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Abstract

Cytochrome P450 (CYPs) are heme-containing enzymes that perform oxidation-reduction reactions. They
are  involved  in  plant  defense  and  secondary  metabolite  biosynthesis  by  catalyzing  many  biosynthetic
reactions in plants leading to various compounds such as fatty acid conjugates, plant hormones, secondary
metabolites and lignings. Based on a previous study made with Chinese spring wheat, a specific cytochrome
P450 was strongly upregulated when exposed to salt stress. The biochemical characterization of this CYP
enzyme and its three-dimensional structure have not been reported so far. Therefore, the binding properties
and the three-dimensional structure of this enzyme were identified through homology modeling, molecular
docking  and  molecular  dynamics  simulations.  By  combining  different  bioinformatics  tools,  a  better
understanding  in  the  upregulation  of  the  enzyme  during  increased  salt  stress  could  be  achieved.  The
homology model that was built revealed the three-dimensional structure of the protein backbone of our target
protein, and the intermolecular binding properties between the heme cofactor and the protein backbone were
further identified through molecular docking. Additionally, the conformational changes in the CYP enzyme
that were measured through the molecular dynamics simulations revealed structural flexibility of our target
enzyme. These simulations provided a deeper understanding in the functional consequences of plasticity
found in our CYP enzyme. A better understanding of CYP enzymes and their structure-function relationship
can be thus acquired from MD simulations than what is currently available from experimental techniques
such as X-ray crystallography. This study combined different bioinformatics tools for achieving a better
understanding of the enzyme and its correlation to enhanced salt stress in wheat. 

Keywords: cytochrome P450, molecular dynamics (MD) simulations, homology modeling, heme binding
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1. Introduction

One of the major abiotic stresses that affect agriculture and crop productivity on a global scale is salinity.
Salts  can  naturally  arise  in  the  subsoil  (referred  as  primary  salinization)  or  be  introduced  (referred  as
secondary  salinization).  Salt  stress  is  known  for  having  drastic  negative  effects  on  plant  growth  and
development. Salt stress inhibits the seed germination, root length, plant height and fructification (Liang et
al., 2017). Salt stress in plants is experienced first as osmotic stress and later on as ion toxicity. If persistent,
these primary stresses will eventually lead to secondary stresses such as oxidative stress and also result in
decrease in photosynthesis and crop yield (Liang et al., 2017).

Chinese spring wheat (T. aestivum),  which is one of the most important food crop and cereal cultivated
worldwide, gets significantly affected by soil salinity, thus leading to decreased grain yield and grain quality
(Liang et al., 2017; Jalali et al., 2017). Nowadays wheats rank first in the world´s grain production and more
than 20 % of the total food calories and proteins are taken from wheats (Feldman and Kislev, 2007). 
Wheat has been responsible for the increase in the population by enabling humans to produce food in large
quantities, thus contributing to the rise of human civilization (Feldman and Kislev, 2007). The need to feed
the increasing population combined with decreasing crop yield and soil degradation caused by salinization,
emphasizes how crucial it is to develop more salt tolerant wheat varieties (Hanin et al., 2016; Wang et al.,
2017; Jalali et al., 2017).

Based on a previous study made with Chinese spring wheat, there are eight candidate genes that are strongly
upregulated when exposed to salt stress. One of the gene encodes a cytochrome P450 enzyme which has
been associated to increased salt tolerance in wheat (Xion et al., 2017). The biochemical characterization of
our enzyme or its three-dimensional structure have not been reported so far. Therefore, three-dimensional
structure of this gene’s translated protein will be built based on homology modeling and further analyzed via
molecular dynamics simulations to characterize its three-dimensional structure. Further, the binding of the
heme prosthetic group and its substrate, iron, will be identified through in silico analysis in order to get a
better understanding of the catalytically important residues.

The expression of the eight candidate genes will also be screened in two of our EMS-treated salt tolerant
mutant wheat lines together with the reference wheat variety from Bangladesh, Bari GOM-25. Since these
eight genes were highly up-regulated during salt stress in a previous study based on Chinese spring wheat,
the aim is to rule out if the same genes are found and expressed in our salt tolerant mutant lines by running
the polymerase chain reaction (PCR). 
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1.1 Cytochrome P450 monooxygenases (CYPs)

The target  for  homology modeling and molecular dynamics is  an enzyme which belongs to a  group of
proteins called cytochrome P450 (CYPs). In plants, CYPs are involved in many biosynthetic reactions that
lead to various fatty acid conjugates, plant hormones, secondary metabolites, lignings and other defensive
compounds (Schuler and Werck-Reichhart, 2003). Oxidation-reduction processes are known to be critical for
salinity tolerance in plants,  and since CYPs catalyze the bio-oxidation of various substrates through the
activation of molecular oxygen, they play an important role of metabolic processes and stress responses (Xu
et al., 2015). 
CYPs are proteins which contain heme as a prosthetic group and are therefore called hemoproteins, a class of
metalloproteins. The biological function is dependent on the prosthetic group. The heme prosthetic group
consists of a protoporphyrin ring with an iron atom in the middle which is bound to four nitrogen atoms in
the porphyrin (Figure 1). The heme prosthetic group takes part in oxygen carrying, oxygen reduction and
electron transfer (Almira Correia et al., 2010). 
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Figure 1: Conversion of the protoporphyrin ring into heme B
The protoporphyrin ring gets converted into the most abundant form of heme, heme B, by replacing its two 
inner hydrogen atoms with a ferrous iron(II) cation Fe2+ with an oxidation state +2.



1.2 Protein folding

There  are  a  total  of  twenty  different  amino  acids  which  can  be  grouped  together  forming  different
polypeptide chains, proteins (Breda et al., 2007). Proteins are determined by the genetic code, found in the
DNA, and limited by stereochemical properties (same ref as above). All biological processes that take place
in living organisms have proteins acting in a very defined way, developed under the pressures of natural
selection.  Proteins  carry  out  the  dynamic  processes  of  life  maintenance,  replication,  defense  and
reproduction. Thus, proteins are needed in every stage of life, from DNA replication and cell duplication to a
full,  complex  living  organism.  Although  all  the  information  required  for  life  is  encoded  by  the  DNA
molecule,  not  even the DNA molecule  itself  can replicate without  protein machinery.  Proteins get  their
biological  function by folding into their  native 3-dimensional  form, also known as the tertiary structure
(Breda et al., 2007). The tertiary form of a protein consists of the ‘’backbone’’, a polypeptide chain made of
several  amino acids  which are  linked to  each  other  by  peptide  bonds,  and  protein domains,  which  are
secondary structures such as alpha helices and beta sheets (Breda et al., 2007). Thus, knowing how proteins
fold  and  how they  interact  with  different  compounds  at  the  protein  binding  sites,  is  the  main  goal  of
structure-based  drug  design.  Cofactors  are  substances  that  form  complexes  with  biomolecules  such  as
proteins to serve biological purposes (Liu and Hu, 2011). In protein-cofactor complexes, the cofactor induces
a signal by binding to a site on a target protein, such as heme found in CYPs (Liu and Hu, 2011). This
binding causes a conformational change in the target protein.
 
