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ABSTRACT

This study involved a series of molecular dynamics (MD) simulations applied to case
studies of small and medium-size polypeptides to assess the thermodynamics of their
folding characteristics. Peptide folding is a complex and vital phenomenon taking place in
all living systems. Bioactive conformational structures of folded peptides need to be well
characterized before using them in computer-aided drug design. The computational
procedure was validated on the 10-residue long chignolin-like synthetic mini-protein
(CLNO25). For this peptide, replica exchange molecular dynamics (REMD) calculations
were carried out in explicit and implicit solvents using the generalized Born (GB)/surface
area (SA) approximation with different sets of force field parameters. Following this
validation procedure, case studies of the folding conformations of peptides of different
lengths including the 5-residue met-enkephalin, the 27-residue pituitary adenylate-
activating polypeptide 27(PACAP27) and the 28-residue vasoactive intestinal peptide
(VIP) were undertaken. The latter two peptides are multifunctional hormones that mediate
diverse biological functions, such as the cell cycle, cardiac muscle relaxation, immune
response, septic shock, bone metabolism, and endocrine function.

Results obtained indicate that when explicit water, methanol and DMSO solvents were
used, it appeared that methanol (MeOH) and dimethylsulphoxide (DMSO) afforded met-
enkephalin the ability to form more intra-hydrogen bonds than water, producing type | and
type Il B-turn structures; thus enhancing the helical conformation of the peptide. MD
trajectories of longer polypeptides (VIP and PACAP27) were also populated with type |
and type Il B-turns, which occurred consecutively; with a- and 3;-helices occurring from
the middle of each peptide towards the C-terminal. Characterization of implicit solvent
results, reveal that these simulations have been able to reproduce the same type of
conformers obtained by experimental NMR studies published in literature, which
structurally resemble the native conformation of the bioactive peptides. These
conformational structures will be applied as lead agents in computer-aided drug design.
One of the major achievements of this study is the ability to optimize and validate the force
field parameter sets to describe the thermodynamic properties of peptide systems in an
unbiased manner, a non-trivial task for even the smallest of peptides. These findings re-
affirm the notion that computational methods have matured enough to model dynamic
biological phenomena such as peptide folding, a feat previously thought to be impossible.
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CHAPTER 1
INTRODUCTION

1.1  Molecular Modelling of Peptides

Most cellular functions such as signal transduction, immune response, and
catalysis of metabolic reactions are mediated by functional peptides and proteins.
Peptides and proteins are implicated in regulating cellular activities both under normal
and disease conditions. With regard to enzymes, natural ligands are the substrates
which have to bind at the active site before being chemically processed into products.
Catalytic reactions can be suppressed by competitive inhibitors which also have the
affinity for the same binding site as the substrate. On the contrary, receptors (e.g. cell
surface proteins) bind ligands without chemically modifying them. Instead, the binding
induces a conformational change in the receptor protein that can trigger a chemical
reaction of a substrate bound somewhere else on the same protein or affect the binding
affinity of a second molecule that interacts with the receptor. Ligands that activate
receptors are called agonists, while competitive inhibitors of these ligands are called

antagonists [1].

Peptidic agonists need to be folded to their specific and precise three-
dimensional conformations prior to attaining their biological activity. Since many
peptides are biological hormones, they can be synthesized in one cellular compartment
and have to be transported to the target sites, where they initiate the cascading signal
by interacting with specific receptors [2, 3, 4]. However, understanding the

thermodynamics and mechanisms of peptide and protein folding remains one of the

1



current challenges in modern molecular biology [2, 3]. Despite numerous contributions
from different researchers, protein folding is still not adequately understood [4]. The
emergence of post-genetic diseases due to misfolded proteins, as in the case of
Alzheimer’s, cystic fibrosis, Parkinson’s and Mad cow disease, has generated a great

deal of interest in the events happening at the proteomics level [5, 6, 7, 83 ].

Understanding the process of protein folding is also of great importance in
biotechnology, since the expression of recombinant proteins often results in inclusion
bodies consisting of misfolded and consequently inactive proteins. In addition, the three-
dimensional (3D) structures of proteins are linked to their biological functions.
Therefore, determination of accurate protein structure is important in elucidating disease
conditions, understanding biological functions of proteins, and in peptide-based drug
design [2, 4]. Moreover, to obtain a good ligand (drug) for a protein or DNA surface
receptor, one has to study the structure and function of natural agonists and antagonist,
or the surface topology of the binding site on the macromolecule. Using structural
information for drug discovery is referred to as rational drug design and it makes use of

the concept of chemical similarity [1].

