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Abstract:

One of the chdlenges in biocomputing is to enable the efficient use of a wide variety
of rgpidly evolving computational methods to smulate, andyze and understand the complex
interactions of molecular systems. Our laboratory investigates severd areas including
molecular visudization, protein-ligand docking, protein-protein docking, molecular surfaces
and the derivation of phenomenologicad potentids. In this paper, we present how we have
used Python to develop independent components to deal with different aspects of structurd
bioinformatics. We contrast this “language-centric” agpproach with an “application-
centric” approach. We will describe the following packages: MolKit: to read, write,
represent and manipulate molecules, DgaVu: a 3D geometry visudization component;
ViewerFramework: a component providing support for building dynamicdly extensble
visudization applications. We then describe how these components have been combined
together to create extensible gpplications such as the Python Molecule Viewer (PMV) and
the AutoDock Toolkit (ADT).

The Challenge:

The number of programs available to compute molecular properties and/or smulate
their behavior islarge and growing rapidly. Not only are there many different computationa
techniques (e.g., molecular dynamics (MD), conformational andysis, quantum mechanics,
distance geometry, docking methods, ab-initio methods ...) but they aso come in many
flavors and variations, using different force fidlds, search techniques and dgorithmic details
(e.g., continuous space vs. discrete, Cartesian vs. torsond). Even though some have a
clear advantage over others for a specific problem, thisis not the generd case and one may
try to apply severd methods to determine which works best for a given problem. It is
sometimes necessary to modify methods or use severa in combination to obtain the desired
results. For most of these computationd methods, visudization plays a key role for setting
initid parameters, andyzing results and even gteering the computation itsdlf. Here again,
there is a plethora of tools available such as Rasmal [1], Midast+ [2], Insight (MS]) [3],
Sybyl (Tripos) [4], AVS ( Advanced Visudization Technologies Inc.) [5], data Explorer
(1IBM) [6] and VMD [7] each with its own strengths and wesknesses. Enabling the efficient
use and inter-operation of al these computational methods is not a smple task snce most



of these programs have not been designed to inter-operate. Moreover, these computational
methods are often developed in research laboratories and tend to evolve rapidly. Very
often the only interface is a more-or-less well-defined file format. For these reasons, it is
difficult to combine these computationd methods in a efficient way. Re-using any part of
these codes is often very difficult. Even the comparison of smilar methods requires a
consderable amount of work to "port" a given scientific problem from one program to
another. This suppresses credtivity and provides only the most basc leve of tool inter-

operability.

[l - "Traditional" Approach:

When confronted with this Stuation, the first solution that comes to mind is to
connect programs using filters, enabling the output of one program to be used as the input
of another one. However, this gpproach has serious limitations. First of dl, the levd of
inter-operability is very low, i.e. the inter-operation is only possible at the program level
rather than a the functiond levd. For ingtance, subgtituting one type of dectrodtatic
cdculation for another in a Molecular Dynamics (MD) code would typicaly require
substantial coding as well as access to the source code and a good understanding of the
data Structures used by the program. Another weskness of this model comes from its
complete lack of code re-use. Indeed, each program will re-implement functiondity, such
as parsng molecular data files, leading inevitably to new bugs and peculiarities. Findly
interfacing a new method to a pool of n methods requires writing n filters. This quadratic
behavior in the number of required filters prevents this approach from scaing beyond a
smal number of methods.

[11- “Application-Centric’ Approach:

Most programs are written to provide an answer to a specific question, with little or
no thought given to the basic and independent sub-tasks that need to be carried out to get
the answer. This leads to monolithic programs from which it is hard to isolate and extract
code for re-use in another program. For instance, GRASP [8] is a molecular visuaization
and andlyss program widdy used by the biocomputing community. This program is
particularly useful for the display and manipulation of the surfaces of molecules and ther
electrogtatic properties. Such a program must carry out the following sub-tasks: 1) read the
molecules, 2) compute a molecular surface, 3) compute an eectrodtatic potentia, and 4)
render the surface with the eectrostatic potentia mapped onto it. Even though these tasks
are well defined, independent and shared by many other molecular-modeing programs, re-
usng the code corresponding to any of these tasks or subgtituting it by another
implementation is often very chalenging because of dependencies and assumptions made
by the programmer. For instance, one might choose to pass the molecular data structure
crested by the molecule reader as the input for the second component which computes the
surface. This creates an unnecessary dependency between these two components since the



cdculation of the surface only requires atomic centers and radii.