In order to answer questions such as why do some cells become cancer cells, why does our own immune
system attack against us, why we get sick, how do we find cures for diseases, how can we produce enough
food for the world’s growing population in the future, we must understand how these molecules fold, how
they interact with other molecules, how they assemble and how they function.

Before  the  development  of  techniques  for  obtaining  the  3D  structure  of  proteins,  such  as  X-ray
crystallography, drugs were discovered by modifying known compounds with known biological activities,
which  on  the  first  place  were  discovered  by  chance  or  random  screening  (Breda  et  al.,  2007).  X-ray
crystallography is a technique used for obtaining a three-dimensional structure of a protein describing the
distances  between  each  atom  in  angstroms  (The  Structures  of  Life,  2007).  The  rapid  development  in
computing and computer graphics has allowed techniques for visualizing, manipulating and superposing 3D
structures  of  active  compounds  to  be  developed.  Today,  over  150  000  biological  and  macromolecular
structures have been characterized, thus enabling breakthroughs in research and education.

1.3 Molecular modeling and docking

Analyzing the protein-cofactor structure and their interaction together can tell us a lot about the mode of
action of that protein, and the importance of the ligand binding. But how can such analysis take place if a
protein of interest never has been characterized in its native 3D form? Structures of similar proteins sharing
the same function can be used in such cases. In other words, an unknown structure can be modeled based on
a previously known homologous structure. So, it is possible to use the structural information of a related
homologous  protein  to  design  a  protein  with  no  known  structure.  This  technique  is  called  homology
modeling,  or  also known as  comparative modeling.  Since the molecular  function of a  protein is  tightly
coupled to its structure, and currently no three-dimensional structure of our target protein exists, a homology
model of our target protein will be built. 

So, the backbone of an unknown target protein can be designed and built via homology modeling, but what
about  the cofactor? How will  the most  important  part  of  a protein-cofactor complex,  which defines the
biological function, be attached correctly without a mistake, atom by atom, to a newly designed protein
backbone? A backbone which the cofactor (heme) has never bound to before. 
As mentioned before, the protein-cofactor interaction is the key feature that defines the biological function of
a protein. A ligand bound to the cofactor induces a signal transduction and conformational change in the
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protein by binding to its active site. Typically, ligands bind to their active sites through weak intermolecular
forces, such as ionic bonds, hydrogen bonds and Van der Waals interactions, and also by hydrophobic effects.
Heme iron cofactors found in CYP proteins typically have six coordinate bonds, and are thus referred to as
hexacoordinate hemoglobins (Kakar et al., 2010). The ferrous iron, which is the site of oxygen binding in
heme, coordinates with the four nitrogen atoms in the center of the porphoryn ring, forming a plane (Figure
2). The iron atom has two additional binding sites, called the fifth and sixth coordination sites. The fifth
coordination binds to an electron donating atom of the protein (found in cysteine, figure 2), thus putting it
into a pentacoordinate state as visualized on figure 2 (Jakubowski, 2019). The sixth position, where oxygen
binds to the iron, completes the hexacoordinate character and allows the iron to move into the place of the
porphyrin ring (Kakar et al., 2010; Roach, 2011). 

Generally the heme cofactor is attached to the surrounding apoprotein through a single 2-electron coordinate
covalent bond found between the heme iron an amino-acid side chain (cysteine in our case) as illustrated on
Figure 2. These bonds differ from normal covalent bonds as the pair of electrons come from one atom only,
instead of two atoms both donating one electron and forming a covalent bond. These kind of interactions are
commonly found in ligands which bind to metal ions and the concept is central to Lewis acid-base theory
(Chemical Education Division, 2019). According to Lewis acid-base theory, transition metals such as Fe 2+,
Fe3+, Mg2+ and Zn2+, do not tend to form covalent bonds, but rather coordinate covalent bonds, where both of
the electrons in the bond come from a donor, a ’’Lewis base’’. The electrons contributed by the Lewis base
are  then  shared  with  an  electron  acceptor,  a  ’’Lewis  acid’’,  thus  forming  a  coordinate  covalent  bond
(Chemical Education Division, 2019). In our case, the ferrous heme iron (Fe2+) functions as a Lewis acid due
to its empty orbitals,  and can therefore interact with lone pair  electrons donated by Lewis base donors,
ligands, such as oxygen, forming Lewis acid-base complexes  (Chemistry LibreTexts, 2019). On the other
hand, the same iron atom found in the center of the heme cofactor, interacts with the four nitrogen atoms in
the center of the porphyrin ring via normal covalent bonds.
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Figure 2: An illustration of the pentacoordinate state of a heme cofactor of a cytochrome P450 
(CYP). Four of the five coordination sites are occupied by nitrogen atoms (blue) on the porphyrin 
(forming a plane) and the fitfh one is occupied by cysteine (pink) on one of the amino-acids chains 
in the protein, thus putting the iron into a pentacoordinate shape. Image of 2X7Y structure created 
with UCSF Chimera (Kuper et al., 2012).



As mentioned before, all biological processes have developed under the pressures of natural selection. In
other words, every compound found in a vital biological process, even proteins, have undergone selection
pressure. A major force driving molecular evolution of proteins is the rate of amino-acid substitution (Liu et
al., 2008). Proteins which strictly are defined by their structure or function face a strong negative selection
pressure, meaning that such proteins are highly conserved and thus face a smaller number of amino-acid
changes (ref above, find original paper). For example, enzymes such as CYPs, require aid by additional
molecules, cofactors, to become active. An enzyme without its cofactor exists as an inactive enzyme, called
an apoenzyme. In order for the apoenzyme to become catalitically active, a cofactor is required. A cofactor
bound together with its apoenzyme forms an active form of the enzyme, called a holoenzyme. But in order
this to happen, the protein (enzyme) needs to fold into its unique three-dimensional structure in the presence
of its cofactor (Cao and Li, 2011). These two processes of folding and binding of cofactors, intermingle with
one another, raising questions about the structural binding properties.  So how can all these binding modes
and affinities of different compounds be predicted correctly when they interact with protein binding sites?
This  question  is  the  main  goal  of  structure-based  drug design  (Breda  et  al.,  2007).  The  computational
approach to this problem is called docking.

Docking programs are used to predict and reproduce experimental binding modes of two molecules when
bound to each other forming a complex, for example an apoenzyme and its cofactor.  The idea of molecular
docking is to generate several possible conformations, or poses, of a known compound in its target’s active
site (Hevener et al., 2009). Each conformation, or pose, varies in orientation and geometry, and are predicted
by describing the target protein and the smaller binding molecule to the program. Thus, the docking program
computationally  models  the  interaction  between  the  two  molecules,  and  achieves  an  optimal
complementarity of steric and physiochemical properties (Cheng et al., 2012). There are two main stages to
which molecular docking can be divided into. First different conformations are sampled between the two
molecules,  followed  by  a  scoring  function  (Salmaso  and  Moro,  2018).  The  scoring  functions  use
mathematical algorithms for evaluating the fitness between the docked compound and the target protein. As
such, a score is associated to each predicted conformation (Salmaso and Moro, 2018). Root Mean Square
Deviation (RMSD) is the most commonly used measure that quantifies the similarity between two atomic
coordinates (Kufareva and Abagyan, 2012). It is used for evaluating the accuracy of the docking geometry of
a binding molecule from its reference position at the protein binding site. RMSD values are presented in
Ångströms (Å). Programs that are able to return conformations below a preselected RMSD value from the
known conformation, such as GOLD (Genetic Optimization for Ligand Docking), are considered the most
successful ones. 