With the successful deciphering of the human genome, the emphasis is how on
determining the structure and functions of the proteins coded for by the different genes.
Since the pioneering work whereby the structure of myoglobin was determined by using
X-ray crystallography [8], many new structures with increasing complexity have been

discovered. Nuclear Magnetic Resonance (NMR) has also contributed significantly to



the understanding of protein structure in solution [38, 67, 69, 72, 78]. More recently,
cryomicroscopy has been used to decipher the features of some protein complexes [9].
Proteomics, which is the study of a collection of proteins within a cell or entire organism,
has advanced beyond merely making catalogues of newly found proteins and now also
focuses on the comprehensive and detailed characterization of these proteins. This is
not an easy task because proteins can undergo many post-translational modifications
that affect structure and function. Understanding factors regulating peptide folding is

one of the key areas of research [10].

The contribution of these techniques is reflected by the increasing number of
structures available in the Protein Data Bank (PDB). However, these experimental
techniques have some limitations, including the difficulty to grow crystals, the size of the
protein in the case of NMR or the resolution in the case of cryomicroscopy in BLUE. As
a result, little is known of the structure-function relationships of a significant fraction of
proteins, including membrane proteins due to their inability to crystallize [11, 12, 13].
Prediction of the 3D structure of a protein using first principles is still in its infancy.
Although important advances have been achieved in the past regarding the process of
protein folding, the tools available still need upgrading to produce enough accurate
structures. Areas for improvement include the development of more robust force fields,
and the use of appropriate solvent models and solute charges. Computational methods
such as molecular dynamics (MD), replica exchange molecular dynamics (REMD) and
simulated annealing (SA) have contributed a lot in the determination of peptide

structures and structures of small proteins. These techniques enable the study of the



dynamic features of peptides, which can be used to supplement experimental NMR data

[4].

Peptides are of interest to structural biologists and computational chemists
because they present a more tractable system than proteins whilst they have the unique
properties of proteins [2]. Therefore, peptides offer an opportunity to bridge the gap
between theoretical and experimental understanding of protein folding. With the advent
of computational chemistry and structural biology, increase in computational power, and
the development and implementation of simulation algorithms, it has recently become
possible to simulate folding of peptides and small proteins starting from their extended
conformations [2, 4, 14]. There is still a paucity of accurate structures of peptides and
proteins determined by computational methods from first principles due to the fact that
simulations in explicit solvents are computationally demanding, whilst they are quite
desirable. It has been observed that simulations with the solvent explicitly expressed
tend to give superior information to implicit simulations in many instances [4]. As a
result, choices in modes of computational simulations are informed by time available for
the simulation and whether the algorithm used in the force fields would allow for an
exhaustive exploration of the energy landscape, thus resulting in a trajectory that is
populated by structures with conformational features comparable to the average

experimental NMR structure for a specific peptide.

Peptides and proteins evolved to play a major role in co-ordinating the activities

of living systems. To perform this critical role, they are endowed with a great deal of



flexibility. Since peptides and proteins are both composed of sequences of amino acids,
there are similarities in their physical behaviour, with most proteins characterized by
being long heteropolymers of amino acids. However, peptides exhibit some differential
features in comparison to proteins. Peptides are known to be highly flexible molecules,
without a definite structure in solution at room temperature, exhibiting a complex
conformational profile that is solvent dependent [4]. Therefore, in NMR studies,
peptides are characterized as exhibiting a random coil type of structure in water,
whereas in structuring solvents (e.g methanol and trifluoroacetic acid) specific structural
features are identifiable. Likewise, peptides exhibit different conformations in crystal
forms owing to the flexible nature associated at a microscopic level with a dynamic
exchange between conformations in a complex potential energy surface that has
multiple local minima [4, 15]. Traditional experimental methods reflect an average
structure that corresponds to a blurred image since it is the result of the superposition of
different co-existing structures of the compound that is being investigated. However,
there is a newly developed ROESY NMR technique that allows one to obtain much
better 3D structural information for smaller peptides [84]. On the other hand,
computational methods enable the exploration of the different possible structures, and
by taking into account their potential energies, the conformation of the biologically active

structure can be identified with ease [15].