The problem of code re-use and inter-operability has been addressed in programs
such as AVS or Data Explorer (DX). These programs provide an environment in which
components (also called modules) can be connected to creaste a computationa pipeline.
They comprise alarge number of processng modules for awide variety of operations such
as data input, image processing, surface and volume rendering, etc. These modules can be
linked together graphically usng a network editor to creste a processng stream for a
particular visudization or computation. They offer amechaniam for adding custom designed
modules dlowing the user to extend the environment with new computationa methods. This
gpproach has severa benefits. Fird, it promotes code re-use and perhaps more
importantly, it forces low-level developers ( i.e. programmers who add new modules) to
think in terms of ‘functionality to be added to an environment” rather than ‘a
program to carry out a task”. In addition, the visud programming paradigm offered by
these environments creetes a new class of users who can combine existing modules to
creste new computationa/visudization pipeline without having to be expert, low-leve
programmers. However, this gpproach has limitations too. The main oneis that applications
are "self-centric". By "sdlf-centric" we mean that they are in charge of what hgppens and
when it happens, they impose a number of choices such as data Sructure, data types, and
Application Program Interfaces (APIs) to the developers. In other words they define a
framework in which new components can be developed. These problems are often
exacerbated by the lack of scripting capability within these frameworks. Recently,
environment such as VTK (Visudization ToolKit) [9,10] and MOE (Molecular Operating
Environment) [11] have appeared. These environments have bindings for interpreted
languages that add a greet ded of flexibility and power. Y e, they have been designed as
frameworks to be extended. In other words, they too have a sdlf-centric philosophy,
imposing themsdves as "the" environment in which to develop gpplications,

In the following section we will define and discuss an dternative gpproach to
modular software development which we cal the "language-centric* gpproach. We will
explan how this gpproach is better suited to solve our specific software development
problems and briefly discuss our choice of Python [12,13,14] as a developing environment.
This section will be followed by the presentation of some of the Python packages [15] we
have developed to deal with different aspects of structural bioinformatics. We will conclude
with lessons learned and a brief discusson of the suitability of Python for our software
devel opment approach.

IV - “Language-Centric” Approach: Python as a Development
Environment:

From the AVS and DX approaches we have learned the importance of modular
development and of rigorous compartmentdization of tasks: reading a molecule from afile
has nothing to do with the way it is graphicaly represented and therefore these components



should be written independently of each other. Even though this requires a little more work
and thought, it guarantees that the components will have much greeter re-use in the long
term. This idea of encapsulation is drongly supported by modern object-oriented
programming languages. However, even while usng object-oriented programming
techniques, it is easy to create a large hierarchy of inter-dependent objects that are
supposed to be used with a pre-defined context or framework. By choosing a high-leve,
interactive scripting language as a framework, we can minimize the congraints imposed by
the framework (i.e. the choice of that language) while having a full fledged programming
language to combine components at high leve. Thisis what we cal the 'language-centric”
gpproach. Components are developed as independent extensons of this high leve
language. They can be used to carry out a specific task with the only congtraint being thet
they are used from within the chosen language. This might sound trivid, yet most programs,
even those built around interpreted languages, do not have this property.

In this gpproach the high level language serves as a glue to combine independent
components to rapidly create speciaized gpplications. This approach provides excdlent
level of code re-usability, which in turn greatly reduces the time required to develop new
goplications. Having a set of basc components that are used in multiple gpplications
facilitates code maintenance and increases code robustness.

We chose Python to be our developing environment for a number of reasons its
concise and dmost pseudo-code like syntax, its modularity; its object oriented design, its
profiling, debugging, reflection, introgpection and self documenting capabilities and the
availability of the Numeric extensgon [16] alowing the efficient storage and manipulation of
large amounts of numerical data. Because of these reasons, Python is better suited than
other programming langages to be an extenson language for developing complete
components.