Therefore, the aim is to achieve an optimized conformation for the modeled protein and its smaller binding
molecule, heme, and to find a relative orientation between them so that the free energy of the overall system
can be minimized.

1.4 Molecular Dynamics simulations

At present, the protein data bank (PDB) holds over 150 000 biological and macromolecular structures and
studies  predicting  protein-protein  interaction  networks  is  one  of  the  growing fields  in  modern  systems
biology (Gelpi  et  al.,  2015).  The 3D structures  of  proteins  obtained from experiments  are  the  basis for
structure-based drug design and these experiments have driven large number of successful studies forward in
the field of biochemistry. However, these structures only give us a partial view of the 3D structure. Proteins
exist in various different environments, such as the cytoplasm, and as such, dynamics can play a key role in
their  functionality (Gelpi  et  al.,  2015).  For  proteins  to  function,  get  activated or deactivated,  they must
undergo conformational changes in these environments (Gelpi et al., 2015). In order to fully understand how
proteins  function  as  whole,  they  need  to  be  simulated  over  a  period  of  time.  This  is  where  molecular
dynamics (MD) simulations come into play. To run MD simulations, an initial  model of the complex is
required. This model can be obtained from either real experimental structures such as X-ray crystallography
or from homology modeling (Gelpi et al., 2015). Solvent representation is the key for defining the system, as
the model protein needs to be simulated in its naturally occurring environment. Explicit solvent models such
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as water, are used in MD simulations as they are able to recover most of the solvation effects of real solvent
(Gelpi et al., 2015). Once the system is built, in other words, when the structure acquired from ie. homology
modeling is solvated in its explicit solvent model like water, the forces acting on every atom can be obtained.
These  forces  are  obtained  by  using  specifically  chosen  force-fields  and parameters  which  calculate  the
potential energy of atoms in the given system throughout the MD simulation length. Once the forces acting
on all  the atoms in the system are obtained, accelerations and velocities of the atoms can be calculated
according to laws of motion, and new positions, or trajectories, for the atoms can be collected (Gelpi et al.,
2015). 
As such, the aim is to further define the protein-cofactor interaction of our target, and the effects the heme
cofactor has upon binding to its surrounding apoprotein. The dynamics of our target protein, the folding of
the protein, and the conformational changes caused by the binding of the heme cofactor will be analyzed.

2. Materials and Methods

2.1 Homology Modeling

The genomic DNA of our gene of interest was obtained from Professor Hongchun Xiong,  the corresponding
author of  the  previous  study based  on  Chinese  Spring  wheat;  ''RNAseq analysis  reveals  pathways  and
candidate  genes  associated  with  salinity  tolerance  in  a  spaceflight-induced  wheat  mutant,  2017''.  The
nucleotide  sequence  of  our  gene  was  translated  into  an  amino-acid  sequence  based  on  the  given  gene
sequence using EMBOSS Transeq (https://www.ebi.ac.uk/Tools/st/emboss_transeq/). 

In  order  to  identify  homologous  sequences  with  known  three-dimensional  structures,  a  protein-protein
BLAST was performed against the NCBI protein data bank (PDB) by providing our CYP protein’s amino-
acid sequence as a query sequence.  This step was crucial  for  finding a template structure for our CYP
protein. The sequence and structure similarity, function, and cofactor of the BLAST results were analyzed.
Based  on  the  results,  the  template  structure  was  downloaded  from  the  RCSB  PDB
(http://www.rcsb.org/pdb/). A crystal structure with the lowest resolution, a P450 oxidoreductase BM3 F87A
in complex with DMSO, was selected for our template (PDB entry: 2X7Y). However,  since the sequence
similarity between the template and our target was low, a multiple structure based sequence alignment and
superimposition  between  the  related  protein  structures  and  the  selected  crystal  structure  of  2X7Y was
performed in PDBeFold (http://www.ebi.ac.uk/msd-srv/ssm). The target sequence was then aligned to the
multiple structure based sequence alignment using MAFFT (https://mafft.cbrc.jp/alignment/server) and the
consertivity of the secondary structures was analyzed.

2.1.1 Active site analysis
The performed superimposition and multiple structure based sequence alignment with the selected crystal
structure of 2X7Y revealed the aligned region of the related structures. The aligned region was extracted and
used as the template sequence for the CYP protein. Then, the extracted template sequence was manually
compared against the target sequence for conserved regions, thus giving us the final aligned regions between
the target and template sequences. Based on the final alignment, the active site of heme in the template 2X7Y
was manually mapped on to the CYP target protein. 

2.1.2 Homology modeling using MODELLER 9.20 in Python
MODELLER is a computer program used for modelling a three-dimensional structure of a protein and its
assemblies (Sali and Blundell, 1993). MODELLER is a command-line only tool, meaning it has no graphical
user interface. Instead, MODELLER is be used via running Python scripts. In this case, the command line
prompt that was used to run MODELLER v9.20 was through a GNOME Terminal on a Linux laptop. The
required input  files were prepared according to the MODELLER manual,  followed by modifications of
executable python scripts.  The sequence alignments of the template structure 2X7Y and the CYP target
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structure generated from section 2.1.1 were used for predicting the model structure of our CYP protein by
submitting them to v9.20 of MODELLER.  Ten three-dimensional homology models of our CYP protein
were generated and ranked based on total energy (kcal/mol).  The model  with the least energy was thus
selected and used as our homology model for the target CYP protein. 

2.2 Generation of the heme cofactor in Amber prior to molecular docking

Molecular docking techniques are used for predicting the best matching binding mode of two molecules, in
this case such our CYP target protein and its heme cofactor. But first, in order do docking, the heme cofactor
needs to be separated from its protein active site and generated into its own file. The steps for generating the
needed files of our target protein for later docking are described below. The more detailed steps of molecular
docking can be found after this chapter, in sub chapter 2.2.3 Docking with CCDC GOLD. 

2.2.1 Antechamber
Typically users of Amber would use Antechamber, of the programs found in Amber, to generate the required
files for their target molecule. Antechamber together with the general AMBER force field (GAFF), is used to
generate input files for organic molecules and for some proteins with a metal center. The antechamber suite
automates processes needed for developing charge models and parameters based on the given pdb file. The
file generation starts from accessing the three-dimensional structure of the given molecule. Antechamber can
process a broad range of molecules in their pdb format, and thus generating the required output files should
be straight forward. However, Antechamber does not know what to do with metal ions, such as iron, nor
heme, as found in our target protein. This is due to missing parameters that are not defined for the program.
As such, the template structure could not be accessed, nor used, due to the undefined atom types, iron and
heme. To overcome this problem, a new file for the heme cofactor was generated from scratch. Therefore, the
heme molecule was manually built in Amber by following and fulfilling the following requirements: 1) Any
needed UNIT or PARMSET objects must be loaded, and; 2) The molecule must be constructed within LEaP.

