analysed to find out whether it sends the necessary peratom energy data with
the required information. If this is not the case, the IMD implementation of both packages needs to be
extended in a way that the various available energies are communicated to the visualization package.

5.1.1

THROUGHPUT

To visualize the proposed information in VMD, a modification or extension is needed on the current
available IMD messages. Apart from the current available atom positions, there is also minimal one
scalar needed to represent the current atom potential. Furthermore, it is possible to communicate the
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separate data values of the potential for all atoms. With this data the potential can be calculated and the
additional available data enables more flexibility for future applications in VMD.
The drawback of having potential data sent through for all atoms present in the simulation is that the
available bandwidth of the socket might not be sufficient in the case of simulating and visualizing large
atom systems with high update rates. However, since having separate potential data per atom is only
useful on relatively small molecules (ligands), this limitation is not likely to be an issue. Furthermore,
the increase in bandwidth consumption is linear to the number of atoms. Therefore, it is feasible to
assume that the development of future hardware components will solve this issue completely.
The goal is to extend the IMD protocol, so that the desired information is sent to the visualization
package. The maximum performance of the throughput is dependent on various factors as signal
quality, data format efficiency and maximum theoretical data rate of the used medium (also known as
maximum throughput). Still, with a bandwidth consumption increase of over 120% (based on the
scenario where 1 scalar and 1 vector per atom is added) this would result into bandwidth shortage only
with extremely big simulations.
The bandwidth consumption of a simulation depends heavily on the used hardware. Bandwidth
consumption can be easily computed using the formula:

b=n c

rc n
ru

3

(7)

where b equals the data rate in byte/second, n equals the number of atoms in the simulation, rr equals
the rate of simulation in steps/second, ru equals the update rate of IMD data in steps and c equals the
data consumption constant in bytes per atom. After extending the simulation with potential data, c
equals 24. As shown in Equation (7), the update rate is directly nonlinearly dependent on n. However,
considering the two terms separately, one can make feasible estimate about the bandwidth
consumption. On a typical atom simulation for proteinligand interaction of 5000 atoms and an update
rate of 15 updates/second (by setting rc and ru to the appropriate values) is the resulting bandwidth
consumption is around 1.7 megabyte/second. Considering that the normal IP connection of 100 megabit
has a maximum throughput of around 8.5 megabyte/second, this is well within the margin. Even a
system twice the size (10000 atoms) with an increased update rate of 24 updates/second stays with 5.5
megabyte/second well within acceptable margins.
Since the bandwidth shortage is only an issue on larger systems, it is recommended to define a
separate group of atoms for which the extra data will be sent to the visualization. Therefore, an extra
variable could be used in the Gromacs simulation settings to define which group of atoms should be
sent through with extra potential information. This way, the increase in data traffic can be limited to
acceptable proportions.

5.1.2

ARCHITECTURE

The architecture of the IMD implementation differs per application. Since Gromacs does not have
native IMD functionality, the functionality has to be implemented by patching the original source code
[21]. However, large parts of the source code of the patch are used from the VMD implementation of
IMD. Therefore, on a lower level both implementations look very similar. The class diagram of the
implementation in VMD can be seen in Figure 5.1.

5.1.3

CAPABILITIES

Current IMD messages are mainly focused on the visualization and direct force impulses from the
user. As a result of this, there are ten IMD messages available. The available messages can be
categorized in 3 parts:
1.

State messages. These messages provide information on the current state of the system and are
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2.
3.

sending certain systemspecific information about the sending system (such as Endianness).
Control messages. These messages start, stop or pause the simulation from the visualization
package.
Data messages. These messages contain the actual data like atom positions and forces.

Since the focus is mainly on the available data in the visualization from the simulation, data
messages are most relevant for this document.
State messages
The state message is a summary of the current state of the simulation. It consists of a array of
scalars which are sent from the simulation to the visualization consisting information of the state from
the simulation engine. This information includes, but is not limited to: temperature, total energy,
potential energy, Van der Waals energy, electrostatic energy, bond energy, angle energy, dihedral energy
and improper energy of the complete simulated system.
Control messages
Control messages give the visualization package some control over the simulation. The simulation
can be paused, stopped and disconnected by sending the appropriate messages to the simulation. There
are no control messages from the simulation to the visualization.
Data messages
There are several data messages to pass around. However, the implementation of the message
passing in Gromacs is limited. Only the 3D position of each atom is sent, listed in Table 5.1. In the
source code are some preparations for sending force vectors and atom velocities additionally. However,
these are not yet implemented in the current IMD implementation and therefore not available in the
current communication.
From visualization to simulation, the only message sent back to the simulation is a data block with
all force vectors on the atoms applied by the user of the visualization, listed in Table 5.2. These forces
are incorporated in the simulation.
Table 5.1: Peratom data from simulation to visualization
Variables

Description

int atom_n
real x
real y
real z

Atom ID number
Xcoordinate of the atom atom_n
Ycoordinate of the atom atom_n
Zcoordinate of the atom atom_n
Table 5.2: Peratom data from visualization to simulation

Variables

Description

int atom_n
real x
real y
real z

Atom ID number
Xvector component force applied to atom_n
Yvector component force applied to atom_n
Zvector component force applied to atom_n

 15 

5.1.4

CONCLUSION

The IMD implementation in both packages (VMD and Gromacs) shows a modular implementation.
In both cases, the socket, package header and data management are separated throughout the source
code, as showed in Figure 5.1. Therefore, the implementation of the socket connection itself can be left
unchanged. On a higher level, a new message type and new handling functions need to be implemented.
The message types are enumerated. To define a new message for the potential data, an enumeration
item has to be added. This item is added at the end of the enumeration to keep compatibility with other
applications which use the IMD connection to VMD. It is important that the enumeration on both
applications are identical. If this is not the case, the message headers will have different Id's on each
side and will therefore not be recognized.
When the message types are added there are several additional functions needed which handle the
sending and receiving of the potentials data. Again, because of the modular architecture these functions
can be almost directly copied from functions which normally handle position data.

Figure 5.1: Class diagram of the common IMD implementation
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Figure 5.2: Examples of possible visual representations in VMD. From left to right: lines, licorice,
ballandstick, van der Waals radii and ribbon representation. Note that the ribbon representation
incorporates a simplification. The separate atoms are not visible any more.

5.2 REPRESENTATION METHOD
If the energies are logged and can be transmitted to the visualization package (VMD) these forces
and potentials need to be represented in a for the user intuitive way. Therefore a representation method
has to be chosen. This section will describe the possible representations, their theoretical background
and their suitability for adding the representation to the already existing visualization. Implementing all
possible representations is beyond the scope of this project. Therefore, a representation method will be
chosen and implemented. The implementation of the chosen method is described in Section 6.3.

5.2.1

THEORY ON VISUALISATION

Choosing a representation style for the potential values fits within the research field of scientific
visualization. Together with the already present 3D visualization of the molecular structures and the
possibility of using a haptic device [4] during the drug simulations, researching a representation style
also places in the field of multimodal perception and interaction. Although the potential values are
only scalars and thus in theory easily representable, when they change over time, one would like to
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identify trends and changes. Furthermore, the scalars need to be presented in an already 'crowded' area
where a lot of information is available on screen for the user, as shown in Figure 5.3. Note that this is
only the visualization, without an interacting simulation engine. Therefore, finding a smart and intuitive
representation method is a necessity for implementing an usable interface.

5.2.2

POSSIBLE REPRESENTATIONS

Since there is already a fair amount of information visually represented as described in Section 5.2.1
and shown in Figure 5.3, it would be good practice to add more modalities, such as sound or tactile
feedback to the representation method in order to distinguish the various types of data in a more
sophisticated way. However, since the systems on which the MD simulations are executed are often
limited in their hardware accessory, it is not feasible to use multi modal interaction. Therefore, the
solution has to be in the visual field of data representation.
A list of possible visual data representations is described by Ware in [25]. Each representation has
certain properties which makes it more or less suitable for the representation of the potential values
from Gromacs. The next sub sections will list and describe the possible representations described by
Ware and list their properties. Furthermore, an example of the representation is given to show how a
possible implementation could look like.