We would like to emphasize again that the god of our gpproach is to create
independent modules which are condrained only by the language, rather than usng the
language to creste a new framework with its own sat of limitations and congraints. We
then provide “ software legos’ that can be used in someone else' s favorite framework.

Re-usable and I ndependent Components:

Our laboratory is interested in the development of novel computationa technologies
and gpplication of this technology to the andys's and underdanding of complex sysemsin
sructura molecular biology. Over the last couple of years, we have developed a number of
Python packages to ded with many aspects of our dally work. The Python extensons
described below can be combined together in high-level applications such as PMV (Python
Molecule Viewer) or ADT (AutoDock Toolkit) or used independently to help us solve
such problems. However, some of these components like DgaVu are more generd and
have dready been re-used in other fidds.



A - MoalKit:

MolKit is a package developed in pure Python for reading, writing and building
dynamically extensble tree-like hierarchical representations or molecular data-structures
reflecting the internd structure of molecules.

To build atree-like structure we have implemented a TreeNode object. Such anode
can adopt children, which have to be instances of either a TreeNode or a class derived
from it. Each node knows among other things, its parent in the treg, the root of the tree,
which is the node that has no parent, and the type of its children. A node has a name that is
unique amongst its sbling nodes. This name can aso be used to build a unique name for
each node in the tree. The TreeNode class supplies methods to generate such a unique
name as well as methods to find a node from a name.

Such a tree can be queried for nodes fulfilling a given condition. The result is an
instance of a TreeNodeSet. A TreeNodeSet represents a set of TreeNode object. The
TreeNodeSet class implements Boolean operations as wel as methods for sring
representation of the set. In addition, this class alows the easy access to attributes of the
objects in the set (Fig 1). TreeNodeSet can be indexed and diced just like Python lists,
they aso can be sorted using a depth-first traversal order.

TreeNode TreeNode Numerie
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FIG 1: The TreeNode and TreeNodeSet classes.

These classes have been specidized to represent the internd structure of complex
biologicd molecules. For ingance, a protein molecule can be represented using the



following four level hierarchy: protein, chain, resdue, aom. The number of leve of atree
can be modified for instance we added a level between chain and residue to represent the
secondary dructure of a protein. MolKit aso provides classes to parse molecular file
formats such as PDB, Mol2, PQR and build these tree-like hierarchical representations. All

nodes in that tree-structure can be extended dynamically. For instance one can add a
property such as the radius of an aom cdled "A" by smply assgning the vaue to an
attribute of this aom A: A.radius = 1.7. This structure which dlows the user to extend

dynamicaly any node and perform al kinds of sdlections has proven to be very powerful

and to provide ahigh level interface to the molecule.

The following code ingtantiates a Protein object and builds its representation for a
PDB file. Severa sdection and manipulation illusirate some of the basic capabilities of
these classes:

>>>from Mol Kit i mport Read

>>># Read is a function of the Ml Kit package taking a fil enane
>>># and returning a ProteinSet. It can take any file of the follow ng
>>># types: PDB, Ml 2, PDBQS, PQR and PDBQ

>>>proteins = Read("./lcrn. pdb")

>>>protein = proteins[0]

>>># Once the protein is | oaded, we can operate on that structure.
>>># TreeNodeSet object behave |ike Python |ists.

>>>r esi dues8Thr oughl5 = protein. chai ns[0].residues[ 8: 16]

>>>print residues8Thr oughl5

<Resi dueSet instance> hol ding 8 Residue

>>>

>>>al | Atons = protein.chains.residues. atons

>>># select atons in all atons with their nane in |ist:

>>>bbnames = ['N ,"CA ,'C,' O]

>>>packBone = al | At ons. get (1 anbda x, names=bbnanes: x.nane in nanes)
>>># perform bool ean operations over the set:

>>>sj deChains = al | Ators - backBone

>>>



>>># Add a new nenbers on the fly to any object or set of objects.