2.2.2 LEaP
LEaP, found in Amber, is the basic tool to construct force field files and to prepare input files for the Amber
molecular mechanics programs. LEaP is used by entering commands that manipulate objects, or building
blocks such as atoms, residues, units, and parmsets. If the required files for describing all the residues and
atoms are present, LeaP can be using for reading and writing molecules. These files are called ‘’prep’’ files
and parameter sets (parmsets). LEaP can be used for many other tasks as well, but at this stage the interest
laid in building the required heme cofactor.

Units are the most complex objects within LEaP but also the most important. Units consist of residues and
atoms, and when combined with parmsets, all the information needed for performing calculations in Amber
can take place. Parmsets are objects that contain bond, angle, torsion, and non-bonding parameters for Amber
force field calculations. Parmsets are loaded from force field data files, such as parm94.dat, and frcmod files.
Since neither iron or heme was supported by GAFF, the online Amber parameter database, Bryce, was used
for accessing files where both the iron and heme parameters and a modified force field files were found. The
heme (’’all-atom’’) prep and frcmod files contributed by D. Giammona, D. Case and C. Bayly were used.

The missing heme cofactor was built by using the ff14SB protein force field, the general force field GAFF,
the frcmod parameter file, and the prep file for heme, both acquired from Bryce (D. Giammona, D. Case, C.
Bayly). The far most common way to enter a structure in LEaP normally is via the LoadPdb command but
since the PDB file was yet to be built, the structure of heme was entered via the loadAmberPrep command
instead by using the prep file obtained from Bryce. This way, all the required data for building our heme
cofactor PDB file had came together. The unit (heme) was then written into a file in a PDB format with the
savepdb command in LEaP. 
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2.2.3 Docking with CCDC GOLD
The next step in finalizing the complete 3D structure of our modeled CYP protein was to dock the heme
cofactor built in LEaP into its active site.  Molecular docking analysis was performed using the built heme
cofactor together with the generated homology model to study the mode of interaction within its active site.
GOLD v.5.5 was used for predicting the best binding mode of the heme cofactor to its binding site in the
CYP protein. The homology model of the CYP protein was used as a receptor for docking and the previously
built heme cofactor was submitted as the ligand input in GOLD and the missing hydrogen atoms were added.
Water molecules were deleted as they do not mediate interactions between the CYP protein and the heme
cofactor. The docking accuracy was evaluated in terms of the RMSD between the docked position and the
experimentally determined active site for the heme cofactor from section 2.2.1. Automatic default settings
were used for enabling the calculation of optimal number of operations for the cofactor for docking. A total
of five poses of the docked heme cofactor were generated (figure 4). An early termination of the number of
GA runs was allowed when the RMSDs of the top three GA solutions were within 1.5 Å. Thus, the docking
was considered successful if the RMSD values for the docked poses were <1.5 Å. The best docking pose was
thus selected and exported. 
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tleap
source leaprc.xx (load force field/s)
loadamberparams filename
loadamberprep filename
list (list all of the variables currently defined)
savePdb unit filename
quit

Figure 3: The work flow how the missing heme cofactor in PDB file format using commands in LEaP was generated. 
LEaP is the generic name for its two programs, teLeap and xaLeap. Both of the programs share a common language 
but only xaLeap has a graphical user interface. However, in our case, teLeap was chosen to be used. The program was 
accessed via the command tleap, a simple shell script that calls teLeap with a number of standard arguments.

Figure 4: Five poses of the docked heme cofactor were generated. The best pose as highlighted above 
ranked lowest with RMSD value of 0,8546 Å. 



2.2.3.1 Docking the template structure 2X7Y
The same procedure as described above was done for the crystallized template structure 2X7Y. The heme
cofactor of the original 2X7Y template was deleted in Chimera, resulting the crystallized protein backbone
alone.  The previously built  heme cofactor acquired from Bryce was then re-docked into the crystallized
template backbone. The original heme cofactor from the template structure was used as a reference for the
binding site. By doing this, the binding modes and the conformational changes caused by the binding of the
heme cofactor  in  the  target  CYP protein and the crystallized template  structure  could be predicted and
compared.

2.3 Preparing the required input files for MD simulations in Amber

Now all the structures needed for MD simulations had been generated. A total of four structures for four
individual  MD simulations.  These  four  structures  consist  of  the  following;  the  target  structure  and the
template structure. These two can be further divided into the active (holoenzyme) and inactive (apoenzyme)
forms of  the  CYP protein,  with  the  heme cofactor  bound and unbound,  respectively.  In  summary,  two
different types of MD simulations per each structure were needed; with the cofactor and without the cofactor.
But in order to run MD simulations in Amber, the following requirements listed below must be completed:

1. Any needed UNIT or PARMSET objects must be loaded;
2. The molecule must be constructed within LeaP
3. The user must output topology and coordinate files from LeaP to use in AMBER

These three requirements will be described more in details in the chapter below. The specifics of each step
will be described under separate sub chapters to guide the reader to understand the work flow of Amber.

2.3.1 Loading UNIT and PARMSET objects into LEaP
LEaP,  or  more specifically,  teLeap,  was  used to  access  the  initial  structures  as  previously explained  in
chapter  2.2.2.  Although all  the  four  structures had already been built,  LEaP can not  access them if  the
parameter files are not defined. Therefore, the following parameter and prep files were used for accessing our
structures:

A protein force field, ff14SB

A general force field for organic molecules, gaff

A water model with associated atomic ions, tip3p

A modified parameter set file in frcmod format, frcmod.hemall  (D. Giammona, D. Case, C. Bayly)

A modified lib file for non-standard residues in prep format, heme_all.in  (D. Giammona, D. Case, C. Bayly)

2.3.2 Construction of the structures
After the parameter and prep files  describing all  the residues and atoms in the structures  were read into
teLeap, the structures could be loaded into teLeap using variables with the loadPdb command. A variable is a
handle  for  accessing  an  object.  An additional  LEaP command,  combine,  was  used  for  constructing  the
holoenzymes of the target and the template structures. Thus, the heme cofactor and the protein backbone
were first read into teLeap as separate files and then combined into a single structure, the active form of the
enzyme. This was done for both the target, and the template structure, resulting in two active enzymes. The
typical command sequence that was used in teLeap can be formulated as;

variable = command argument1 argument2
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Where variable is a defined object, or entity to teLeap,  command is a teLeap -specified instruction to run a
program, such as loadPdb, and argument is an independent data containing item, such as an input file. More
specifically, the command sequences that were used for constructing the structures within teLeap followed
as: 

cofactor = loadPdb filename1

Backbone = loadPdb filename2

Holoenzyme = combine {filename1 filename2}

After the structures were successfully constructed, the savePdb command in teLeap was used for writing the
new files.  Next,  the  check command found in  LEaP was  used.  This  command  was  used  to  check  the
structures  (units)  in  case  of  internal  inconsistencies  that  could  cause  problems  later  when  performing
calculations.