5.2.2.1 SHAPE
Shape representation of the potential values would result in atoms having a different shape from the
current representation in VMD depending on the potential value of that atom. The drawback of this is
that the shape representation of atoms already can be chosen within VMD, as shown in Figure 5.2.
Hence, the different shape for various potential values should also be adaptive to the current
representation method in order to avoid confusion. Furthermore, there is a limited amount of shapes
that can be distinguished in an arbitrary environment and since the user can freely navigate through the
3D space, the shapes have to be orientation invariant to be distinguishable. Palmer states in [26] that,
although the human perception is capable of distinguish shapes under various orientations, the shape is

Figure 5.3: Example molecule visualization session using VMD. Potential data needs to be integrated
in an intuitive way in this environment.
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Figure 5.4: Shape concept using billboard technique. With and without labels.
hard to distinguish if the main axis of the object is obscured.
A third drawback of using shapes is that currently there is not much knowledge about shape
recognition in 3D and thus which shapes should be used. Todd [27] gives an overview of research
progress in the field of 3D shape recognition by humans. Todd also states that for the recognition of a
3D shape, shadow casting is a necessity. Because of the sometimes limited display capabilities of the
MD visualization system, this is not a feasible solution.
An alternate approach could be the use of billboard techniques in the 3D environment. This
technique originally was described as a simplification for 3D scenes [28]. The main technique consist
of placing 2D objects in a 3D space with an orientation that is always parallel to the camera view plane
[29]. In Figure 5.4 an example of a possible billboard implementation is shown. Using this technique,
the user should only have to distinguish 2D shapes. However, if these shapes get occluded by the other
atoms in the system, their shape can be hard to recognize. Furthermore, the amount of available 2D
shapes which human can distinguish is limited. Together with the occlusion issue, limited amount of
available shapes causes this technique also not suitable for the representation for potential values.
Another alternate approach could be the use of icons. Gittens [30] describe the intuitiveness and
design guidelines of icons. However, apart from the fact the same occlusion problems occur, the user
also has to learn the meaning of the icons before being able to use the software. Therefore, the use of
icons is considered not suitable for potential data representation.

5.2.2.2 LABELS
A second possibility is the placement of labels connected with a line to the appropriate atoms.
Various examples are shown in Figure 5.5. Static label placement would initiate the problem of
occlusion again. However, dynamic label placement could be a useful feature for visualizing the
potential values. Dynamic label placement repositions the labels dependent on the current view angle.
Having the labels placed outside occlusion sensitive areas, they should be visible in most situations. Ali
et al. [31] give an extensive overview on dynamic label placement in 3D environments. One important
difference is that Ali et al. do dynamic label placement on 3D objects in a further empty 3D space.

Figure 5.5: Potential labels placement concept
 19 

Hence: there is always space for the label placement. In the situation of potential value visualization,
this is most of the time not the case, having the remaining molecule structure of the protein visualized.
However, it it not necessary to have a clear view on the protein at all time. Having the labels placed
over the protein structure from the camera angle, it could be a useful addition for visualizing potential
values.
One drawback of the label method is the unintuitive property of absolute numeric values. Although
limiting the amount of decimals or even rounding the values could improve readability, the unintuitive
property of numbers stays. If the label method is used, the potential values self would be displayed as
labels. In order to be able to judge these values, the minimum and maximum values should also be
known to the user, since the values can have different order of magnitudes and range, depending on the
amount of surrounding atoms, which is again case dependent.
This method could work well, although there is a lot of information on the screen. The overview will
become cluttered when the potential values of a lot of atoms are displayed. Furthermore it is harder to
distinguish global changes, because one would need to track all values almost simultaneous manually.
An addition could be the colouring the labels, also showed in Figure 5.5. The colouring should be done
with the colour method described in the next Section.

5.2.2.3 COLOUR
Colouring the atoms depending on their current potential values is a third possibility. VMD already
makes intensive use of colouring methods for the presentation of various available data. In Figure 5.2
the atoms are coloured to their type. Various other colour modes are available, such as, but not limited
to: name, type, element, residue name, residue type, residue id , chain, segment name, conformation,
molecule structure, mass, charge, velocity and volume. Figure 5.5 shows the protein coloured by
residue id. The residue id is an internal molecule structure described in the molecule specification files
(also called PDB files). An example of the colour method for potential data is shown in Figure 5.6.
Multiple atom shape representations are shown for clarity.
In the hypothesis that the colour method is used, it is important to choose intuitive colours. Healey
describes an easy to use colour selecting method based on the CIE LUV colour model [32]. Referring
to his study with the three colours, three base colours are defined which indicate the minimum,
maximum and medium colours. Although the colours are clearly distinguishable in many situations, it
is not guaranteed that this will always be the case in colourful background situations, according to
Bauer et al. [33]. Therefore the protein should be a constant colour in contrast to the ligand in order to
minimize the background noise.
The drawback of this method is primarily the potentially cluttering on the display due to using a
different colour representation for each molecule in the simulation. This could be solved by colouring
only the ligand. However, this would result in a loss of possible useful information on the protein.
Furthermore, having potential values represented by colour during the simulation run means that other
information presented through colour can not be visualized at that moment. Since VMD makes
extensive use of colour representation, this is a feasible thread. However, this could be partly overcome
by switching to different colour representations throughout the simulation. Having already a broad

Figure 5.6: Concept for potential data visualization by colour
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implementation of colouring methods builtin in VMD makes using colour to visualize potential data a
feasible method.

5.2.3

SURVEY

From the possible representations listed in the previous section, based on previous reasoning, the
two most feasible seem to be labels and colour. However, since the absolute values have a limited
relevance and are very case specific, it is assumed to be best practice to just use a colour representation
which is dynamically scaled to the minimum and maximum value, using colours chosen with the CIE
LUV colour model described in [32].
To test this assumption, a survey is designed which incorporates the above listed visual
representations of potential data. The survey will be held among Gromacs and VMD users which are
related to drug research studies. The questions will incorporate questions about the preferred visual
representation if potential data would be directly available. With artificial screen shots, they can choose
their favourite representations. Based on the survey results described in the next Section, a
representation method is implemented in VMD, described at Section 6.3. The survey is included in
Appendix I.

5.2.4

SURVEY RESULTS

The survey results were collected among members of the Gromacs user mailing list and the VMD
user mailing list over a period of 3 days. In total, 31 respondents were collected. However, after a
negative response to the question whether they knew what interactive molecular dynamics was, was
answered negative, the survey was ended and no further question were asked. Therefore, only 24 of the
31 respondents finished the survey completely. The complete pool consisted of circa 2000 potential
participants (rough estimate, based on the VMD mailing list members). This results in a response rate
of approximately 1.2%.
The respondents were allowed to select multiple representations with a maximum of two, which
would seem suitable to them. The results are shown in Table 5.3. These results are reinterpreted to
statements where one can agree or disagree on. Figure 5.7 shows the same results in graph
representation.
Table 5.3: Survey answers in percentage, reinterpreted to statements
Agreed
(n = 24)

Questions
Shape representation is a feasible method for showing atom potential values
Label representation is a feasible method for showing atom potential values
Colour representation is a feasible method for showing atom potential values
Absolute value representation is a valuable addition to the representation method
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Figure 5.7: Survey results represented in bar graph.
Values in percentage.
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80

0.0833
0.6667
0.5417
0.6667

5.2.5

CONCLUSION

Results show that the use of shape representation is not a feasible solution to the visualisation
challenges described in Section 5.2. The need exists for absolute values represented by labels which are
automatically placed. Secondly, over a half of the respondents find colour representation a feasible
method.
The drawback of a survey in this form, is the lack of interactivity and movement in the presented
representations. The screen shots of the various did not move, nor was there any interaction possible.
This way, the respondents could not experience what it would be like to work with the presentations.
This could have influenced the outcome significantly. However, the results of this survey are still usable
for indication on which visualisation method is the most feasible.
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6

IMPLEMENTATION

The implementation of the in Chapter 4 described method is discussed in this chapter. First, an
overall architecture is presented in Section 6.1. The architecture is derived from the architecture
presented in Section 4.1. However, this architecture is more application specific.
Each following section in this chapter describes the implementation of one of the project phases as
listed in Section 4.3.

6.1 OVERALL ARCHITECTURE
The overall architecture of the system needed for the proposed method, is shown in Figure 6.1. This
schematic overview is mainly focused on the connection between the various software parts and the
availability of extra data currently only available in the deepest core of Gromacs. Furthermore,
although there is an IMD connection possibility for Gromacs [21], this is still in an early stage for
Gromacs 4.0. Therefore, the Gromacs implementation has to be altered before there are any IMD
capabilities available from and to Gromacs.

Drug researcher
Simulation
variables

Gromacs
IMD patch

Gromacs

Force data
Force impulse
Potential feedback

VMD

AutoDock

Figure 6.1: Schematic connection between the used applications
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VMD
IMD module

Position data
Potential data

6.2 EXTRACTING DATA FROM GROMACS
During MD simulations in Gromacs, the interaction between all atoms in the simulated system
(called 'system' from here) is computed every step. Depending on the type of simulation, various types
of forces and potentials are computed. For measuring ligand and receptor fitting it is most useful to
focus on the shortrange Lennard Jones potentials along with the Coulomb forces. First, the Euclidean
distance is calculated between all atompairs, which has complexity O n 2 . The next step is generating
neighbour lists. For each atom, these lists register which other atoms are within a predefined range; the
so called 'cutoff distance'. Only the interactions between the current atom and the atoms within the
cutoff distance are considered 'shortrange' interactions and are computed. By summation of the
interaction values between each atom pair, the values can be computed per atom. However, to have a
more efficient and useful result set, only the interactions between the ligand and the protein are
summed. This way the result set views how well the receptor accepts the ligand and what part of the
ligand needs improvement on fitting.