>>># Here we add an attribute called 'bb' to all the atons and set it to O
>>>al | Atoms. bb = 0

>>># and set it to 1 for backbone atons and O for side chain atons.
>>>packBone. bb = 1

>>>

B - Dgavu:

DgaVu is a package written in Python for the visudization of 3D geometry using the
OpenGL library. It provides a set of classes describing objects such as a viewer, cameras,
lights, clipping planes, color editor, track-bal, geometries, etc.The Viewer classis a fully
functiond visudization application providing control over a number of rendering parameters
such as depthcueing, globad anti-diasing, arbitrary clipping planes, etc. An indance of a
Viewer maintains a hierarchy of objects in which rendering dtributes can be inherited.
DgaVu dso provides a number of standard geometries including lines, indexed-lines,
indexed-polygons, triangle, quad-dirips, spheres, cylinders and labels. This list can be
extended by sub-classing the geometry base class Geom. DegjavVu makes it very trivid to
add visudization capabilities to any object developed in Python. While developing this
component we were careful not to make any assumption about the nature of the objects
that will be represented in this viewer and therefore DgaVu has no knowledge of
molecules. This has made this component re-usable in a context much broader than
molecular visudization and modding. We have dready witnessed its successful re-use by
people modeling heart and brain Structures.

Combining DgaVu and MalKit, we can eadly dislay a protein as space filling
(CPK) models in a Dgavu Viewer (Fig 2). In the example below, after creating a tree
representation of the protein Crambin (1crn), we extract the coordinates and the radii of
the atoms and use them to ingtanciate Sphere geometries that can be displayed in aDgaVvu
Viewer. Since we only pass basic types (sequences of floating points vaues) from MolKit
to DgaVu the viewer doesn't require knowledge about molecules. Therefore it can be re-
used in amuch larger context.

>>>from Mol Kit i nport Read

>>># read a PDB File.
>>>proteins = Read('./lcrn.pdb")
>>>protein = proteins[0]

>>>from Mol Ki t. nol ecul e i nport Atom



>>># getting all the atoms of the nolecul e

>>>al | Atons = protein.findType(Aton)

>>># assign a default radii to each atom

>>>prot ei n. defaul tRadii (united = 1)

>>># getting the atons coordinates and radi

>>>coords = al | At ons. coords

>>>radii = all Atons. radi us

>>>

>>>f rom Dej aVu. Vi ewer inport Viewer

>>># Create an instance of a Viewer.

>>>vio= Viewer ()

>>>f r om Dej aVu. Spheres inport Spheres

>>># (Oreate Spheres

>>>spheres = Spheres(' cpk', centers=coords, radii=radii
qual i t y=10)

>>># add the spheres to the viewer

>>> vi . AddQhj ect (spheres)



|- &

< arufurr
|‘m CarabalC7-alL-alt| Te
|:9'»_-L __________________ =

I apcrtics
[FEAEES rzreralc -1 -art]
B shy I%

«amera

e K i
L_‘ﬂi.ﬂ L-ludir_'ﬂ_u"l irrJ
taly, ——F

un

Fig2: CPK representation of the protein Crambin (1crn) in aDejaVu Viewer.

C - ViewerFramework:

The example given in the previous section illustrates how MolKit and Dgavu can be
combined quite rapidly to achieve a Smple visudization. However, end-user gpplications
are much more complex. They require Graphica User Interfaces (GUI), structured
commands, ic...

ViewerFramework provides support for building such visudization gpplications. It
has been designed to have the following festures. minimization the overhead of cresting new
commands and their associated GUI, dynamic configuration so that commands or set of
commeands called modules can be loaded dynamicaly from libraries, scripting cagpabilities
enabled by the presence of a Python Shell, alowing access to the interpreter running the
gpplication, dua modes to cal commands ether through their GUI or through the Python
Shell, a light weight command mechaniam to add smple commands such as Macro, and
findly support for logging commands alowing users to record and play back a sesson.

A ViewerFramework object is associated to a ViewerFrameworkGUI object that
conggts of a frame containing one or more menuBars, a canvas holding the 3D camera
instance and a message box. Objects to be displayed in the ViewerFramework are stored
in alist and are associated with GeomContainer objects holding a dictionary of geometries.
In these dictionaries the keys are the geometry's name and the vaues the instances of



DegaVu geometries. Commands for an gpplication derived from ViewerFramework can be
developed by sub-classing the Command base class. The class CommandGUI dlows to
define GUI to be associated with a command.