2.3.2.1 Solvating the system in water
As previously explained, in order to fully understand the function and behavioral of a protein, it needs to be
simulated  in  its  naturally  occurring  environment,  water.  As  such,  the  next  task  was  to  build  a  system
mimicking real-life conditions by solvating the structures in water.  Amber provides several water models
and although there is no default,  the most common water model TIP3P was used. In order to use water
models and to run explicit solvent simulations, the appropriate force field must be read into teLeap. Cuboid
shaped periodic solvent boxes were created around the proteins in teLeap via the solvateBox command. In
order for the protein to fit into the periodic box, a minimum distance between any atom present in the protein
and the edge of the periodic box must be defined with a distance parameter. If the distance parameter is given
as  a  single  number,  the  solvent  box  is  repeated  in  all  three  spatial  directions  with  the  given  distance
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Figure 5: A three-dimensional structure of the target CYP protein (orchid) and its heme cofactor 
(light sea green) were assembled within teLeap, resulting in the final active form of the target 
enzyme prior to MD simulations.



parameter. In summary, the distance parameter describes the minimum distance between the edges of the
periodic box and the given unit in ångströms. A distance of 12 Å was given as a single number, resulting in
the same distance being applied for the x, y, and z directions.

Once the structure had been solvated (figure 6), the overall net charge of the system was calculated. The
overall charge of the system should be 0 (= neutral) so that the electrostatic energy is minimized. In case the
system was either positively or negatively charged,  Cl -  or Na+ ions were used to counter it, respectively.
There are two algorithms available in teLeap to neutralize a system, AddIons and AddIons2. The difference
between these two is that the first one, AddIons, ignores solvent molecules (water molecules) in the charge
and steric calculations. As such, if an ion has a steric conflict with a solvent molecule, the ion will be moved
to the center of that molecule, and the original solvent molecule will be deleted. If this algorithm is used, a
risk of distorting the system increases. As this behavior was not desired, AddIons2 was used. AddIons2 treats
solvent molecules the same as the solute (the given protein), thus decreases the risk of distorting the system.
The neutralized systems were then written into a new files and the results were visualized in UCSF Chimera
to check that the systems fit into the periodic water boxes (figure 6).

  

2.3.3 Generating topology and coordinate files
Now that all the structures had been solvated, the topology and coordinate files required for calculations and
running simulations  in  Amber  could  be  generated.  The  coordinate  files  are  required  for  defining  atom
positions in the given molecules. The topology files are files which contain all force field data required for
the system. Topology files contain the information about the connectivity, atom names, atom types, residue
names, and charges. These files were obtained via the saveAmberParm command in teLeap. This command
causes teLeap to search its list of parmsets for parameters where all of the interactions between atoms within
the given molecule are defined. 
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Figure 6: A periodic water box, TIP3P, was used for solvating each structure with a minimum distance of 12 Å. The three-
dimensional illustration above was generated with the modeled holoenzyme of the target CYP protein, and visualized in 
UCFS Chimera. The solvated structure can be seen inside the TIP3P water box. 



2.4 Running the simulations

Everything needed for the MD simulations in such formats that Amber can access and interpret for defining
the structures had now came together. The next step was to carry out the actual simulations in Sander. Sander
is  an amber module used for energy minimization and molecular dynamics simulations. The simulations
were performed in three stages; energy minimization, equilibration, and production.
The last components needed for running the MD simulations, were the program settings of these three stages.
The settings were provided as sets of files for each MD simulation, executed through shell scripts. Four MD
simulations were run; the modeled apo and holo structures of the target CYP protein, and the apo and holo
structures of the crystallized template protein (PDB code: 2X7Y). The three stages of the simulations are
described more in detail in the sub chapters below.

2.4.1 Energy minimization
The energy of each system was minimized before running the later stages, equilibration and production. This
process  was  done  to  remove  unfavorable  interactions  that  could  exist  between  atoms.  The  energy
minimization of the system was done in two stages. First, only the solvent (the given protein) and the ions
were minimized, followed by energy minimization of the whole solvated system. 

2.4.2 Equilibration
In MD simulations, atoms in the system undergo relaxation before reaching a stationary state, equilibrium. In
order for the system to reach equilibrium, the systems were heated. To avoid blowing up the system, the
equilibration was divided into two stages. In the first stage, the systems were slowly heated from a low
temperature of 100 K gradually up to 300 K using NVT (constant volume and normal temperature). After
having reached 300 K at the end of the first stage, the second stage was set to start. In the second stage, NPT
conditions were used (constant pressure and temperature controls) for adjusting the system to the correct
density. The temperature was controlled using Langevin dynamics.

2.4.3 Production
After the system had reached the correct density with the controlled pressure and temperature controls, the
last stage of the simulation, production, was initiated. In this stage, the system was simulated for 10 ns at the
constant temperature and pressure settings that were derived from the last stage of equilibrium. 

2.5 Analyzing the results

The  cpptraj  program  of  Amber  was  used  for  analyzing  the  trajectories  from  the  MD  simulations.
Additionally,  the  system  properties  of  the  MD  simulations  were  analyzed  to  check  that  each  system
equilibration had been successfully achieved.  The following system properties were extracted via a Perl
script; total energy, potential energy, kinetic energy, temperature, pressure, volume and density. The extracted
data for these properties were then plotted using Xmgrace.

2.6 Gene expression of the salt responsive genes

Since the eight genes that were highly up-regulated during salt stress in the previous study based on Chinese
spring wheat, the expression of these eight candidate genes were also screened in two of our EMS-treated
salt tolerant mutant wheat lines together with the reference wheat variety from Bangladesh, Bari GOM-25.
This was done as a positive control to see if the same genes were expressed in our salt tolerant mutant lines
by running the polymerase chain reaction (PCR). If the amplified DNA fragments were to be sequenced, it
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would be possible to see the order of the nucleotides, thus finding if the genes are exactly the same as found
in Chinese spring wheat and/or if any mutations had occurred in the genes in our salt tolerant wheat lines. 

2.6.1 DNA extraction
DNA was isolated from the three samples using TPS buffer – a mixture of Tris-HCL, EDTA and KCL. The
TPS buffer was prepared with 100 mM Tris-HCL, 10 mM EDTA, and 1 M KCL. The leaf samples were
collected from three weeks old wheat seedlings that were grown under greenhouse conditions. The leaves
were cut into smaller pieces and placed into eppendorf tubes together with the TPS buffer. The leaves were
grinded in the tubes and incubated in 60 degrees to lyse the cells. The samples were then centrifugated at
12000 rpm for 10 minutes and the supernatant was collected into new sterile tubes. The supernatant was
combined with isopropanol in 1:1 ratio. The samples were inverted few times, followed by a minimum of 30
minute incubation in -18 degrees. The DNA pellet was then washed twice with 70% EtOH with subsequent
centrifugation at 12000 rpm for 2 minutes. The samples were then placed into a 60 degree incubator to let the
remaining EtOH evaporate. Finally, 100 ul of MilliQ water was added into the samples. The resulted DNA
concentration and quality were determined using a Nanodrop spectrophotometer at wavelength of A260 and
A280. This was done after the DNA had had atleast an hour to get thoroughly mixed with the MilliQ water in
room temperature.

