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Summary
Biomolecular modelling has provided computational simulation based methods for investigating biological processes from quantum chemical to cellular levels. Modelling such
microscopic processes requires atomic description of a biological system and conducts in
fine timesteps. Consequently the simulations are extremely computationally demanding.
To tackle this limitation, different biomolecular models have to be integrated in order to
achieve high-performance simulations. The integration of diverse biomolecular models
needs to convert molecular data between different data representations of different models.
This data conversion is often non-trivial, requires extensive human input and is inevitably
error prone. In this paper we present an automated data conversion method for biomolecular simulations between molecular dynamics and quantum mechanics/molecular mechanics
models. Our approach is developed around an XML data representation called BioSimML
(Biomolecular Simulation Markup Language). BioSimML provides a domain specific data
representation for biomolecular modelling which can efficiently support data interoperability between different biomolecular simulation models and data formats.

1

Introduction

Computer based biomolecular modelling is being used as an effective methodology to study
complex biological processes at a microscopic level. Computer simulations are used to investigate microscopic processes such as drug and protein interactions [1, 2]. Our study focuses
on enzymes which are proteins that catalyse chemical reactions in biological cells. Monotopic
membrane bound enzymes are an important class of drug target [3], such as cyclooxygenase are
targets for non-steroidal anti-inflammatory drugs. Knowing the behaviours of these enzymes
within membrane environment may aid the exploration of new drug targets and new inhibitor
design. Moreover, understanding these enzymes requires modelling at all levels: from the
quantum mechanical simulation of enzyme reaction mechanisms, through molecular mechanical descriptions of drug binding and molecular dynamics of protein conformational changes,
to mesoscopic descriptions of drug diffusion through cell membrane to the enzymes. Therefore, the simulations need to cover different biomolecular modelling levels including quantum
mechanics (QM), molecular mechanics (MM), and molecular dynamics (MD) [4].
QM/MM methods are applied at the most fundamental level to model the mechanisms of enzyme reactions, including chemical bond breaking and making [5]. Studying a biological system at atomic and subatomic levels, where QM/MM simulations are highly computationally demanding, ensures that long-timescale simulations are impractical. On the other hand, MD simulations are more time-efficient and enable longer timescales to be simulated [6]. One solution
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for enabling realistic QM/MM simulations is to select representative enzyme conformations
from long-timescale MD simulations and then initiate QM/MM simulations to model enzyme
reactions in the selected enzyme conformations. Different simulation models may use different simulation software with diverse data representations for molecular simulation data. In our
case, the MD simulations are performed using a molecular simulation program CHARMM [7]
and the QM/MM simulations by another simulation program TINKER [8]. CHARMM uses
the PDB (Protein Data Bank) format [9] to describe 3D molecular structures while TINKER
uses its proprietary XYZ format. Therefore, data conversion is necessary when transferring the
details of an enzyme conformation from an MD simulation to a QM/MM simulation. The conversion includes rewriting the file with details of thousands of atoms to a new format, renaming
each atom and atom type, and supplementing each atom with additional attributes. In the past,
data conversion was manually handled. Some simulation packages provide own data converters
such as the pdbxyz program of TINKER. Nevertheless, these converters do not always produce
the correct output. Human input and curation is still indispensable in many cases. Manipulating
the data of numerous atoms by hand is thus inevitably inefficient and error-prone.
To integrate biomolecular simulation models and realise efficient data conversion between
different biomolecular models, we have developed a biomolecular simulation markup language called BioSimML to provide an XML based representation for a range of biomolecular data including molecular structure, atom name mapping, simulation parameters and metadata. BioSimML provides XML constructs with an associated toolkit to facilitate automatic
data conversion in our multi-level biomolecular simulations. In this paper, we will present the
BioSimML representation used for the implementation of automated data conversion between
MD and QM/MM simulations.
The paper is structured as follows. Section 2 discusses the related work. Section 3 introduces
the BioSimML document structure. Section 4 describes the data conversion between MD and
QM/MM simulations. Section 5 summarises our achievements and provides a brief discussion
of future work.