Example
# derive a new conmmand.
from Vi ener Fr amewor k. VFConmrand i nport Command, CommandGU
cl ass Exi t Command( Comrand) :
def doit(self):

import sys

sys.exit()
# get a ConmandGUJ obj ect
g = CommandCQU ()
# add information to create a pull-down nenu in a nenubar called
# 'MoVi' under a menu-button called 'File' with a menu Command
# called "Exit'. W also specify that we want a separator to
# appear above this entru in the menu.
g. addMenuComrand(' MoVi ', "File','Exit', separatorAbove = 1)
# Add an instance of an ExitCommand with the alias 'nyExit' to
# the viewer nv. This will automatically add the nenu bar, the
# nmenu button (if necessary), the nmenu entry and bind the
# default call back function

nv. addCommand( Exi t Command(), 'nyExit', Q)

The command is immediately operationd and can be invoked through the pull down
menu or using the Python Shell: mv.myExit() (Fig3).
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- Molecule Viewer class Command:

= _ __________ . def guiCallback(self, *args, **kw):
- / apply( self.doitWrapper, args, kw)
i Exit
def doitWrapper(self, *args, **kw):
self. beforeDoitl)

self.vf.tryto(apply(self.doit,args kw))
self.afterD oit()

Té *PTF an Shell®
File Edit Debil  Help def doit(self, *args, **kw):

Python 1.5.2 (#0, Apr 13 1928, 10:G
Copyright 1891-1986 Stichting Mathe pass

I0LE 0.5 -- press F1 Tor help
e
=== my. myBxit ()

_\\\_\\—

P def call (self, *args, **kw):*
apply( self.doitWrapper, args, kw)

Fig3: Command base class: doit isavirtud method ether caled by
the _cdl__ or guiCdlback method. These methods are the commands entrypoint
through the PyShell or the GUI.

A number of related commands can be grouped into a module. A module is a .py
files that defines a number of commands and provides a function called initM odule(viewer)
used to register the module with an instance of a viewer. When a module is added to a
viewer the .py fileisimported and the initModule function is executed. Usudly this function
ingtantiates a number of command objects and their associated commandGUI objects and
adds them to the viewer.

D - Babd:

Babd is a program designed to interconnect a number of file formats. It is dso
cgpable of assigning hybridization, bond order and connectivity when these eements are
not present in the input file. We have re-implemented in Python a subset of Babd-1.6
functions for assigning atomic types and bond orders, adding hydrogen atoms, computing
Gagtelger charges, converting atom type and detecting rings and aromaticity. We find that
not only is the code more portable but even performs better after replacing some n*n
agorithm from the C verson by nlogn versons. Another point that is important about this
component is that we have kept it separate from the MolKit package. This choice was
based on the idea that this component should be re-usable in other gpplications in which
representation of a molecule might be quite different from the one implemented in MalKit.
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This package has been proven to be very useful in the AutoDock Toolkit (ADT).

E- Other re-usable Computational Methods:

Using SWIG (Smple Wrapper Interface Generator) [17], we aso have wrapped
codes dedling with tasks such as. molecular surface computation, molecular mechanics and
dynamics, eectrostatic caculations, protein-protein docking and protein-ligand docking.
Besides these “traditional” computational methods we have aso wrapped a number of less
conventiond tools for molecular modeling such as a convex hull caculation tool, a rapid
collison detection tools for molecular library, severa mesh decimation adgorithms and a
generd extruson library. These modules are dl platform dependent. They are dso re-
usable in a broader context. The functiondity provided by most of these libraries has been
made available as commands in our gpplication PMV [18].

VI - From Building Blocsto Applications: PMV and ADT

A - PMV: Python Molecular Viewer:

The Python Molecular Viewer (PMV) is a general purpose viewer that can be
integrated into any computational chemistry package avalable in Python. It relies on
DgaVu for the 3-Dimensond visudization, ViewerFramework for the definition of
individual commands and the GUI and MolKit for the representation of molecules (Fig4).