6.2.1

ASSUMPTION

It is assumed that the needed potentials are calculated inside the inner loops of the simulation
software. Since the implementation of Gromacs is sequential instead of object oriented, the data storage
location can not simply be added to an object, but have to be referenced throughout the architecture of
the application using pointers. From a general datahandling function, the data can be exported over
IMD to the visualization.
It is possible to extract the LennardJones potentials and Coulomb forces for only a small increase of
computation time. This increase is linear ( O n  ), since there are no extra calculation steps needed,
only storing steps. The potentials are in this stage logged to a file. In the next phase, described in
Section 6.3, this data will also be transported to the visualization in addition to being logged in a file.

6.2.2

FUNCTIONAL DESIGN

Gromacs consists of many programs and tools. However, there is one 'main' program. This is the
molecular dynamic simulation itself. This application is called mdrun. Mdrun itself has again several
internal modes a user can select. The actual molecular dynamics mode is called do_md. This function
contains the 'main' loop where each time step with a predefined Δt is handled. During each time step
several commands are executed including, but not limited to, position updates on atoms, pressure /
couple handling, etcetera. The do_force function is called from the do_md function as illustrated in
Figure 6.2. The do_force function administrates the forces between all atoms and atom groups in the
system. do_force_lowlevel handles various force calculation. Next to the do_nonbonded
function, there is also a calc_bonds function which handles the lowlevel kernel calls for bonded
atom interactions [34]. However, since the data is only relevant for interaction between 2 nonbonded
bodies, the information from this function is not needed for this specific case. The do_nonbonded
function also handles which kernel has to be chosen depending on settings and hardware platform. By

mdrun
mdrunner
do_md
do_force
do_force_lowlevel
do_nonbonded
gmx_nb_generic_kernel

Figure 6.2: Schematic function call hierarchy of Gromacs 4
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setting an environment variable, it is possible to disable the optimized kernels and use the standard
kernel in which changes can be made for getting the necessary data. The architecture showed in Figure
6.2 is not a complete listing of the Gromacs software. Under various scenario's, depending on the
chosen forcefield and enabled optimizations it is possible that the function calls may vary or are called
multiple times from different sub functions. However, the architecture shown is the most common one
in proteinligand interactions and will therefore be used as architecture throughout this project.

6.2.3

IMPLEMENTATION

For the analysis of the drug fitting, one wants a detailed overview of potential values per atom. The
resulting extracted data is the summation per atom over all nonbonded interactions with other atoms
within a predefined cutoff range. The predefined cutoff range is realized to in Gromacs to get a less
computational intensive loop. The summed nonbonded interactions exist of three separate values.
Let ljdisp be the dispersive (attractive, c6) LennardJones potential, ljrep the repulsive (c12) Lennard
Jones potential and cb the Coulomb force per atom. Let i be the current atom. Furthermore, let I be the
set of atoms and Ji the set of neighbouring atoms of i. The dispersive, repulsive LennardJones values
and the Coulomb force per atom can be computed using respectively:
n−1

lj idisp =∑ disp i, j

(8)

j=0

n−1

lj irep =∑ repi , j

(9)

j=0

n−1

cb i =∑ −cbi , j 

(10)

j =0

where j equals the current neighbouring, unbonded atom and n the total number of neighbouring atoms.
This generates all needed values per atom. For clarification purposes the disp(i, j) function is defined
below. This function is already used inside Gromacs, as also with the rep(i, j) and cb(i, j) functions.
disp i, j=ci6



1
2
 x j − xi   y j − yi 2  z j −z i 2

6



(11)

where c6 is a precomputed value which represents the deepness of the potential dip (described in
Section 2.2.1) and is dependent on the position of atom i. The x, y and z components of i and j represent
the current atom positions. This implementation is based on Equation (3) with =1 .The rep(i, j) and
cb(i, j) functions are similar in implementation and are therefore not shown.
After computing the values for an atom, the resulting values are stored in an already available data
structure known as a 'rvec'. Inside the mdrun application an array of rvec structures is defined with the
size of the number of atoms in the system. The rvec structure consists of an array of 3 float values. The
same data structure is used for the atom positions. Having the potential values in the rvec structure,
much of the same IMD routine of sending atom positions can be called for sending the potential values
to the visualization. Also the logging of the rvec type is already implemented in Gromacs. Therefore,
the implementation of logging the potential values to a file is relatively straightforward.
The used file structure of the log file is as efficient as possible. This is done both for saving disk
space and computational time. By having the variables stored in binary format instead of human
readable ASCII format, approximately a factor 6 reduction of file size is realized. This achieved by
using only 32 bits of information per number instead of 8 bytes per character which represent the

 25 

number in humanreadable format. The format consists of 32 bytes long data chunks formatted as stated
in Table 6.1. Although some of the data precision is lost by using floats instead of doubles, this should
not be an issue, since the data is only used for visualization purposes.
Table 6.1: The data row structure used in the binary peratom potential log file
Name Type
atom
c6
c12
clb

int
float
float
float

6.2.4

# of bits
32
32
32
32

Description
Atom ID which is used throughout the whole MD system
The attractive part of the LennardJones potential
The repulsive part of the LennardJones potential
The Coulomb force

EVALUATION

Since manually looking into the log file values is not very practical, the log files need to be
converted to graphs where the energy values for each atom can be tracked over time. However, the data
is sorted per simulation cycle. A tool gathers the collected data per atom over the cycles and produces a
graph per atom with all values over time (cycles). In Figure 6.5 an example output is shown. This
example shows the different potential values visualized over MD cycles. Using this implementation, the
behaviour of an atom can be tracked over time, since an equilibration state needs to be observed. This
can be useful to read back the data after finishing the simulation. Also, when forces are applied on
individual atoms, the energies should indicate such an event. The use of the correct atom and amount of
applied forces can be evaluated and verified. The main use of these graphs is to evaluate the correctness
of the values. This is done by comparing the graphs to output graphs of the Gromacs energy log files.
Although these log files do not contain the amount of detail as the novel log files. Gromacs is able to
reconstruct global energy information out of these log files.

6.2.5

RESULTS

As mentioned in the previous section, a graph of the total energy values summed over all atoms in
the system of the MD run can be generated by Gromacs. Comparing this graph to the summed graph
from individual atoms the correctness of the used values can be visualized. Figure 6.4 shows the
summed potentials of a test MD run. Figure 6.3 shows the potential values output from the Gromacs
log file. Although the trends between the graphs do match quite good, there are quite some difference
in absolute values. This is caused by various rounding causes during the summation steps of the
extracted data described in Section 6.2.
With the new functionality in Gromacs, it is possible to pass the potential values onto VMD, where
the visualization of the potential values has to be realized. Communication between Gromacs and VMD
is also described in the next section.
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Figure 6.3: Example output of Gromacs generated output

Figure 6.4: Example output of summation energy data for an MD system
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Figure 6.5: Example output of single atom data for an MD system

Figure 6.6: The BGR colour model represented as
RGB values in normalized values and intensity
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6.3 VISUALIZE POTENTIAL INFORMATION IN VMD
This section describes the implementation of the potential representation. As described in Section
5.2.4, the preferred implementation, based on survey results and ease of implementation, is colour
representation. Therefore, the implemented representation is an addition to already available colour
schemes.

6.3.1

ARCHITECTURE

Unlike Gromacs, VMD is written entirely object oriented. This results in an easier to understand
architecture. It is beyond the scope of this project to describe the complete architecture of the
application. Instead, only the classes which are relevant to the implementation of colour schemes are
described briefly. Also, the IMD implementation has to be altered to enable receiving potential data.
The received data from the IMD connection is first checked for the correct header before
recognizing it as potential data. When it is recognized as potential data, the global potential data
structure is filled with the new data. When no data is available, the potential data values are standard
set to zero.
For colouring the atoms, the most important class is AtomColor. This is where the original colour
schemes are implemented and defined. By extending the defined enumeration variable
AtomColor::ColorMethod, shown in Figure 6.7 together with the AtomColor class, it is
possible to add colouring methods to the application. After extending two more array's for naming and
menu entries, the colour methods are available to users from the colouring menu, as shown in Figure
6.8.
In the AtomColor class an additional ifcase is added per colouring method. This ifcase defines
the behaviour of the colour method and which information has to be used as colouring data.

cd Simple
«enumeration»
AtomColor::
ColorMethod

AtomColor
+
+
+
+
-

cmdStr: char ([MAX_ATOMCOLOR_CMD + 1])
colIndex: int
color: int*
colorMethod: ColorMethod
do_update: int
maxRange: float
minRange: float
mol: DrawMolecule*
molList: MoleculeList*
nAtoms: int
need_recalc_minmax: int
scene: Scene*
volIndex: int