2

Related Work

Domain specific XML languages have been used to provide generic data representations for
different purposes in scientific research such as in computational systems biology and computational chemistry [10]. CellML [11] is an XML-based standard format for defining and
exchanging biological models. It captures mathematical descriptions of cellular functions such
as biological pathways and electrophysiological models to facilitate the reuse of such models
in the biological community, independent of the modelling software. CellML models are represented as a network of interconnected components. Each component contains variables denoting the attributes of the component and may contain mathematical equations to describe how
the component behaves within the model. SBML (Systems Biology Markup Language) [12]
is an XML-based format for representing the biochemical reaction networks common to computational biology research such as cell signalling pathways, metabolic pathways, and gene
regulation. It represents a chemical reaction using a number of components: reaction compartment, reactant and product species, reaction descriptions, parameters, units of quantities, and
mathematical rules to set parameters and quantities. CellML and SBML are not designed to
represent biomolecular modelling or to describe biomolecular simulations.
doi:10.2390/biecoll-jib-2008-95
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CML (Chemical Markup Language) [13] is an XML representation of chemical information
including compounds, molecules and molecular computations, crystallography, and spectra. It
provides XML elements to describe molecules, atoms, electrons, and bonds as well as metadata. CMLReact [14] provides a set of additional components for CML to represent chemical
reactions. However, CML is not designed for the integration of biomolecular models as it does
not capture the atomic information used by some simulators such as the TINKER XYZ format,
nor can it represent the mapping between different molecular data formats which is required for
data conversion.
The PDB format provides a standard representation for 3D macromolecular structures, which
has been widely used by molecular simulation packages. PDBML [15] is the XML representation for the PDB Exchange dictionary [16] that does not directly represent the PDB format.
The PDB Exchange dictionary is a superset of the PDB crystallographic protein structure data,
which describes the information of internal bookkeeping, non-crystallographic structure determination methods (e.g. nuclear magnetic resonance–NMR), details of crystallographic experiments and protein production. The PDB Exchange dictionary is described in the mmCIF
(macromolecular Crystallographic Information File) format that is largely different from the
PDB format. As the PDBML designers indicated, a PDB file cannot be converted to the mmCIF format in a completely automated manner because many mmCIF data items either are not
present in the PDB format or are present in the non-parsable REMARK record of the PDB
format [17]. PDBML is not a general description for other molecular data either, such as the
TINKER XYZ format.
The CCP Data Model [18] was developed to cover all data needed for a macromolecular NMR
spectroscopy, from the initial experimental data to the final validation. It is used for exchanging
data between programs, for the storage of data and database deposition. The data model is
implemented in the modelling language UML to create an abstract description of the data and
the inter-data relationship. The CCP data model does not target the domain of biomolecular
modelling.
The Open Babel project [19] provides a chemistry file translation program and a C++ library
to support the interconversion between various file formats in molecular modelling and computational chemistry. The library has a function to convert between the PDB and TINKER
XYZ format. However, our tests with Open Babel 2.0 and 2.1.1 have shown that the program
cannot correctly convert the molecular file of arachidonic acid [20] in our QM/MM simulation
discussed in Section 3 from the PDB to XYZ format.
To realise the data interoperability, we have developed the BioSimML markup language to support data conversion between different models and data representations. BioSimML provides
XML representations for the essential data in biomolecular modelling. With the support of
the associated toolkit, BioSimML has been successfully used to implement the automated data
conversion between MD and QM/MM simulations and to accomplish the dynamic integration
of multi-level biomolecular simulations running on a grid [21, 22].

3

BioSimML

BioSimML is a domain specific XML language that provides a structured representation for
the essential data in biomolecular modelling. Figure 1 shows the structure of BioSimML. The
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current BioSimML version has defined the XML constructs pdb and xyz to capture molecular
structures originally described in the PDB format and the TINKER XYZ format. BioSimML
also defines a construct mdp (molecular dynamics parameters) to capture the GROMACS [23]
simulation parameters. GROMACS is one of the molecular dynamics packages that we have
used in our multi-level biomolecular simulations. BioSimML also defines metadata components to describe the general information of a biomolecular simulation and the condition to
integrate two biomolecular simulation models [22]. To enable the data conversion between
biomolecular models and simulation packages, BioSimML also provides a representation for
the mapping of atom name and type in one molecular data format to the notation of another
data format.