In the pharmaceutical drug industry, it has become critical to substantially
describe the structures of potential drug candidates. Where this information was found

lacking, it has resulted in drug candidates not making it beyond phase | of the clinical



trial stage. Drug interactions resulting in phenomena such as side effects, toxicity, etc.
depend very much on the detailed structure of the drug candidate compounds [16].
Since the 3D structure of peptides is informed by the amino acid sequence and
modulated by the solvent environment, computational methods represent a useful
complementary approach to understand the conformational profile of peptides, with a
possibility of assigning more appropriate functions to newly discovered peptides and

proteins [16].

When the structures of peptides and proteins are well described, it becomes
much easier to assign their functions, as well as to study their mechanism of action in
interactions with their receptors and their interactions with other biological molecules
such as DNA, RNA, and other proteins in living systems. This will contribute a lot in
understanding the role of peptide and protein folding in biology, and their application as

lead compounds in computer-aided drug design studies.

1.2 Aims and Objectives

The aims of this study were to:
¢ use computational methods to assess the conformational profiles of peptides.
¢ investigate the effect of solvent environment on the folding patterns of peptides.
e compare different force fields and their use in computational approaches for

exploring the energy landscape of peptides.



The objectives of this study were to:

investigate the performance of different implicit solvent models on the
conformational features of a model ten-residue chignoline-like peptide (CLN025)
using the explicit solvent calculation as reference. Sampling of the configurational
phase space was carried out using replica exchange molecular dynamics method
(REMD).

study the conformational features of a five-residue peptide (met-enkephalin)
using MD.

study the conformational profiles of a 27-ersidue peptide (PACAP27) and a 28-

residue peptide (VIP) by MD using an implicit solvent models.



CHAPTER 2
THEORETICAL METHODS AND CONCEPTS

Molecular modelling can be described as a collective term that refers to
theoretical methods and computational techniques to model or mimic the behaviour of
molecules. Alternatively, it can be described as a science of representing molecular
structures numerically and simulating their behaviour with the equations of quantum
mechanics and classical physics [17]. These techniques are used in the fields of
computational chemistry, structural biology and materials science for studying molecular
systems ranging from small chemical systems to macromolecules and material

assemblies [18, 19].

The theoretical methods used in the molecular modelling arena include automatic
generation, analysis of 3D databases, building of protein models by techniques based
on sequence homology, diversity analysis, and docking of ligands to their receptors
[20]. Molecular modelling is a field concerned with the application of different strategies
to model or deduce information of a system at the atomic level. This field includes all
methodologies used in computational chemistry, such as computation of the energy of a
molecular system, energy minimization, Monte Carlo (MC) methods or molecular
dynamics (MD) [20]. In this regard, molecular modelling tools have been used to obtain
the three-dimensional structure and the conformational flexibility of biological molecules
[21]. Combined or hybrid QM/MM technigues have been designed that enable the
modeling of reactive biomolecular systems at a reasonable computational effort while

providing the necessary accuracy [85].


http://en.wikipedia.org/wiki/Model_(abstract)
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Computational_chemistry
http://en.wikipedia.org/wiki/Computational_biology
http://en.wikipedia.org/wiki/Materials_science

Identification of biomolecular moieties involved in the interaction with a specific
receptor allows for the understanding of the molecular mechanism responsible for its
specific biological activity. Subsequently, this knowledge is used in designing new
biologically active molecules that can be successfully used as drugs. However,
simulation accuracy is limited to the accuracy of the constructed models. It is therefore
advisable to compare computational simulations with experimental results to confirm the
accuracy of models and to modify the models if necessary, in order to obtain better

representations of the system [20].

2.1 Molecular Mechanics

In molecular mechanics, the electrons and protons of the atoms are not explicitly
included in the calculations. Molecular mechanics considers a molecule to be a
collection of masses interacting with each other through harmonic forces. Thus, the
atoms in molecules are treated as balls of different sizes joined together by springs of
variable strength and equilibrium distances (bonds). This simplification allows for using
molecular mechanics as a fast computational model that can be applied to molecules of
any size. The total energy of a system is minimized with respect to the atomic
coordinates, and is made up of a sum of different contributions that calculate the
deviations from equilibrium values of bond lengths, angles and torsions plus non-

bonded interactions [20, 22, 23]:



Etot = Estr + Ebend + Etorg + EVdW + Ee|ec ....................................................... (1)
Where Ei is the total energy of the molecule, Eg; is the bond-stretching energy term,
Ebend IS the angle-bending energy term, Es is the torsional energy term, E,qy IS the van
der Waals energy term, and Eq is the electrostatic energy term.