+
+
+
+
+
+
+
+
+
+
+
+
+
+

AtomColor(MoleculeList*, Scene*)
AtomColor(AtomColor&)
~AtomColor(void)
change(char*) : int
color_index(void) : int
current_color_use(int) : int
find(DrawMolecule*) : int
get_colorscale_minmax(float*, float*) : void
method(void) : int
operator=(AtomColor&) : AtomColor&
parse_cmd(char*) : int
rescale_colorscale_minmax() : void
set_colorscale_minmax(float, float) : int
uses_colorscale() : int
volume_index(void) : int

-colorMethod

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

NAME:
TYPE:
ELEMENT:
RESNAME:
RESTYPE:
RESID:
CHAIN:
SEGNAME:
CONFORMATION:
MOLECULE:
STRUCTURE:
COLORID:
BETA:
OCCUP:
MASS:
CHARGE:
POS:
POSX:
POSY:
POSZ:
USER:
USER2:
USER3:
USER4:
INDEX:
BACKBONE:
THROB:
PHYSICALTIME:
TIMESTEP:
VELOCIT Y:
VOLUME:
TOTAL:

Figure 6.7: AtomColor class with enumerated colour methods
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6.3.2

IMPLEMENTATION

The main implementation goal is the realization of a colour method per atom with a dynamic scale
which is based on the current minimum and maximum values. Therefore, three colours are chosen for
the minimum, median and maximum values. These colours are defined as blue, green and red. Based
on the CIELUV colour model, red, green and blue have the largest perceptive distances between each
other.
As mentioned before, VMD already incorporates the use of colour schemes. Adding two colour
schemes to the already available ones enables the user to choose from the different representations at
any time during simulation. Furthermore, it is not necessary to create a separate VMD version which
incorporates this functionality, but the main VMD version can be used as the user did before.
The primary colours for general monitor purposes are red, green and blue. As a result, the model is
relatively easy to implement, since in the VMD software the primary colours are already represented as
common available data objects. In order to translate the potential values to colour representations, the
potential values first have to be normalized to a value ranging 0..1. This is done by the formula as
shown in Equation (12). Let pi be the potential value of atom i. The colour index ci is then computed
using:
c i=

pi − p min
pmax − p min

(12)

where pi is the potential value of atom i obtained by a summation of both the Lennard Jones values or
the plain Coulomb force, pmax is the maximum potential value and pmin the minimum potential value of
the current system on this time step.
After normalisation of the potential value, the normalized value ci is used as input for three weight
functions wb, wg and wr. These weight functions control the blue, green and red colour levels
respectively. The behaviour of the three conditional linear functions and the resulting colour bar is
shown in Figure 6.6, located on page 28. The weight functions used for the blue, green and red values
are called using wb(ci), wg(ci), wr(ci) and are defined as:

{

(13)

{

(14)

{

(15)

w b c=

0, cc mid
1−2c , c≤c mid

1, c=c mid
w g c= 21−c , cc mid
2 c , cc mid

w r c=

0, ccmid
1−2 1−c , c≥cmid

1
.
2
With the above weight functions, the values can be mapped to RGB colours directly, since we use
the same colours as the primary colours for screen colours. Although the above functions are already
available in a different context within VMD, the functions shown above are an optimised version for
RGB mapping on potential values.
In current systems, each primary colour has 256 intensity values ranging 0..255. Therefore, the RGB
colour values for atom i, based on the normalized potential ci can be computed using:

where 0≤c≤1 and c mid=
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(16)

where rgbmax = 255 on current systems. Performing the above proposed formula's each time step when
new potential data is received, a dynamically coloured molecule based on the separate atom potential
values is realized during interactive molecular dynamics simulations.
Although there are no concrete values shown, it is possible to present the minimum and maximum
values for reference purposes within VMD, along with a colour scale. The feature of showing actual
values in labels per atom is not implemented due to time limits. However, this would, according to the
survey results described in Section 5.2.4, a useful addition. Furthermore, due to the dynamic scaling
each time step, it is possible that, when Δp becomes very small, the colours could indicate the current
maximum value as 'bad' while it actually is a reasonable value relative to the present values, only it is
the maximum value on that moment. Therefore, researchers always need to realize that the
implemented colour values do not necessarily indicate a good fit or not, but only give an indication of
high and low level values among the molecule.

6.3.3

RESULTS

The resulting colour scheme implementations are added to the already existing colour schemes. For
now, two separate colour schemes are implemented: one for the Lennard Jones potential values and one
for the Coulomb values. These schemes can be selected from the graphical representation window in
VMD, as shown in Figure 6.8. This window enables the VMD user to choose a separate representation
for each molecule. Different atom groups within the same molecule can be selected to give a different
representation to each of the atom groups.
Next to the previously mentioned continuous rescaling of the values based on the current minimum
and maximum every time step, the rescaling process is also implemented manually, such that the user
can choose between an autoupdate on the scale values or manually enter them in text boxes. This way,
the user can have a better prediction on the absolute values and the minimum and maximum values.
Since they are entered in the text box. The “Autoscale” button causes the application to reinitialize the
pmin and pmax values and thus change the scaling range on the current potential values. When values fall

Figure 6.8: Representation implementation inside
VMD
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Figure 6.9: Resulting atom colouring by potential value
outside the scale, the colour is just maximum blue or red, depending on which side of the scale these
values are.
Furthermore, it is possible to set an alternate pmin and pmax value manually. This way, the user has
more control over the colour representation. The survey outcome, described in Section 5.2.4, indicated
also the optional need for absolute value feedback, preferably by using labels which are dynamically
placed depending on the current orientation of the camera and the placement and layout of the ligand.
Initial tests of this method showed that a great part of the screen became obscured. Furthermore,
because of the large obscured part, it became much harder to navigate through the 3D space of the
visualization. This is mainly because, when mouse navigation is used, the space to drag the
environment around is limited by the labels. Therefore, to accommodate the need for absolute values,
further research is needed. One solution could be reserving a predefined amount of space for values and
reference to the atom with connecting lines. However, for now only the colour representations are
implemented.
The resulting visualization is shown in Figure 6.9. Using a small test peptide, the results itself are
not usable for the real testing of proteinligand interaction. However, it shows the basic functioning of
the colour scaling and unbonded values. For further testing of the functionality, a validation test is
described in Chapter 7. Although using a small peptide is not representative for a real simulation, it is
shown in Figure 6.9 that the colours are good distinguishable. Using the graphical representation
window of VMD shown in Figure 6.8, a good estimation of the values can be made, if the minimum
and maximum values are known. Exact results about the usefulness are described in Chapter 7.
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7

VALIDATION

After completion of the implementation steps performed and described in Chapter 6, the resulting
application data needs to be checked whether it shows any resemblance with already available data
inside Gromacs.
Due to rounding errors and finite precision of the simulation, having identical results in both
simulation tests is not feasible. However, there should be some resemblance between the the order of
magnitudes and absolute values of both simulations.
In this chapter, three validations are described: consistency in Section 7.3, correctness in Section
7.4 and performance in Section 7.5. All these properties are tested with the same experiment setup,
described in Section 7.2.

7.1 INTRODUCTION
For the validation process it is necessary to use a well known and documented proteinligand
interaction experiment. For this validation, the ligand binding on the Peroxisome ProliferatorActivated
Receptorγ (from here referred to as PPARγ) is simulated. PPARγ is an already well known and well
researched human protein group [35; 36] with a large, active receptor side.
The specific PPARγ which will be simulated is called 2PRG3. 2PRG is the target protein for the drug
Rosiglitazone [37], also known as BRL, which will be the ligand to be simulated for docking onto the
2PRG protein. Rosiglitazone consists out of 44 atoms. 2PRG holds 2764 atoms. Additionally, H2O
molecules (referred to as solvent from here) are added to the simulation. It is also possible to simulate
the proteinligand interaction in vacuum. Although this would result in a much smaller, thus faster,
simulation, the results of vacuum simulations are not trustworthy, because of the significant influence
of water on the protein as described by Mattos [38]. Therefore, using a solvent in proteinligand
interaction simulations are a common practice.

7.2 EXPERIMENT SETUP
The simulation will be run on two software versions. One on the latest stable release of the Gromacs
software. The other will be run on the extended Gromacs version. Both simulations are performed
without direct visual feedback. The first simulation is for reference purposes. Using the original version
of the Gromacs software, the summed energy values which were already available in Gromacs can be
compared to validate the outcome of the simulation performed with the extended version which
incorporates energy values per atom. This will give an indication whether extending the software did or
did not alter the already available results. The results of the original Gromacs version have been
verified by numerous studies [39; 40]. Therefore, the compared results of the two simulations can by
3

http://www.rcsb.org/pdb/explore/explore.do?structureId=2PRG
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itself already be used as reference material to validate the extended version of the software in order of
correctness. Both simulations will be run three times, to filter out any coincident hits or resemblance.
The results of the validation tests are described in Section 7.3. Second, the extracted peratom values
are validated in Section 7.4. Furthermore, for performance measures the simulation versions are run
with different amount of simulation steps. The results of the performance tests are described in Section
7.5.