2.6.2 Polymerase chain reaction (PCR)
The PCR amplification was carried out in of 10 ul or 25 ul reaction mixture. The reaction mixture composed
of  AccuStar  II  GelTrack PCR Supermix (2X) (Quantabio),  both forward and reverse  primers  that  were
designed, MilliQ water, and the extracted DNA. The components were scaled proportionally for different
reaction volumes according to the AccuStar II GelTrack PCR Supermix (2X) manual. The PCR protocol
involved an initial denaturation at 94°C for 2 minutes followed by 35 cycles with 30 second denaturation at
94°C, 30 seconds annealing at 55°C and primer extension at 72°C for 1 minute. The PCR samples were then
ran in 1% Agarose gel electrophoresis using 1X TAE buffer at 80V for 30 minutes. The samples were stained
with GelStar and visualized under UV light. A 1 kb DNA ladder was used to determine the amplification
size. 

3. Results

3.1 Homology model and docking

Comparing the target CYP sequence against the PDB database using BlastP revealed similarity of an enzyme
belonging to the class of oxidoreductases, a Bifunctional cytochrome P450/NADPH-P450 Reductase from
Bacillus megaterium. The BlastP search showed 29.63 % similarity, and 94% sequence identity between the
target sequence and the oxidoreductase (PDB code: 2X7Y). Ten three-dimensional models of the target CYP
protein  were  generated  in  MODELLER  9.20  from  the  crystallographic  template  structure  (PDB  code:
2X7Y). The target sequence was amenable from residues 108-356 of the selected template, while residues 1-
107 and 357-455 were not amenable to alignment. 
Based on the total energy, the model with the lowest energy (2203.34546 kcal/mol) of the 10 built models
was selected for further simulations (figure 7 A). Thus, this model without the bound heme cofactor served
as the apo structure of our target CYP protein. The heme cofactor that was built in teLeap (figure 7 B) was
docked into its  protein binding sites  at  the modeled protein (figure  5).  As several  docking results  were
generated, the cofactor with the lowest RMSD value of 0.8564 was selected (figure 7 B).  
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3.2 Molecular Dynamics

3.2.1 Equilibration of the target protein
First,  the results  of  the temperature,  total  energy,  kinetic energy,  potential  energy,  pressure,  volume and
density during the MD simulations were analyzed by plotting these values on graphs. 

3.2.1.1 Temperature

The systems were slowly heated up from an initial temperature of 100 K up to 300 K over a period of about
20 ps (figure 8 A-B). The temperature then remained more or less constant at 300 K for the remaining time
of the simulations as illustrated on figures 8 C and D. As no sudden jumps were seen in the temperature, it
can be said that the systems have equilibrated at 300 K as expected.
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Figure 7: A) The three-dimensional homology model of the target CYP protein of Triticum Aestivum. The alpha helix is 
represented in orchid, the beta light sea green and the loop is represented in purple colour. B) The docked heme cofactor 
with the lowest RMSD value generated in CCDC GOLD.



3.2.1.2 Pressure

The pressures throughout the simulations were also evaluated. For the first 20 ps of the simulations, the
pressure values are 0 (Figure 9 A and B). This pattern was as expected since the first 20 ps of the simulations
were run with a constant volume where pressure was not evaluated. After the first 20 ps, the simulations
were switched to using constant pressure, allowing the volume of the periodic water boxes to change (Figure
9 C and D). The negative pressures correspond to the forces decreasing the sizes of the periodic water boxes,
whereas the positive pressures correspond to the forces increasing their sizes.
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Figure 8: Heating stages of the target apoenzyme (left) and holoenzyme (right) during the MD simulations over time. A 
linear increase in temperature can be seen at the start of the simulations from 0 to 20 ps (graphs A and B), followed by 
stable temperatures throughout the whole simulations of 10 ns (10000 ps) at 300 K (graphs C and D).
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Figure 9: Pressure of the target apoenzyme (left) and holoenzyme (right) during the MD simulations over time. On the 
figures A nd B, which represent the first 250 ps of the simulations, it can be seen that the pressure starts at 0. At 20 ps 
the simulations where switched to using constant pressure, at which point the pressures drop drastically, becoming 
negative. 



3.2.1.3 Volume

Next the volumes of the systems will be considered. As can be seen in the figure 10 below, the volumes of
the systems (In Ångströms3) decrease after switching to using constant pressure at 20 ps into the simulations
(Figures A and B). This illustrates the stage where the periodic water boxes relax and reach equilibrated
densities (Figure 11), reflecting to the latter two figures where the volumes remain stable.
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Figures 10: Volume of the target apoenzyme (A and C) and holoenzyme (B and D) during the MD simulations 
over time. On figures A and B, which represent the first 100 ps of the simulations, it can be seen that the 
volumes start to equilibrate after 20 ps when the simulations were switched to using constant pressure.



3.2.1.4 Density

As mentioned above, the volumes should reflect to the density plots. And looking at the density plots, both of
the systems have equilibrated at densities of approximately 1.0 g cm-3 after the simulations were switched to
using constant pressure, thus reflecting to the volumes above.
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Figure 11: A-B: During the first 20-40 ps, the density equilibrates to approximately 1 g/cm3 , illustrating the stage 
where the periodic water boxes relax and reach equilibrated densities. C-D: The densities remain constant 
throughout the entire simulation length of 10 ns after the initial equilibration.



3.2.1.5 Energy

The following three different energies throughout the simulations were measured; kinetic energy (green),
potential energy (red) and total energy (black) as illustrated on figures 12 and 13. The total energy represents
the sum of kinetic and potential energy. The energies increased rapidly at the start of the simulations and
stabilized after switching to constant pressure. The energies remained stable throughout the simulations for
both the apo and holo forms, and also for the crystallized structure (Figures 12 and 13), equilibrating right
after the simulations were started and switching to constant pressure. 
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Figure 12: The following plots show the total system energies (in black) for the target holo 
enzyme (plot A) and apo enzyme (plot B) decomposed to the total potential energy (in red) 
and the total kinetic energy (in green).
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Figure 13: The following plots show the total system energies (in black) for the crystalized 
holo enzyme (plot A) and apo enzyme (plot B) decomposed to the total potential energy (in 
red) and the total kinetic energy (in green).