Figure 1: The structure of BioSimML markup language

The syntax of BioSimML is defined with an XML schema language RELAX NG [24] that uses
the XML syntax to specify an XML document structure. The RELAX NG specification can
be used for the validation of BioSimML captured data against the BioSimML syntax. Due to
the length of this paper, we only present the BioSimML representations related to the data conversion discussed in the paper. For example, the RELAX NG specification for the BioSimML
construct of the TINKER XYZ format is defined as following. The XYZ format describes the
Cartesian coordinates of atoms in a molecular system.
<?xml version="1.0" encoding="UTF-8"?>
<!-- BioSimML construct for TINKER XYZ format -->
<grammar xmlns="http://relaxng.org/ns/structure/1.0"
datatypeLibrary="http://www.w3.org/2001/XMLSchema-datatypes">
<start>
<element name="xyz">
<ref name="xyzPattern"/>
</element>
</start>
<!-- outmost pattern of XYZ format -->
<define name="xyzPattern">
<!-- title line -->
<optional>
<element name="title">
<data type="string"/>
</element>
</optional>
<!-- atom lines -->
<oneOrMore>
<ref name="atomLine"/>
</oneOrMore>
</define>
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<!-- atom line -->
<define name="atomLine">
<element name="atom">
<attribute name="serial">
<data type="int"/>
</attribute>
<attribute name="name">
<data type="string"/>
</attribute>
<attribute name="x">
<data type="float"/>
</attribute>
<attribute name="y">
<data type="float"/>
</attribute>
<attribute name="z">
<data type="float"/>
</attribute>
<attribute name="type">
<data type="int"/>
</attribute>
<element name="connected.atoms">
<list>
<oneOrMore>
<data type="int"/>
</oneOrMore>
</list>
</element>
</element>
</define>
</grammar>

Figure 2 shows a sample XYZ file. Figure 2(a) is a fragment of arachidonic acid described
in the XYZ format and Figure 2(b) shows the corresponding BioSimML representation of the
data. Figure 3 is the same fragment described in the PDB format and the BioSimML representation. Figure 4 shows the mapping of atom names and atom types in this fragment between
the CHARMM and TINKER notations originally specified in the CHARMM RTF (residue
topology file) and the TINKER PRM (parameter) file with the BioSimML description of this
mapping.

Figure 2: The arachidonic acid described in the XYZ format and the BioSimML representation

In the XYZ format in Figure 2(a), the data fields from left to right are atom serial number, atom
name, Cartesian coordinates (x, y, and z), atom type number, and a list of atoms connected to
doi:10.2390/biecoll-jib-2008-95
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the current atom. The PDB format in Figure 3(a) is a strictly column-oriented representation
of macromolecular structure. It specifies the data fields including the identical record name
ATOM, atom serial number, atom name, residue name, chain identifier, residue sequence number,
Cartesian coordinates (x, y, and z), occupancy, and temperature factor.

Figure 3: The arachidonic acid described in the PDB format and the BioSimML representation

Figure 4: The mapping of atom names and types between the CHARMM and TINKER notations

In Figure 4(a), the CHARMM RTF file contains the data fields as atom name (e.g., C9), atom
class (e.g., CEL1), and the charge of atom (e.g., -0.15). The TINKER PRM file in Figure 4(b)
defines the mapping of CHARMM atom class to TINKER atom class number in the header,
followed by the definition of atom entries. By referring to these two files, a CHARMM atom
name can be mapped to the corresponding TINKER atom name. For example, the first atom in
the CHARMM RTF file is a carbon C9 with the atom class CEL1. According to the mapping
data in the header of the TINKER PRM file, the CHARMM atom class CEL1 is mapped to the
TINKER atom class number 76. Searching the atom entries below the header, the corresponding TINKER atom name for class number 76 can be determined as CEL with the TINKER atom
type number 130 as defined in the fourth entry. This is the process for converting a CHARMM
atom name (e.g., C9) in the PDB file in Figure 3(a) to the TINKER atom name (e.g., CEL)
in the XYZ file in Figure 2(a). The BioSimML description in Figure 4(c) shows the mapping
doi:10.2390/biecoll-jib-2008-95
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of the first two atoms in the CHARMM RFT file to the TINKER atom name and atom type
number. All the BioSimML representations in Figure 2 to Figure 4 will be used for the data
conversion in Section 4.
BioSimML, as a general data representation, provides a solution to the automatic data conversions in biomolecular modelling. With the support of XML-based data processing tools,
BioSimML can be used to readily implement data conversions between different biomolecular
data formats as shown in Figure 5. A data representation such as a PDB file or an XYZ file
can be captured into a BioSimML document object on which data conversion operations can
be applied to modify its contents. Finally, the modified contents of the BioSimML document
object can be sent as output to a data file in another format (e.g., XYZ or PDB).