7.2.1

SIMULATION

The simulations are described in detail in this section. A full overview of all simulation and
environment variables is listed in Appendix III. The used solvent molecules are generated in a box of a
predefined size, usually around 2 nm. The box is then filled with water molecules and the distance
between the molecules is determined by energy minimization. The protein and ligand are then solvated
into the box. This is done using a solvation application which is part of the Gromacs tool box. This
application places the already defined protein and ligand in the middle of the box and determines the
position of the surrounding water molecules such that the system is stable. An overview of the included
molecules is presented in Table 7.1.
Apart from the molecules, there is a great amount of possible simulation variables that need to be
set. The used variables are listed in Appendix III. A complete list of simulation variables which are
available in Gromacs is given in the Gromacs manual [34].
Table 7.1: Used molecules during both simulations
Name

Type

2PRG
BRL
SOL

Human Protein
Ligand
Solvent
Total

7.2.2

# of atoms Description
2764
44
21057
23865

2PRG Human PPARγ protein, insulin sensitive.
Rosiglitazone. Structure: C18H19N3O3S.
7019 water molecules used as solvent. Structure: H2O.
Total number of atoms in the simulation.

ENVIRONMENT

The simulations are run on different hardware and software platforms, to ensure hardware
independently. The first hardware system is an Lenovo laptop type T61. The laptop holds an Intel
DualCore T7200 CPU clocked at 2.2 GHz. The second system is a desktop PC with a Intel QuadCore
Q9550 processor clocked on 2.8 GHz. Both hardware systems used Ubuntu 9.10 as running operating
system. The first system used the 32 bits version of Ubuntu, the desktop PC used the 64 bits version.
Both systems used identical versions of Gromacs. Both the original and extended version were
compiled for 32 bits support only. All simulations were run on only one core.
The used simulation software version for the original version is Gromacs 4.0.5, compiled from
source for 32 bit Intel PC with single precision and O3 optimization. The extended version is based on
Gromacs 4.0.5 and is also compiled for a 32 bits Intel pc with O2 optimization. The decrease in
optimization level was needed for the modifications to function properly.

7.3 CONSISTENCY RESULTS
This section describes the results from the comparison done for validation purposes. In total, 6
simulation runs were performed with the simulation described in Section 7.2.1. From these simulation
runs the total LennardJones and Coulomb interactions were logged every 500 steps. The results from
these log files were compared. Comparing per run the energy data results of the original and modified
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version of Gromacs resulted in an average error of 1.58% for the LennardJones potential and 0.23%
error for the Coulomb potential, with a standard deviation of 1.75 and 1.95 respectively. Taking into
account rounding errors, the single precision and different hardware platforms, these errors are well
within de margin of acceptance described in Section 4.3.5.
For extra convenience, all runs are compared to each other. The results are in percentages. As seen
in Table 7.2, no significant differences occur between the original and modified software versions.
Furthermore, Table 7.2 shows the nonuniformity between original runs. This can be due to rounding
errors and the single precision compiler setting. Appendix IV shows the validation results.
Table 7.2: Result deviation in percent between all simulation runs
Run 1

Run 1 mod

Run 2

Run 2 mod

Run 3

Run 3 mod



0.16

1.56

1.98

1.18

1.68

Run 1 mod

0.16



1.39

1.82

1.02

1.52

Run 2

1.58

1.41



0.43

0.38

0.13

Run 2 mod

2.02

1.85

0.43



0.82

0.3

Run 3

1.2

1.03

0.38

0.81



0.51

Run 3 mod

1.71

1.55

0.13

0.3

0.51



Run 1

7.4 CORRECTNESS RESULTS
This section describes the results of the comparison between the summed peratom potential values
and the extracted values from Gromacs. The simulation described in section 7.2 is run for 20
picoseconds. During the simulation, peratom potential values and general energy information is logged
to separate files each 500 simulation steps. When the simulation is finished, the potential data from the
2PRG atoms are summed over each time step. The LJ6 and LJ12 components are also summed for each
0

-25000
1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21

E(kj/mol-1)

-500

-26000
-27000
-28000

-1000

-29000
-1500

-30000
-31000

-2000

-32000
-2500

-33000

ps
CB GMX

LJ GMX

CB

LJ

Figure 7.1: Energy values of the 2PRG protein during 20 ps. The values show the interaction of the
protein with its surroundings. The left Yaxis lists the LJ scale. The right Yaxis lists the CB scale.
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atom. This results in a potential gradient for the protein which contains all interaction of the protein
with its surroundings.
Second, the short range LennardJones and Coulomb values are extracted from the edr file of the
simulation. Both “protein  other” and “protein – solvent” energies are extracted and summed. Only the
values of the protein are extracted. These values are compared to the previously summed values from
the separate atoms. This comparison shows whether the per atom values are summed in the same order
of magnitude as the extracted values from the edr file.

7.5 PERFORMANCE RESULTS
This section describes the results from the comparison done for performance purposes. This part of
the validation focus solely on running time. Therefore, three versions of the Gromacs software are used,
which are listed below:
•
•
•

Gromacs 4.0.5 original with optimized assembly kernels enabled, referred to as Sim0
Gromacs 4.0.5 original with optimized assembly kernels disabled, referred to as Sim1
Gromacs 4.0.5 extended with optimized assembly kernels disabled with peratom potential
logging enabled and IMD connectivity, referred to as Sim2

Simply comparing the original, optimized version with the extended version would not show the
effect of the extension only, since optimization has to be turned off to enable the extended functionality.
Therefore, an extra run with the original software is performed with optimization turned off. This way,
the increase in computation time caused by extending the functionality of the simulation software can
be measured. Table 7.3 shows the resulting running times from three tests runs with a small peptide as
simulation molecule. Appendix IV shows the full performance test results.
Table 7.3: Resulting during the simulations
# of steps Sim0 running time in s.
100
500
5000
10000
15000

Sim1 running time in s.

0
1
8
16
24

0
2
10
20
32

Sim2 running time in s.
0
3
11
22
33

7.6 CONCLUSION
A nonuniformity between the same builds of the software during different runs is unexpected and
unwanted. Normally a simulation should be capable of reproducing identical results during different
runs. An explanation could be the fact that for the different values the exported values from generated
graphs were used. This could have resulted in rounding errors, due to a implied imprecision in the
graphexport function in Gromacs. However, since the deviation stays mostly within a 2% range, the
results are still considered usable and valid for visual representation purposes.
Despite the lack of “protein – protein” interaction data, both summed energies are well within the
same order of magnitude. This indicates that the extracted data is correct and that the shown Lennard
Jones and Coulomb values in VMD are the valid ones. However, there is quite some difference between
the summed values and extracted values. These differences are unlikely to be caused due to rounding
errors. Further research is needed for clarification on this matter.
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The results shown in graph in Figure 7.2 shows that the extended functionality influenced the
software with a constant factor O(1) and did not add complexity to the simulation algorithms, since the
nonoptimized and extended results are parallel. This means that no significant time increase is
experienced when enabling the simulation software for peratom interaction logging and/or
visualisation.
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Figure 7.2: Resulted running times in seconds versus steps per simulation version
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8

METHOD SUITABILITY

After validating the consistency, correctness and performance of the extended applications in
Sections 7.3, 7.4 and 7.5 respectively, this section describes the possible suitability of the newly
proposed method for candidate drug finding, where the extended applications are used. This is done
using persontoperson interview results and results from an online survey.
To get an indication on the method suitability, bioinformatics researchers are asked for their opinion
on the extended applications and method proposition. Since the number of actual drug researches is
limited and an online survey is believed to be not sufficient, a personal interview is held with various
experts in drug research and bioinformatics. As previously mentioned, the amount of suitable experts
is limited. Therefore, only an indication is given whether the proposed method is suitable for future
drug research. This is achieved by asking two experts their opinion during an interview after a short
demonstration of the applications. The interviews are described in Section 8.1. Furthermore, during the
online survey of visualisation methods, the question about the relevance of this application was
answered by 24 people. The results of this survey are described in Section 8.2.

8.1 INTERVIEWS
This section describes the interviews held with experts on bioinformatics and drug research. The
interviews both were about 1 hour long and with no pre defined script. However, there were some
corresponding questions in both interviews. The interviewed experts are Dr. Anton Feenstra and Dr.
Aldo Jongejan. The next section describes the setup of the interview and introduces the interviewed
experts.