The first term in equation (1) describes the energy change as a bond stretches
and contracts from its ideal unstrained length. It is assumed that the interatomic forces

are harmonic so the bond-stretching energy term can be described by the following the

simple quadratic equation:
_1 2
Estr = Ko (0=Dbo)

Where k; is the bond-stretching force constant, by is the unstrained bond length and b is

the actual bond length.

The van der Waals interactions between atoms that are not directly connected are

usually represented by a Lennard-Jones potential:

Evaw = Zi -—
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Where Alj is the repulsive term coefficient. The term Bij is the attractive term coefficient
and rj is the distance between atoms i and j.
To describe the electrostatic forces an additional term with a Coulomb’s interaction is

used:

Where ¢ is the dielectric constant, and Q; and Q. are the atomic charges of
interacting atoms and r; is the interatomic distance. Modest level quantum mechanical
methods are adequate in accuracy and efficiency for describing intramolecular energy
surfaces. Thus, the equilibrium values of bond lengths and bond angles are derived
from the force constants used in the potential energy function defined in the force field,
and define a set known as force field parameters [20, 22]. Deviations from any of the
equilibrium values inevitably result in increasing total energy of the molecule. As a
result, the total energy of the system is taken as a measure of intramolecular strain
relative to a hypothetical molecule with equilibrium values [20, 22]. On its own, the total
energy has no strict physical meaning. However, differences in total energy between

two different conformations of the same molecule can be compared [20, 24, 25].

2.2 Use of Charges and Solvents

Molecular mechanics calculations are carried out in vacuum conditions by setting
the dielectric constant, €é=1. The investigation of molecules containing charges and

dipoles, however, requires the consideration of solvent effects; otherwise conformations
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are influenced by strong electrostatic interactions. Force fields try to maximise the
attractive electrostatic interactions, resulting in energetically strongly preferred but
unrealistic low-energy conformations of the molecule. This can be prevented by using

the corresponding solvent dielectric constant, such as €=80 for water.

Equation (4) shows that the strength of the electrostatic interaction decreases
slowly with r'. Therefore in some cases, the dielectric constant is chosen to be
distance-dependent in order to decrease more rapidly, avoiding the need to consider
atoms far away from each other, simulating the effect of displacement of solvent

molecules in the path of a ligand molecule approaching a macromolecular surface.

The analytic generalized Born (GB) model is a method for computing charge-charge
interactions. It efficiently describes electrostatics of molecules in a water environment. It
represents the solvent (water) implicitly as a continuum with the dielectric properties of
water, and includes the charge screening effects of salt. There are several versions of
the GB model implemented in AMBER 9.0 [26]. In addition to the charges of the
interacting particles, the algorithm also takes into account both the dielectric constant of
the solvent, and the smoothing function which depends on atomic radii and interatomic
distances of the charged particles. Some of the useful features of GB models include:

e The computational cost associated with the use of these models in MD

simulations is much smaller than the cost of representing water explicitly.
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e The model describes an instantaneous solvent dielectric response which
eliminates the need for lengthy equilibration of water necessary in explicit water
simulations.

e Due to the absence of viscocity associated with explicit water environment the
molecules of interest can explore the conformational space much faster.

e Estimating energies of solvated structures is much easier than with explicit water

models.

2.3  Energy-Minimization Procedures

Energy minimization methods can be divided into different classes depending on
the order of derivative used for locating a minimum on the energy surface. Zero order
methods are those that only use the energy function to identify regions of low energy
through a grid search method. Within first-derivative techniques, there are several
techniques including the steepest descent method or the conjugate gradient method,
which make use of the gradient of the energy function. Second-derivative methods, like
the Newton-Raphson algorithm make use of the Hessian function to locate the minima.

In this study only first-derivative methods have been used [20].

2.3.1 Steepest Descent Method

In the steepest descent method, the minimizer calculates numerically, the first

derivative of the energy function to find the minimum. The energy is calculated for the
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initial geometry and again after one of the atoms has moved in a small increment in one
of the directions of the coordinate system. This process is repeated for all atoms which
finally are moved to a new position downhill on the energy surface. Due to the fact that
every new step is at right angles to the one before it, and therefore takes numerous tiny
steps to proceed down a long narrow valley. The procedure stops when a
predetermined threshold condition is fulfilled. The optimization process is slow near the
minimum, and consequently, the steepest descent method is often used for structures
far from the minimum as a first rough and introductory run, followed by a subsequent
minimization employing a more advanced algorithm such as the conjugate gradient

method [13, 20, 27, 28].