3.2.2 Measuring structural similarities with RMSD

The root mean squared deviation value is the most important measurement when it comes to measuring the
structural similarities (atomic coordinates) between a structure in relation to its  reference molecule.  The
RMSD values, which are expressed in length units, are shown in ångströms in figure 14 below (1 Å = 10-10 m
= 0.1 nm). RMSD values provide further information about the protein equilibration, with respect to the
reference  structure,  calculated  as  a  function  of  simulation  time.  In  this  case,  the  structural  differences
between the holo and the apo enzyme of the target CYP protein were measured by plotting the RMSD values
of the holoenzyme against the apoenzyme (figure 14 A). Thus, the effects caused by the binding of the heme
cofactor were monitored by analyzing the RMSD values over 10 ns of MD simulation. In figure 14 A, the
RMSD values of the initial apo structure are shown in black, and the RMSD values of the holo structure are
shown in red. The RMSD of both structures gradually increased during the first 2 ns (figure 14 A). However,
the RMSD of the apo structure fluctuated from 3 ns to 5.5 ns, but after this no further increase or decrease in
RMSD was seen. After the apo structure had equilibrated, a stable conformation with an RMSD of 4 – 4.8 Å
was maintained. The holo structure equilibrated just before 7 ns into the simulation, maintaining a stable
conformation with an RMSD of 5.0 – 6.0 Å. The holo structure folded into its least energy demanding
conformation at 9.081 ns into the simulation, at frame 941 (figure 14 A). The total energy of the folded
structure  was  -195526.6064  kcal/mol  and  the  folding  can  be  seen  in  figure  15.  Superimposing  the
holoenzyme structures before and after MD simulation showed a backbone RMSD difference of 1.94 Å
(Figure 16).
 
The structural differences between the holoenzyme and the apoenzyme of the crystallized template structure
(PDB code: 2X7Y) were also measured by plotting the RMSD values acquired from the MD simulations
(figure 14 B). Both structures had an RMSD of 1.3 – 2.1 Å throughout the 10 ns of MD simulation. The
RMSD gradually increased for both structures during the first 4 ns; after this there was no further increase in
RMSD. The RMSD value obtained for the holo structure of the template protein at the end of the 10 ns
simulation was 1.7 Å based on the plotted backbone atoms (figure 14 B).
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Figure 14: (A) The backbone RMSD are shown for the apo structure (black) and holo structure (red) of the target CYP 
protein during 10 ns MD simulations with reference to the homology model structure. (B) Superposition of the RMSD 
trace over time of the carbon atoms in the crystallized protein in the apo (black) and holo (red) form during 10 ns MD 
simulations.
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Figure 16: Superimposition of the constructed holoenzyme before (purple) and after (orchid) MD 
simulation showed a backbone RMSD difference of 1.94 Å. The bound heme cofactor within the binding 
site before and after MD simulation is shown in yellow and blue colour, respectively.

Figure 15: The modeled CYP protein in its active form bound together with the heme cofactor stabilized 
over simulation time, resulting in the least energy demanding conformation.



3.3 Gene expression

Standard PCR was performed on genomic DNA extracted from the two mutant wheat lines using Bari GOM-
25 as a reference to confirm the expression of the eight upregulated genes originally found in the Chinese
spring wheat.  The extracted DNA was assessed by electrophoresis using agarose gel  (figure 17).  Bands
corresponding to the expected sizes of each gene were observed in both mutant lines and the reference line,
although primer dimers were present in samples 4 and 7. Since sample number 6, a novel gene, had two
overlapping genes, both of these genes were amplified separately.
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Figure 17: Visualization of the PCR products on an agarose gel with a 1000 kb ladder
Equal concentrations of DNA was used for each sample. Since gene 6 had two overlapping genes, 
both genes were amplified using different primers.



4. Discussion

Predicting the binding pose of ligands and cofactors has become more accessible due to many docking
programs. However, estimating the affinity of the docked cofactors has not been successful  (Cheng et al.,
2012) (Sousa et al., 2006). One of the reasons for this has been the treatment of the cofactor as a rigid
molecule  and  not  allowing  to  adjust  the  confirmation  during  docking,  thus  leading  to  failure.  But  by
combining bioinformatics tools such as homology modeling, molecular docking, and MD simulations, the
binding mode of the heme cofactor could be revealed. The conformational changes that occurred due to the
protein – cofactor interaction,  the dynamics of the protein,  and the protein folding,  could all  be further
analyzed from running the MD simulations. But prior to that, the heme cofactor was docked into its modeled
protein’s active site.

Docking programs that are able to return poses below a preselected RMSD value  are considered to have
performed successfully, such as CCDC GOLD that was used in this study (Hevener et al., 2009). Since the
best docked heme cofactor in this study was returned with an RMSD value of 0.8546 Å, it can be concluded
that the docking had been successful. But in order to study the flexibility and the conformational changes of
the cofactor upon binding to its active site in the protein, the enzyme was further refined using explicit
solvent MD simulations.

To study the stability and the conformational changes brought by the binding of the cofactor, RMSD values
for the backbone atoms of the CYP protein found in the holo structure were plotted against the modeled apo
structure as seen on figure 14 A. The structural differences between the holoenzyme and the apoenzyme of
the crystallized template structure (PDB code: 2X7Y) were also measured by plotting the RMSD values
acquired from the MD simulations (figure 14 B). Plotting the RMSD values enabled measuring the structural
differences between the two modeled target proteins caused by the binding of the heme cofactor. Since  the
resolution of the template structure 2X7Y was known from X-ray diffraction, plotting the RMSD values for
the template should correlate with the known resolution of 2.1 Å. As such, the simulated template structure
was expected to show RMSD values close to the known resolution of 2.1 Å, and should thus function as a
reference for indicating the success of the simulations. As was seen on figure 14 B, the RMSD of the apo and
holo structures of the template structure gradually increased during the first 4 ns; after this there was no
further increase in RMSD. Since the template structures had RMSD values of 1.3 – 2.1 Å throughout the 10
ns of MD simulations as was seen on figure 14 B, it can be concluded that the MD simulation properties, and
the MD simulations themselves has been successful. Since the RMSD value obtained for the holo structure
of the template protein at the end of the 10 ns simulation was lower than what had been originally obtained
from the X-ray crystallography,  it  is  possible to gain a better  understanding of CYP enzymes and their
structure-function relationship from MD simulations  than what  is  currently available  from experimental
techniques such as X-ray crystallography.

The initial  increase in  RMSD over  simulation time that  could be seen in both systems on figure 14 A
indicates that conformational changes in both the apo and holo structures of the target CYP protein occurred.
A steady increase in the RMSD of the apo structure of the CYP protein could be seen from 1 ns to 2 ns,
followed by a dip in the RMSD. After this, the RMSD started to gradually increase again from 2 ns to 5.5 ns,
followed by another dip in the RMSD. After the second dip at 5.5 ns, the system was observed to have
equilibrated as no clear further increase in RMSD was seen. However, the holo structure of the CYP protein
with the bound heme cofactor had fluctuation in RMSD from 2 ns to ~ 6.8 ns. These fluctuations illustrate
conformational changes which could be attributed to the rearrangement of the heme cofactor and the CYP
protein backbone during the simulation. Overall, the RMSD values between the two structures fluctuated
between 4.5 and 5.8 ångströms after the first 5.5 ns.  Superimposing the holoenzyme structures before and
after  MD simulation  showed  a  backbone  RMSD  difference  of  1.94  Å  (Figure  16).  This  difference  is
attributed to  the  rearrangement  of  the  conformation  of  the  active  site  residues  (figure  15  and 16).  The
changes in the atomic coordinates of the heme cofactor can clearly be seen in figure 16, when the structures
from before and after the simulations were compared. In other words, although docking of the heme cofactor
into its protein backbone was considered successful,  it is now clear that docking alone is not enough to
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evaluate the correct binding pose of a molecule. This observation supports the earlier discussed reason why
treating the cofactor as a rigid molecule has lead to failure.