8.1.1

SETUP

As mentioned previously, the interviews were done with Dr. Anton Feenstra and Dr. Aldo Jongejan.
Feenstra is currently involved in various research on protein simulations [4143] and has worked on
version 3 of the Gromacs simulation engine. He currently holds a position at the Free University
Amsterdam as Assistant Professor in Bioinformatics. Jongejan has a wide expertise in drug research
and docking challenges [4446]. He is currently lecturing Bioinformatics at Leiden University of
Applied Sciences.
Before the interviews started, a demonstration of the current implementation was given. The
demonstration consisted of the protein simulation described in Section 7.2.1 along with IMD
connection enabled and VMD connected to the IMD socket with the extended version of VMD. Inside
VMD, the protein is visualised as a spiral (also known as cartoon visualisation), the water as simple
lines and the ligand as VDW spheres which are coloured according to their LennardJones potential
value. The overall visualisation is shown in Figure 8.1.
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Figure 8.1: Demonstration view during both interviews

8.1.2

RESULTS

During the interviews, both experts reacted very pleased on the demonstration and the new
visualisation of the peratom LennardJones values by colour. The interview had no predefined script,
although there was a guideline, which is described in Appendix V. Most of the guideline questions were
answered during the interviews. However, since there was no hard scripted scenario and the experts
were free to give comment and ask questions, not every aspect of the guideline is covered. Below the
various questions are stated which were answered by one or both experts. Their answer is stated as
quote, although this is a not an exact quote on what was said. However, before publication both experts
agreed on the answers described below.
Is the original method as described in Section 4.1 correct?
Jongejan: “Yes, the described method is globally correct, apart from some side issues. Step 1 is not
always acquired from a database. Section 4 describes the basic core activities, while most of the time
in the drug design process is spend on other issues, such as the possibility to synthesize molecules or
circumventing the patents of competitors and finally the clinical testing”
Is having direct potential feedback during simulations a valuable addition to the current research
method?
Feenstra: “Yes, although one is probably more interested on the combined data per atom of
LennardJones and Coulomb potentials than on these separate values. However, having this data
available over IMD out of Gromacs is a good step forward.”
Jongejan: “This depends on the type of simulation. During fullsize simulations over longer periods
(1 µs, for example), the researchers are more interested in the gradient of the various values than on the
instant potential data. However, during short tests with various ligands to see their feasibility, this is a
very useful addition.”
Can enabling potential feedback save time using the current methods?
Feenstra: “The extended implementation is currently not optimized. This causes a significant drop
in performance. Therefore, the actual time gained with this software could be eliminated by its own
extended running time. A possible enhancement would be the use of the optimized kernel, unless the
potential data needs to be calculated. With this, only one of every, say, 500 steps is inefficient instead of
all simulation steps.”
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Jongejan: “As mentioned in the previous question: On short feasibility tests, this can save a lot of
time by directly seeing the potential values and with the possibility to actively apply a force on the
various atoms gains great insights in the behaviour of the simulated ligand.”
Is colour representation a feasible choice for representation of potential values?
Jongejan: “Personally, I like the colour representation better than label representation. Because of
the constant updates on values, one can not easily see the current value of an atom when label
representation is used. Besides the value update issue, labels also initiate more occluding of other
atoms and are consuming valuable screen space.”

8.2 SURVEY RESULTS
Next to the interviews, also the results of the conducted online survey, as described in Section
5.2.4, gives an indication of the usefulness of the extended application. In the survey, a question is
included which stated “Would you consider realtime feedback of LennardJones and Coulomb values
as a useful addition to interactive molecular dynamics?” On this question, 42% of the respondents (n =
24) answered “yes”, 54% answered “maybe” and 4% answered “no”, as shown in Figure 8.2.
4%

42%

54%

Yes

Maybe

No

Figure 8.2: Survey results on usefulness of realtime
feedback of LennardJones and Coulomb potentials

8.3 CONCLUSION
Both interviewed experts and 42% of the respondents are agreeing that this method is a useful
addition on current drugresearch methods. 54% of the respondents might agree on this.
Although this is no scientific proof, it gives an indication that the proposed method could work in
practice. Both experts do see potential in this implementation and the possibility to incorporate this is
drugresearch methods. However, further studies need to be done for actual proof of acceptance and
usability.
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9

CONCLUSION

In this chapter, the project is concluded and summarized. The conclusions are described in separate
parts, which all represent a phase of the project. Last, an overall conclusion is given:
During this project, a new research method was proposed to a more efficient approach of drug
candidate finding with molecular dynamics simulations and realtime visualization. The new method
needed various extensions on the current opensource software packets Gromacs and VMD.
Gromacs is extended for logging peratom potential values. These values are logged in a newly
defined binary file format. A tool is created to analyse these files and convert them to the open standard
of XVG charts. Furthermore, a working IMD connection between Gromacs and VMD is established
based on the MDDriver project. This IMD protocol is also extended to incorporate the new peratom
potential values, keeping backwards compatibility with nonextended programs in both Gromacs and
VMD. VMD again is also extended to incorporate the peratom potential data.
The representation method in VMD is tested by a survey conducted among Gromacs and VMD
users who have self claimed experience with proteinligand interaction simulations. Based on the
survey results, new colour representations are added to VMD. Two additional colour schemes are added
to the already available colour schemes. The new colour schemes are dynamically scaled to the
minimum and maximum values of the current potential values. It also possible to set the minimum and
maximum values manually, resulting in a flexible scaling method.
The survey results further revealed the need for absolute value feedback, preferably by using
dynamically placed and coloured labels. Although implementation of this representation is beyond the
scope of this project, it is a useful addition to future versions of the VMD software. Apart from
potential data, also position or charge information could be visualized. Therefore, a generalized
implementation of the label representation should be realized.
After extending the necessary modifications to the various software packages, the new resulting
package needs to be verified. This is done by running multiple validations. All validations resulted
within the margin of acceptance, as described in Section 7.6, although there were some unexpected
results, such as the nonuniformity between the same simulation runs. There is no clear explanation on
this issue yet.
Having the software altered for the new method, the method itself can be used for drugcandidate
research. Whether is new method is fully appropriate to replace currently used drug research methods,
can not be concluded. However, considering the results described in Section 8, it is feasible that this
software tool is a useful addition to currently available tools for drug design and has therefore potential
to make current methods more efficient, possibly to the level as described in Section 4.1.
As stated by Jongejan in Section 8.1.2, especially for short simulations it could be more efficient to
use the extended applications than studying graphs and lines.
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Described all of the above, one should now be able to form an answer on the hypothesis, previously
described in Section 4.2:
Does having direct peratom visible feedback of LennardJones potential values and Coulomb
forces enable chemical experts and drug researchers to analyse the level of compatibility between a
protein and a ligand more precisely and adequately?
However, this question can not be answered with a simple “yes” or “no”. Although it is feasible that
the implementation of the LennardJones and Coulomb value feedback in VMD helps current research,
it is not certain whether the proposed method will actually make drugresearch significantly more
efficient, since MD simulations are only a small part of the complete drugresearch trajectory.
The initial idea to modify molecules onthefly with a predefined set of building blocks, was not
feasible within the available time frame and current architecture of Gromacs. Therefore, during the
project the scope had to be narrowed down to a drugresearch method proposition. Apart from the
question whether the software makes drugresearch methods more efficient, one could also look on a
broader field of research. The capabilities of the extended software version lie beyond the protein
ligand simulations. Also other MD simulations like nano tubes, folding, etcetera, can be given new
insights with this software. Furthermore, Gromacs and VMD have again a bit more functionality which
can help them to grow further in popularity.
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10 FUTURE WORK

Based on the conclusions described in Chapter 9, this chapter gives an overview of a few directions
and in which form further research can be performed. This chapter is sectioned according to the various
challenges which still exists after completing this project or raised during the implementation.

10.1 ENERGY GROUP FILTERING
As mentioned in Section 6.2.3, the current implementation of peratom potential data calculates the
potential data of all atoms in the simulation and stores those potential values in an array. Although this
is fine in normal drugcandidate simulations, this could have a significant negative impact on
performance in bigger simulations, because of the O(n2) complexity of the potential calculation
algorithm. A possible solution could be defining certain groups of atoms which are included or
excluded in the potential calculation. These groups would be defined in the simulation definition file.
However, it could be possible that certain atom groups are only oneway included in the simulation.
For example: the interactions from H2O atoms on ligand atoms need to be included, but the potential
data for the H2O atoms do not need to be saved separately. Also, energy groups should be possible to
exclude completely, so that they is no unnecessary memory consumed for potential data of atoms which
are obsolete for proteinligand analysis.
One major drawback of enabling the energy group filtering principle is that it will require a
significant change in the current Gromacs architecture. However, having this feature should result in a
more efficient use of CPU cycles and memory. Therefore, much bigger simulations, including denser
solvents and multiple proteins can be simulated without a significant performance loss.