2.3.2 Conjugate Gradient Method

In the steepest descent method every successive step is at right angles to the
previous one, making the method to have many tiny steps as it proceeds down a long
narrow valley due to being forced to make a right-angled turn at every point even if this
is not the best toute to find the minimum. The conjugate gradient method, on the other
hand, produces a set of directions that overcome the oscillatory behaviour of steepest
descents in narrow valleys. Successive directions are not at right angles to each other
[27], but the conjugate gradient algorithm accumulates the information about the
function from one iteration to the next. For each minimization step, the gradient is
calculated and used as additional information for computing the new direction vector of
the minimization procedure. Thus, each successive step refines the direction towards

the minimum. The computational effort and the storage requirements are greater than
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those for steepest descent, but the conjugate gradient is the method of choice for larger
systems. The greater total computational expanse and the longer time per iteration are
more than compensated by the more efficient convergence to the minimum achieved in

the case of conjugate gradients [27, 28].

There are several ways in molecular minimization to define convergence criteria.
In non-gradient minimizers, only the increments in the energy and the coordinates can
be taken into account in order to judge the quality of the actual geometry of the
molecular system. In all gradient minimizers, the atomic gradients are used for this
purpose. The best procedure in this respect is to calculate the root mean square

gradients of the forces on each atom of a molecule [20, 28].

The value chosen as a maximum derivative will depend on the objective of the
minimization. If a simple relaxation of a strained molecule is desired, a rough
convergence criterion like a maximum derivative of 0.1 kcal mol™*A™ is sufficient, while
for other cases convergence to a maximum derivative less than 0.001 kcal mol™*A™ is
required to find a final minimum [28]. Energy barriers are overcome by using replica
exchange dynamics whereby trajectories swop temperatures and the higher
temperatures enable peptides to attain higher energies and escape local minima

trappings.

2.4  Molecular Dynamics (MD)
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Molecular dynamics (MD) is described as a form of computer simulation in which
atoms and molecules are allowed to interact for a period of time by approximations of
known physical attributes, giving a view of the motion of the atoms [29]. Alternatively,
MD is the simulation of motion for a system of particles [30]. Since it is impossible to
find the properties of such complex systems analytically; MD simulation circumvents this
problem by using numerical methods. It represents an interface between laboratory
experiments and theory, and can be understood as a "virtual experiment”. MD probes
the relationship between molecular structure, movement and function. Molecular
dynamics is a multidisciplinary method whose laws and theories stem from
mathematics, physics, and chemistry, and it employs algorithms from computer science
and information technology. It was originally conceived within theoretical physics in the
late 1950s, but is applied today mostly in materials science and in the study of complex,
dynamic processes that occur in biological systems, including protein folding, molecular

recognition, etc. [30, 31].

Molecular dynamics is concerned with simulating the motion of molecules to gain
a deeper understanding of chemical reactions, fluid flow, phase transitions, droplet
formation, and other physical phenomena that arise from molecular interactions [29, 30,
31, 32]. These studies include not only the motion of many molecules as it's the case in
a fluid, but also the motion of a single large molecule consisting of hundreds or
thousands of atoms, such as a protein. Motion is inherent to all chemical processes.
Simple vibrations, like bond stretching and angle bending, give rise to infra-red (IR)

spectra. Chemical reactions, hormone-receptor binding, and other complex processes
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are associated with many kinds of intra- and intermolecular motions. This work uses

simple classical Newtonian mechanics, most notably Newton's law:

B 1 0 = T (5)

For each atom i in a system constituted by N atoms. Here, m; is the atom mass, a; =
dri/dt? its acceleration, and F; the force acting upon it, due to the interactions with other
atoms. Therefore, in contrast with the other methods, molecular dynamics is a
deterministic technique: given an initial set of positions and velocities, the subsequent

time evolution is in principle completely determined.

As one of its many and varied applications, MD allows studying the dynamics of
large macromolecules, including biological systems such as proteins, nucleic acids
(DNA, RNA), and biological membranes. Dynamical events may play a key role in
controlling processes, which affect functional properties of biomolecules. Drug design is
commonly used in the pharmaceutical industry to test properties of a molecule at the

computer level without the need to synthesize it, which is far more expensive [33].

2.4.1 Periodic Boundary Conditions

A more realistic approach in simulations is to use the solvent explicitly. This is
done by soaking the molecule in a box of solvent molecules. This method has the
disadvantage of requiring additional computational effort. Periodic Boundary Conditions

(PBC) are normally employed to model the bulk solvent. In PBC, the simulation box is
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infinitely replicated in all directions to form a lattice. In practice, most molecular
dynamics (MD) simulations evaluate potentials using some cutoff scheme for
computational efficiency. In these cutoff schemes, each particle interacts with the
nearest images of the other N-1 particles (minimum-image convention). The use of
cutoff methods, however, has been shown to introduce significant errors and artificial

behaviour in simulations [20, 28].