The Molecule Viewer inherits from the ViewerFramework the capability to
dynamically import these commands as needed. In fact, al commands in thet viewer have
been developed based on this principle. This enables programmers to add features
incrementaly to the gpplication, which iswell suited for tesam development. In addition, this
gpproach avoids the ‘feature overload problem, i.e. overloaded menus cluttered with
commeands that are irrdlevant for the problem a hands. Customization files alow, among
other things, to specify which commands should be loaded when the gpplication darts.
Using this feature, a number of custom applications can be created by smply writing
different customization files, each loading different sets of commands.

12
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Fig 4: The Python Molecule Viewer (PMV) Architecture.,

We have written a surface cdculation command and a command to sdectively
display pieces of a surface corresponding to a subset of atoms. In fact in this viewer al
geometries relate to the underlying molecules, therefore a subset of atoms can be used to
partidly display/undisplay, sdlectively labd and locdly color using different schemes any of
the geometries. Alternatively, picking done on any geometry (lines, spheres, polygons, ...)
is mapped back to the molecule. This gpplication aso provides a Python Shell. This Python
aware type-in widget is the standard input and standard output of the scripts operating on
the application. From the Python Shdl, any command can be caled interactively and
scripts operating on the application can be written or sourced. Commands log themselves
into afile as they are executed. This file can be saved, edited and played back to restore a
previous sesson. This application runs unmodified on any platform that has a Python
interpreter with the following extensons. Numeric, Tkinter/Togl and OpenGL. Maybe the
mogt interesting feature of this application is that creating the application is actudly done by
writing commands, which is made easy by the built-in support provided by the
ViewerFramework.

B - ADT: The AutoDock ToolKit.

The program AutoDock was developed to provide an automated procedure for
predicting the interaction of ligands with biomacromolecular targets. The motivation for this
work arises from problemsin the design of bio-active compounds and in particular the filed
of computer-aided drug design. AutoDock has been shown to be a powerful approach to
the problem of flexible docking. It combines configurationd exploration of flexible ligands
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with rgpid energy evauation usng grid-based molecular affinity potentia. The docking
amulation can be caried out usng severd different search methods involving many
possible parametric refinements. Preparation of the molecules aso depends on various sets
of parameters.

In response to the widespread use of AutoDock we developed a set of commands
written for PMV to specificdly address the problem of preparing the input files and
launching and andyzing the results of areceptor-flexible ligand docking cdculaion using the
AutoDock program. ADT congdts of five modules: AutoTors, to format the small protein,
AutoGpf: to creaste parameters file for Autogrid specifying grid types, location and
dimension, AutoDpf: to creste parameter file for AutoDock specifying molecules, grids,
agorithm to use etc..., AutoStart: to start AutoGrid and AutoDock jobs and to manage
them, AutoAndyze: to andyze results of AutoDock jobs by looking a good docking and
comparing them.

ADT firg guides the user through the preparation of the molecule files (adding
hydrogen atoms and charges and defining flexible regions) and the parameter files and then
facilitates the execution of AutoGrid and AutoDock commands. The user can then choose
how and where to launch the jobs. The macromolecule, the initid conformation of the
ligand molecule, the docked conformations of the ligand and the isocontours showing the
aomic afinity grids used by AutoDock can be viewed in ADT. In addition, the
functiondity provided by ADT can be used in script mode which enables the automation of
AutoDock for non-interactive high throughput applications.

Conclusion:

We have presented a "language-centric® software development strategy and have
demondtrated an implementation of such an gpproach based on the Python programming
language. We have shown that it is possble in such an environment, to develop
independent components that can be assembled to build complex applications while
retaining the ability to re-use most of these components in complete different context. While
experimenting with this gpproach we have witnessed a dramatic increase in our productivity
as well as a high level code re-use. We have aso encountered some shortcomings in
Python. The mogt problematic one is Python's incapability of handling circular references
for garbage collection. We certainly hope that the optiond garbage collection that has been
added in Python-2.0 will hdp with this problem.

The most important change for us has been to shift from writing programs or scripts
to writing modules or components that are re-usable and independent. This concept is well
known to the community of component based software developers but in a molecular
research environment with limited resources for the design and implementation of software
tools Python has been instrumentd. It has placed these advanced software development
techniques within our reach.
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