10.2 INTEGRATION IN GROMACS SOURCE
Because Gromacs is an opensource project, the modifications should be committed back to the
Gromacs community. The current modifications are done without committing it back to the
community, because of the uncertainty of correctness in the modifications. Because of the validation
results described in Section 7.3 and Section 7.4, it is now possible to commit the source code.
Furthermore, the current tool to convert the binary log files to graphs should also be included in the
Gromacs tool set. The tool is now a separate implementation, independent of existing data structures.
By integrating it into the Gromacs tool set, it would be possible to make use of the already available
XVG export functions available in other tools, like g_energy. These export function also have better
error handling than the current implementation of the tool. Furthermore, by integrating it into the
current tool set, an uniform method is achieved for input and output commando's
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10.3 OPTIMIZATION
Based on the results described in Section 7.5, research could be done in the direction of optimization
on CPU cycles and memory usage. However, due to the lean implementation of the current peratom
potential values, which is based on the current implementation of atom positions in Gromacs, the main
performance increase would be realized by implementation of the in Section 10.1 described energy
group filter implementation.
A second optimization is correcting the LennardJones drift which is currently available in
Gromacs. Since the LennardJones potential is an approximation to empirical values, it is not
completely correct. However, since it is relatively cheap to compute, most MD simulations currently
use the LennardJones form as described in Section 2.2.1. Kahil and Parsegian critic the LennardJones
potential in its current form and propose a new hybrid form based on a combination of the Rydberg
potential from spectroscopy and the London inversesixthpower energy [47]. This hybrid form fits
much better than the current implementation of nonbonded potential values. The hybrid form could be
implemented in Gromacs as replacement for the LennardJones interaction computations. Since this
would have a big influence on the current validity of the Gromacs software packet, a validation would
need to be performed after implementation of the new potential computation.
A third optimization was mentioned by Feenstra, described in Section 8.1.2. By using the optimized
kernels during the nonpotentialcalculation runs. Normally, the potentialdata and energy data are only
calculated on a predefined interval. This interval is usually around 500. By using the extended kernels
only on the interval, the overall simulation gains much performance.

10.4 LABEL IMPLEMENTATION
Based on the survey results discussed in Section 5.2.4 and listed in Appendix II, a label
implementation inside VMD with absolute values could be implemented as a addition to the current
colour implementations. This implementation could also be used for other representations than
potential data. For almost all colouring methods it is possible to display the absolute values in
dynamically placed labels. Ali et al. discuss a dynamic label placement technique [31] which could be
used to place the labels dependent on the orientation of the viewport for minimum occlusion of the
active ligand. Further research could be done to further minimize the occlusion and for the optimal size
and colour of the labels.

10.5 ONTHEFLY MOLECULE MODIFICATIONS
During the interactive molecular simulations, researchers can analyse the part of certain drug
candidate molecules which is not fitted properly. Further research can be done in order to enable
modification of the part of the molecule to a molecule building block which fits more properly to the
active site of the simulated protein. Using this technique, researchers can analyse directly and more
accurate molecule modifications on the current drug candidate.
The main challenge in enabling this feature is the current architecture of Gromacs and VMD. Both
packages are now unable to incorporate changes in molecular structures during simulations.
Furthermore, the current state of the IMD protocol implementation does not allow communication
about molecular modifications to be exchanged. Also the used force fields and, in case of multicore
use of the simulation engine, communication between the nodes must be extended to implement this
feature.
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APPENDIX I  SURVEY

This chapter contains the original survey, taken by the participants and described in Section 5.2.3.
The results are discussed in Section 5.2.4 and shown in Appendix II.

Methods for the representation of 'realtime' potential value feedback in VMD
As part of a research which aims on improving the methods for proteinligand interaction research,
this survey is carried out to make an inventory of possible representation methods for LennardJones
and Coulomb values per atom. Using a visualization application (VMD in this case) to visualize the
simulations 'realtime', one can steer the molecules while watching the LJ potentials and Cb forces. I
would like to thank you in advance for your time. The survey will take around 5 minutes.
1.

Please select your age range.
•
•
•
•
•

2.

< 18
1830
3050
5070
> 70
In which field of research do you currently use Gromacs? (Multiple answers allowed)

•
•
•
•
•

Proteinligand interactions
Nano structures
Protein folding
XRay simulation
Other

•
•

Are you familiar with interactive molecular dynamics or steered molecular dynamics?
Yes
No

3.

4.

Are you aware of the fact that Gromacs can be used for interactive molecular dynamics
simulations using VMD as a visualization?
•
•

Yes, but I don't need to use it
Yes, but I use NAMD now for those simulations
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•
•

Yes, and I am currently using it
No

•
•
•

Would you consider realtime feedback of LennardJones and Coulomb values as a useful
addition to interactive molecular dynamics?
Yes
No
Maybe

5.

6.

If potential data per atom would be available in a visualization environment, which of the
following representations would you consider most valuable for representing potential values?
(LJ or Coulomb) (Multiple answers allowed, 2 maximum)
Please note that the screen shots are for indication purposes only
•
•
•

7.

<Screenshot 1, representing shapes>
<Screenshot 2, representing labels>
<Screenshot 3, representing colour>
Would you consider absolute value feedback as a useful addition to the above chose
visualization method?

•
•
8.

Yes
No
This is the end of the survey. Thank you. You can leave any additional comment in the this
text box.

•

<Textbox>
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APPENDIX II  SURVEY RESULTS

The survey results are listed below. Per question the absolute count is given, along with the
according percentage. When multiple answers are allowed, each separate selected answer counts. Hence
the fluctuation of N during the various questions. Furthermore, it is possible that some respondents
never finished the questionnaire.

Please select your age range
1.
2.
3.
4.
5.

< 18
1830
3050
5070
> 70

n = 27
0
15
8
4
0

0%
56%
30%
15%
0%

In which field of research do you currently use Gromacs? (Multiple answers allowed)
1.
2.
3.
4.
5.

Proteinligand interactions
Nano structures
Protein folding
XRay simulation
Other

21
5
8
4
7

47%
11%
22%
4%
16%

Are you familiar with interactive molecular dynamics or steered molecular dynamics?
1.
2.

Yes
No

25
2

93%
7%

Are you aware of the fact that Gromacs can be used for interactive molecular
dynamics simulations using VMD as a visualization?
1.
2.
3.
4.

Yes, but I don't need to use it
Yes, but I use NAMD now for that
Yes, and I am currently using it
No

5
4
6
9
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21%
17%
25%
38%

1
2
3
4
5

n = 45
1
2
3
4
5

n = 27

1
2

n = 24

1
2
3
4

Would you consider realtime feedback of LennardJones and Coulomb values as a
useful addition to interactive molecular dynamics?
1.
2.
3.

Yes
No
Maybe

10
1
13

42%
4%
54%

If potential data per atom would be available in a visualization environment, which of
the following representations would you consider most valuable for representing
potential values? (LJ or Coulomb) (Multiple answers allowed, 2 maximum)
1.
2.
3.

(Shape representation)
(Label representation)
(Colour representation)

2
17
13

6%
53%
41%

Would you consider absolute value feedback as a useful addition to the above chosen
visualization method?
1.
2.