Other important factors such as temperature, pressure, volume, density, and energy, were also monitored
throughout the simulations. These factors were monitored and compared to each other in order to see if the
equilibrations had been successful or not.  The temperatures during the MD simulations remained more or
less constant at 300 K after the initial heating stage, and as such, it can be said that the systems equilibrated
successfully at 300 K as expected. As seen on figure 9 A-B, the initial pressure values were at 0 at the start of
the simulations. But this pattern was as expected since the first 20 ps of the simulations were run with a
constant volume where pressure was not evaluated. After the 20 ps, the simulations were switched to using
constant pressure when a drop in pressure could be seen. This phenomenon reflects to the changing volumes
of the water boxes, and although the pressures fluctuated during the simulations, the mean pressure stabilized
after the initial  drop. Thus, these results  also reflect  to the volumes of the simulated systems. After  the
systems were switched to using constant pressure, it could be seen that the periodic water boxes started to
relax, as the volumes decreased (figure 10 A-B). This pattern illustrates the stage where the periodic water
boxes reach equilibrated densities (figure 11 A-B), reflecting to the stable volumes as seen on figure 10 C
and D. The smooth transitions in the volume graphs (figure 10 A-B) suggest  that  the equilibration was
successful. As volume is dependent on given density of a substance, these finding also support the density
graphs. The densities equilibrated at slightly over 1 g/cm3, as seen on figure 11 A-D. This was expected as
water was the solute of our systems, and the density of water is about 1 g/cm 3. Thus, by adding a protein into
a system which consists of water, an increase in density should be seen.

Looking at the energy graphs, it could be seen that all the different types of energies increased at the very
start. This was expected as this short phase corresponded to the initial heating from 0 K to 300 K. In figures
12 A and B, it could be seen that the energies remained stable throughout the simulations for both the apo
and holo forms of the enzyme, indicating that the systems equilibrated. Additionally, since the temperatures
stayed stable throughout the simulations, it was expected that the kinetic energy would also remain stable, as
these two parameters are proportional to each other. Overall, since the potential energies stayed stable over
time, it can be said that the systems had successfully achieved equilibrium. Most importantly, it can be seen
that the modeled target protein in its active form together with the heme cofactor stabilized over simulation
time, finding the least energy demanding conformation (figure 15).

Further, it is now possible to define whether the amino-acid residues involved in the heme binding site are
conserved by aligning these residues with other related proteins. If this is true, the corresponding nucleotides
involved in the heme binding residues could be identified in the target DNA. Then, the corresponding DNA
fragment could be replicated and introduced to other organisms such as barley and rice, to improve tolerance
to salinity.  Since the deleterious effects of  salt  stress  on agricultural  yield are so significant,  improving
salinity tolerance of crop species is the ultimate goal in agriculture to maintain growth and productivity (Roy
et al, 2014).

Additionally,  it  would be possible  to  identify  the  order  of  the  nucleotides  in  all  of  the  eight  genes  by
sequencing the amplified DNA that was derived from our mutated salt tolerant wheat lines. By identifying
the order of the nucleotides in all of the eight genes in the salt tolerant wheat lines, the gene sequences could
be compared to the original Chinese spring wheat. Thus, by comparing the nucleotide sequences of the two,
we could map the point mutations that might have taken place in the eight genes. As such, we could rule out
whether the single nucleotide mutations contributed towards increased salt tolerance or not.
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6. Conclusion

The  three-dimensional  structure  of  the  CYP enzyme  found  in  Chinese  spring  wheat  was  defined  by
combining  several  bioinformatics  tools  such  as  homology  modeling,  molecular  docking  and  molecular
dynamics  simulations.  By  using  these  tools,  the  enzyme  could  be  further  analyzed,  and  a  better
understanding between the structure and the function of the enzyme was achieved. This study will facilitate a
better  understanding  of  different  methods  that  would  be  of  help  in  discovering  the  underlying  genes
associated to increased salinity tolerance. 
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7. Popular science summary

GMO or global starvation?

It’s mid July in the year 2100, five years after the global ban against GM foods was finally lifted. People are
no longer  standing in  queues outside the grocery stores  before  opening hours,  waiting to  fight  over  of
whatever is left to eat, especially the freshly baked bread. Well, not after my idea of introducing a newly
discovered gene to different crop species was approved. Today, some of my coworkers from back then might
remember me with irony, that I was the student who did research in wheat, although I suffered from celiac
disease.
The  world  politicians  thought  the  right  way to  protect  people  without  democratic  power  of  developing
nations against health risks associated with GM foods was to ban such foods. But gradually overtime, more
women  and  children  started  to  suffer  from severe  malnutrition,  and  the  arable  land  that  was  left  was
disappearing in front of your eyes. I felt useless for many reasons, but mainly for spending so much of my
time trying to secure the future to be a better place, and for holding the key to help with the problem that had
been well predicted for years.
But ever since five years ago when the ban was lifted, our fields have been filled with foods like wheat, rice,
maize, sugarcane and potato. Even the fields which were thought to be completely destroyed by salinity. This
was thanks to all the scientists who had been concerned about continued human population growth, the loss
of arable land and global food security. Many of us gathered and collaborated around the world to make the
idea to actually come true. My finding was one of the initial steps towards succession, but I needed help. I
was holding genetic material, a gene to be more specific, in my hands that was known to pertain to increased
salt tolerance in wheat. All I knew of this gene was a combination of letters A, T, C and G. These were the
nucleotides holding the genetic information. Genetic information for what? The next thing I experienced was
a  million  questions  flying  in  my  head.  Questions  like:  since  all  genes  are  ‘’coding’’ something,  that
something  being  a  protein,  how  does  this  protein  look?  How  does  it  work?  How is  it  related  to  the
combination of the nucleotides? My head was screaming for the unanswered questions. Simply put, I needed
to quench my thirst. I was gradually getting answers to my questions, but the most compelling question of
them all, ‘’how does it look’’, was the hardest one to answer. I saw flashes of my protein many times, only to
find they were wrong. After some time, with no sleep and heavy bags under my eyes caused from staring at
several computer screens flashing with numbers, letters and commands, I had finally constructed my protein.
I distinguished parts of the protein that I learnt to be the most crucial ones. I was able to trace those parts
back to nucleotides, the genetic code. I replicated the gene over and over again, and introduced it to other
crop species with the help of other collaborating research teams around the world. With time, other scientists
learnt to use the same methodologies that I used, to help fight food insecurity. We had succeeded not only in
being able to produce food in the destroyed fields, but also in increasing the annual crop yield. The quality of
life improved for millions of people. Or that’s how the story went until I realized that time is limited for
everyone, and that someone else has to continue from where I left off to to avoid the possible future scenario.
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