Figure 5: Data conversion between different data formats based on the BioSimML representation

We have developed a toolkit to implement the BioSimML-based data processing and conversion. The toolkit includes parsers to read in a PDB or XYZ file, project the data into a
BioSimML document object and write out a BioSimML document object into a PDB or XYZ
file. The toolkit also provides a collection of programs to perform data conversions in our
multi-level biomolecular simulations. The toolkit is implemented in Java and JDOM [25] (a
Java API for processing XML data). Table 1 shows the programs of the toolkit useful to the
MD to QM/MM data conversion.
The toolkit is extensible. When a new data format is introduced, a new data converter will be
developed for the conversion between the new data format and the BioSimML representation.
Therefore, data conversion can be achieved between the new format and existing data formats
captured by BioSimML.

4

Data Conversion

In our research, QM/MM modelling is used to study the mechanisms of membrane bound
enzyme reactions in cellular environments. As a molecular model built on the atomic and
subatomic descriptions of biological system, a QM/MM simulation is extremely computationally expensive that prohibits a long-timescale simulation to be realistic. To break through this
limitation, the more efficient molecular dynamics is employed to create representative enzyme
conformations in advance using long-timescale MD simulations. The conformation of an enzyme is formed by the interactions between amino acids of the enzyme. Thereafter, QM/MM
doi:10.2390/biecoll-jib-2008-95
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Function
converts between the PDB format and the BioSimML representation.
converts between the XYZ format and the BioSimML representation.
converts between the GROMACS mdp file and the
BioSimML representation.
builds a BioSimML representation to capture the mapping of
atom name and type between
CHARMM RTF and TINKER
PRM.
modifies a BioSimML representation of TINKER XYZ
file.

Table 1: The programs of the BioSimML toolkit

simulations can be conducted based on the selected conformations to simulate the chemical
reactions of enzyme including chemical bond breaking and making between the enzyme and a
cell membrane.
CHARMM is used for the MD simulations and then TINKER for the QM/MM simulations.
CHARMM produces the data of enzyme conformation in the PDB format. To input the data to
TINKER, the PDB format needs to be converted to the XYZ format. The conformation data
contains the specification of atomic structures of the enzyme and cell membrane. The TINKER
package provides the pdbxyz program to convert a PDB file into an XYZ file. The pdbxyz
program can correctly convert the PDB representation of a protein (enzyme). However, the
program usually fails to convert non-protein molecules. For example, phospholipids are the
structural components of a cell membrane. Arachidonic acid is an omega-6 fatty acid present
in phospholipids. Unfortunately the pdbxyz program cannot correctly convert the PDB description of arachidonic acid shown in Figure 3(a) to the corresponding XYZ format as shown
in Figure 2(a). Instead, it generates an incorrect XYZ representation as shown in Figure 6.

Figure 6: The incorrect XYZ file of arachidonic acid generated by the pdbxyz program