Yes
No

17
7
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71%
29%

n = 24

1
2
3

n = 32

1
2
3

n = 24

1
2

APPENDIX III  SIMULATION SET UP

; VARIOUS PREPROCESSING OPTIONS
title
= general pr
; Preprocessor  specify a full path if necessary.
cpp
= /lib/cpp
include
=
define
= DPOSRES
; RUN CONTROL PARAMETERS
integrator
= md
; Start time and timestep in ps
tinit
= 0.0
dt
= 0.002
nsteps
= 500000
; For exact run continuation or redoing part of a run
init_step
= 0
; mode for center of mass motion removal
commmode
= Linear
; number of steps for center of mass motion removal
nstcomm
= 1
; group(s) for center of mass motion removal
commgrps
=
; LANGEVIN DYNAMICS OPTIONS
; Friction coefficient (amu/ps) and random seed
bdfric
= 0
ld_seed
= 1993
; ENERGY MINIMIZATION OPTIONS
; Force tolerance and initial stepsize
emtol
= 0.001
emstep
= 0.01
; Max number of iterations in relax_shells
niter
= 100
; Step size (ps^2) for minimization of flexible constraints
fcstep
= 0
; Frequency of steepest descents steps when doing CG
nstcgsteep
= 1000
nbfgscorr
= 10
; OUTPUT CONTROL OPTIONS
; Output frequency for coords (x), velocities (v) and forces (f)
nstxout
= 200000
nstvout
= 200000
nstfout
= 0
; Checkpointing helps you continue after crashes
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nstcheckpoint
= 1000
; Output frequency for energies to log file and energy file
nstlog
= 500
nstenergy
= 500
; Output frequency and precision for xtc file
nstxtcout
= 500
xtc_precision
= 1000
; This selects the subset of atoms for the xtc file. You can
; select multiple groups. By default all atoms will be written.
xtcgrps
= Protein BRL DR1 DR3 DR7 ; DR2 DR4 DR5 DR6 DR8
; Selection of energy groups
energygrps
= Protein Other SOL
; NEIGHBORSEARCHING PARAMETERS
; nblist update frequency
nstlist
= 10
; ns algorithm (simple or grid)
ns_type
= grid
; Periodic boundary conditions: xyz (default), no (vacuum)
; or full (infinite systems only)
pbc
= xyz
; nblist cutoff
rlist
= 1.2
domaindecomposition
= no
; OPTIONS FOR ELECTROSTATICS AND VDW
; Method for doing electrostatics
coulombtype
= Cutoff
rcoulombswitch
= 0
rcoulomb
= 1.2
; Relative dielectric constant for the medium and the reaction field
epsilon_r
= 1
epsilon_rf
= 1
; Method for doing Van der Waals
vdwtype
= Cutoff
; cutoff lengths
rvdwswitch
= 0
rvdw
= 1.2
; Apply long range dispersion corrections for Energy and Pressure
DispCorr
= No
; Extension of the potential lookup tables beyond the cutoff
tableextension
= 1
; Seperate tables between energy group pairs
energygrp_table
=
; Spacing for the PME/PPPM FFT grid
fourierspacing
= 0.12
; FFT grid size, when a value is 0 fourierspacing will be used
fourier_nx
= 10
fourier_ny
= 10
fourier_nz
= 10
; EWALD/PME/PPPM parameters
pme_order
= 4
ewald_rtol
= 1e05
ewald_geometry
= 3d
epsilon_surface
= 0
optimize_fft
= no
; GENERALIZED BORN ELECTROSTATICS
; Algorithm for calculating Born radii
gb_algorithm
= Still
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; Frequency of calculating the Born radii inside rlist
nstgbradii
= 1
; Cutoff for Born radii calculation; the contribution from atoms
; between rlist and rgbradii is updated every nstlist steps
rgbradii
= 2
; Salt concentration in M for Generalized Born models
gb_saltconc
= 0
; IMPLICIT SOLVENT (for use with Generalized Born electrostatics)
implicit_solvent
= No
; OPTIONS FOR WEAK COUPLING ALGORITHMS
; Temperature coupling
Tcoupl
= yes
; Groups to couple separately
tcgrps
= protein Other SOL
; Time constant (ps) and reference temperature (K)
tau_t
= 0.1
0.1
0.1
ref_t
= 300
300
300
; Pressure coupling
Pcoupl
= ParrinelloRahman
Pcoupltype
= Isotropic
; Time constant (ps), compressibility (1/bar) and reference P (bar)
tau_p
= 1.5 1.5 1.5
compressibility
= 4.5e5
4.5e5 4.5e5
ref_p
= 0.0000001 0.0000001 0.0000001
; Random seed for Andersen thermostat
andersen_seed
= 815131
; GENERATE VELOCITIES FOR STARTUP RUN
gen_vel
= yes
gen_temp
= 300.0
gen_seed
= 173529
; OPTIONS FOR BONDS
constraints
= allbonds
; Type of constraint algorithm
constraintalgorithm
= Lincs
; Do not constrain the start configuration
unconstrainedstart
= no
; Use successive overrelaxation to reduce the number of shake iterations
ShakeSOR
= no
; Relative tolerance of shake
shaketol
= 0.0001
; Highest order in the expansion of the constraint coupling matrix
lincs_order
= 8
; Number of iterations in the final step of LINCS. 1 is fine for
; normal simulations, but use 2 to conserve energy in NVE runs.
; For energy minimization with constraints it should be 4 to 8.
lincsiter
= 1
; Lincs will write a warning to the stderr if in one step a bond
; rotates over more degrees than
lincs_warnangle
= 30
; Convert harmonic bonds to morse potentials
morse
= no
; ENERGY GROUP EXCLUSIONS
; Pairs of energy groups for which all nonbonded interactions are excluded
energygrp_excl
= Other Other
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; NMR refinement stuff
; Distance restraints type: No, Simple or Ensemble
disre
= No
; Force weighting of pairs in one distance restraint: Conservative or Equal
disreweighting
= Equal
; Use sqrt of the time averaged times the instantaneous violation
disremixed
= no
disre_fc
= 1000
disre_tau
= 1.25
; Output frequency for pair distances to energy file
nstdisreout
= 100
; Orientation restraints: No or Yes
orire
= no
; Orientation restraints force constant and tau for time averaging
orirefc
= 0
oriretau
= 0
orirefitgrp
=
; Output frequency for trace(SD) and S to energy file
nstorireout
= 100
; Dihedral angle restraints: No, Simple or Ensemble
dihre
= No
dihrefc
= 1000
dihretau
= 0
; Output frequency for dihedral values to energy file
nstdihreout
= 100
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APPENDIX IV  VALIDATION RESULTS

This chapter contains the validation test results, as described in Sections 7.3, 7.4 and 7.5.

Result comparison between original, optimized version and nonoptimized extended version

Run 1
Run 2
Run 3
Total

LJ dev. in %

LJ dev. in %

LJ stdev. in %

LJ stdev. in %

1.52
1.62
1.60
1.58

0.26
0.22
0.21
0.23

1.19
2.09
1.98
1.75

2.00
1.96
1.91
1.95

Simulation results of 2PRG during 20 ps simulation. LJ and CB values are summed over al atoms from
the protein. The LJ GMX and CB GMX values are extracted from the Gromacs edr file using g_energy.
Picoseconds

LJ

CB

LJ GMX

CB GMX

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

1858.24
1818.31
1823.36
1869.9
1925.16
1904.31
1849.38
1838.56
1874.59
1855.18
1841.39
1852.19
1954.8
1870.7
1849.44
1804.47
1846.91
1859.84
1851.08
1865.28
1835.09

29616.64
28866.2
29494.3
28805.52
29163.99
29448.43
29836.65
30989.06
30213.94
29814.96
30601.89
30194.93
29974.33
29686.79
30447.77
30258.09
30032.44
30440.8
30107.36
29856.95
29789.69

1955.61
1517.89
1077.1
1348.63
1424.53
1260.36
1477.25
1644.53
1603.48
1559.71
1432.78
1367.94
1520.69
1324.49
1442.4
1544.99
1459.27
1465.5
1474.39
1507.56
1191.58

31451.88
27259.63
29166.93
29584.31
29867.28
30310.67
30635.86
30059.54
30380.28
30966.61
31708.99
30429.6
30587.29
31084.26
31390.96
31384.27
31653.96
30535.76
31758.86
31032.97
31326.13
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Statistics over 10001 steps [ 0.0000 thru 20.0000 ps ], 4 data sets
All averages are exact over 10001 steps
Energy
Average
RMSD
Fluct.
Drift TotDrift

CoulSR:ProteinOther
353.8
46.5522
45.7836
1.459
29.1829
LJSR:ProteinOther
335.102
16.9276
15.1849
1.29556
25.9138
CoulSR:ProteinSOL
30008.1
1585.79
1457.64
108.157
2163.37
LJSR:ProteinSOL
1104.7
146.34
142.289
5.92183
118.448
gcq#221: "Wild Pointers Couldn't Drag Me Away" (K.A. Feenstra)

Performance measures of the various software versions defined as sim 1, sim 2 and sim 3.
SIM 1: Original
Steps

# of Atoms
100
500
5000
10000
15000

243
243
243
243
243

Start

End

11:24:00
11:24:00
11:24:00
11:24:00
11:24:00

11:24:00
11:24:01
11:24:14
11:24:27
11:24:40

Time diff.

seconds

00:00:00
00:00:00
00:00:00
00:00:00
00:00:00

0
1
8
16
24

SIM 2: Original, non optimized
Steps

# of Atoms
100
500
5000
10000
15000

243
243
243
243
243

Start

End

11:45:00
11:45:00
11:45:00
11:45:00
11:45:00

11:45:00
11:45:02
11:45:10
11:45:20
11:45:31

Time diff.

seconds

00:00:00
00:00:02
00:00:10
00:00:20
00:00:31

0
2
10
20
31

SIM 3: Extended, non optimized
Steps

# of Atoms
100
500
5000
10000
15000

243
243
243
243
243

Start

End

11:52:00
11:52:00
11:52:00
11:52:00
11:52:00

11:52:00
11:52:03
11:52:11
11:52:22
11:52:33
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Time diff.
00:00:00
00:00:03
00:00:11
00:00:22
00:00:33

seconds
0
3
11
22
33

APPENDIX V  INTERVIEW GUIDELINE

This chapter contains the interview guideline which was used as a guideline during the interviews
described in Section 8.1. This guideline consists of several questions which could be asked during the
interview to gain a good opinion of the interviewed experts.

Is the original method described in Section 4 correct?
If no: what are the differences?
Is having direct potential feedback during simulations a valuable addition to the current research
method?
Has enabling potential feedback influence on currently used methods?
Can enabling potential feedback save time using the current methods?
Is colour representation a feasible choice for representation of potential values?
Will further extending this implementation, with additional functionality described below, make it
more useful?
• Energy group filtering
• Label implementation
• Onthefly molecule modifications
Would you consider using this implementation for future research projects?
If yes: What would you like to be different in order to be able to use it to its full extend.
If no: What functionality is missing?
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