Comparing Figure 6 with Figure 2(a), we notice that all atom names and type numbers are
wrong and all lists of connected atoms except the first list are incomplete. The incorrect atom
names and types are caused by the different notations of CHARMM and TINKER on atom
doi:10.2390/biecoll-jib-2008-95
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names and the diverse data fields defined in the PDB and the XYZ format. The CHARMM
RTF file and the TINKER PRM file in Figure 4(a) and (b) show that the CHARMM atom name
C9 should be mapped to the TINKER atom name CEL with the atom type number 130. Due
to the fact that the PDB format allows up to four characters to denote an atom name but the
XYZ format only allows 3 characters, the pdbxyz program truncates a 4-charater atom name
such as the hydrogen H101 and H102 in the PDB file down to 3 characters such as 101 and
102 in the XYZ file. To build the lists of connected atoms, moreover, the pdbxyz program
uses standard protein connectivity that can determine the connected atoms in a protein. For
non-protein molecules, however, pdbxyz assumes the atom connectivity based on interatomic
distances. This assumption cannot generate correct lists of connected atoms in the arachidonic
acid as shown in Figure 6.
To cope with this problem, the PDB to XYZ conversion can be rectified by means of the
BioSimML representation. To amend the XYZ file, we need to reference the CHARMM atom
names in the original PDB file in Figure 3(a) and the mapping of atom names and types defined
in the CHARMM RTF file and the TINKER PRM file in Figure 4(a) and (b). Figure 7 demonstrates the workflow of data correction for an XYZ file. The workflow represents an automated
data correction process which is implemented based on the BioSimML representation and the
toolkit. The entire workflow will be executed each time when an XYZ file needs to be amended.
Firstly, the incorrect XYZ file is projected into a BioSimML document object in the format as
shown in Figure 2(b). The source PDB file is also projected into a BioSimML document object as shown in Figure 3(b). Meanwhile, two BioSimML document objects of atom name and
type mapping are built to describe the mapping of CHARMM atom name to atom class and
the mapping of CHARMM atom class to TINKER atom name and atom type number in the
form as shown in Figure 4(c). The data correction is performed on the BioSimML document
object of the incorrect XYZ file. To rectify an atom name, e.g. 101, the original CHARMM
atom name H101 will be extracted from the BioSimML document object of the PDB file by
referencing the same atom serial number 25. The CHARMM atom name H101 is then used as a
key to retrieve the atom class HAL2 from the BioSimML document object of CHARMM atom
name to atom class mapping. The CHARMM atom class HAL2 is further used to retrieve the
correct TINKER atom name HL2 and type number 118 from the BioSimML document object
of CHARMM atom class to TINKER atom name and type number mapping. In this manner,
all atom names and type numbers of the arachidonic acid can be rectified in the BioSimML
document object of the XYZ file. Finally, the lists of connected atoms are rectified in this
BioSimML document object based on the chemical structure of arachidonic acid, i.e., all carbons are chained in sequence and each hydrogen is bonded to the immediately leading carbon
atom in the XYZ file. For example, HEL is connected to CEL while HL2 is connected to CL2
as shown in Figure 2(a). When the data correction has completed, the modified BioSimML
document object is output to a new XYZ file.
We adopt the method to rectify the incorrect XYZ file generated by the pdbxyz program rather
than directly producing an XYZ file from the original PDB file, because this method has been
in use by our project collaborators in their QM/MM simulations.
The example above only shows a segment of the data file used in a QM/MM simulation. A full
data file contains hundreds of arachidonic acids and other non-protein molecules. Any attempt
to correct the XYZ file by hand will be extremely inefficient and error-prone. BioSimML
with the associated toolkit provides an effective means to automatically implement the data
conversion. In addition to the data conversion presented in this paper, BioSimML has been
doi:10.2390/biecoll-jib-2008-95
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used for the data conversion between other biomolecular simulation packages such as between
NAMD [26] and CHARMM. BioSimML has also been used to support the integration of multilevel biomolecular simulations on a grid [21, 22].

Figure 7: The workflow for correcting the XYZ file

5

Conclusions

As an XML-based data representation, BioSimML has proved a useful and efficient tool to
facilitate the data interoperability between different biomolecular models, simulators, and data
formats. We will continue the development of this representation to enhance its capability for
representing a wide range of data in the domain of biomolecular modelling.
The current version of BioSimML defines individual constructs for capturing molecular structures originally described in the PDB and XYZ formats. To enhance the data interoperability
of BioSimML, we plan to develop a unified BioSimML representation for molecular structure which combines major attributes from different data formats. Comparing the PDB and
XYZ formats, we can observe that the two formats have common attributes such as atom serial
number, atom name, and Cartesian coordinates. On the other hand, each format has unique
attributes such as the residue name and residue sequence number in the PDB format and the
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atom type number and a list of connected atoms in the XYZ format. Different attributes are required by individual biomolecular simulators. We will design a comprehensive XML construct
to capture the major attributes of atoms from different formats. BioSimML will be extensible
to incorporate new attributes. Additionally, there are essential systematic data in biomolecular
modelling, including the topology (e.g., bonded and non-bonded interactions of atoms) and the
force field (used for the calculation of potential energy between atoms). These data types are
important to the data interoperability and to the integration of biomolecular models. We will
design BioSimML representations for these data types and develop tools for the data transformation of these data types between different biomolecular models. These developments will
hopefully lead to an ontology of biomolecular modelling.
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