2.4.2 Ewald Summation Techniques

In most MD simulations, the long-range interactions (Coulomb interactions) are
the most time consuming. Ewald summation was introduced in 1921 as a technique to
sum the long-range interactions between infinite particles and all their infinite periodic
images efficiently. Long-range interactions are evaluated as sums that converge very
slowly. The principle of obtaining the Ewald sum is by the conversion of the summation
of the potential energy into two series, each of which converges much more rapidly and

a constant term:

This is done by considering each charge to be surrounded by a neutralising charge
distribution of equal magnitude but of opposite sign. The sum over point charges is
converted to a sum of the interactions between the charges plus the neutralising
distributions. This part is the real space sum U'. A second charge distribution is added

to the system which exactly counteracts the first neutralising distribution. This
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summation is performed in the reciprocal space and is termed U™. The dipole term
includes the effects of the total dipole moment of the unit cell, the shape of the

macroscopic lattice, and the dielectric constant of the surrounding medium [20, 28].

2.4.3 Particle-Mesh Ewald

The Particle-Mesh Ewald method (PME) divides the potential energy into Ewald’s
standard direct and reciprocal sums and uses the conventional Gaussian charges
distributions. The direct sum is evaluated explicitly using cutoffs while the reciprocal
sum is approximated using fast Fourier Transform (FFT) with convolutions on a grid
where charges are interpolated in the grid points. Furthermore, PME does not
interpolate but rather evaluates the forces by analytically differentiating the energies,

thus reducing memaory requirements substantially [20, 28].

2.5 Replica Exchange Molecular Dynamics (REMD)

Replica-Exchange Molecular Dynamics (REMD) is a technique used to enhance
sampling relative to a standard molecular dynamics simulation by allowing systems of
similar potential energies to sample conformations at different temperatures. By doing
so, energy barriers on the potential energy surface might be overcome, allowing for the

exploration of new conformational space.

Replica exchange molecular dynamics is a computational method that couples

MD trajectories with a temperature exchange Monte Carlo (MC) process for efficient
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sampling of the conformational space [34]. The basic idea of REMD is to simulate
different replicas of the system at the same time, but at different temperature values
ranging from the desired temperature to a high temperature at which the replica can
easily go over high energy barriers [35]. Each replica evolves independently by MD and
only neighbouring temperatures are swapped at fixed time intervals. This exchange is
accepted or rejected based on a Metropolis acceptance criterion that guarantees the
detailed balance [5, 35]. The direction of this exchange of neighbouring replicas is

chosen at random [35].

2.6  Simulated Annealing (SA)

Annealing is the process in which the temperature of a molten substance is
slowly reduced until the material crystallises to give a large single crystal, which
corresponds to the global minimum of the free energy. Simulated annealing (SA) is a
computational method that mimics this process in order to find the optimal solutions to
problems which have a large number of possible solutions [36]. It is a heuristic global
optimization algorithm, which has been successfully applied to solve many difficult
optimization problems [37]. In SA, a cost function takes the role of the free energy in
physical annealing and a control parameter corresponds to the temperature. To use SA
in conformational analysis the cost function would be the internal energy. At a given
temperature the system is allowed to reach thermal equilibrium using MD or MC
simulation. At high temperatures, the system is able to occupy high energy regions of
the conformational space and to surmount high energy barriers. As the temperature

falls, the lower energy states become more attainable in accordance with the Boltzman
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distribution. At absolute zero the system should occupy the lowest energy state, often
referred to as the global minimum energy conformation [37]. For successful SA, the
procedure should be repeated many times and statistical methods should be used to

demonstrate that the chances of getting new low energy structures are getting smaller.

2.7 Structure Classification

The physical, chemical and biological properties of a molecule often depend
critically upon the 3D structures, or their conformations. Conformational analysis is the
study of the conformations of a molecule and their influence on its properties. A key
component of a conformational analysis is the conformational search, the objective of
which is to identify the preferred conformations of a molecule, and these conformations
determine its behaviour. This requires the location of conformations that are at minimum
points on the energy surface. Molecular dynamics and MC methods can generate an
ensemble of states that includes structures not at energy minima. On the other hand,
conformational search algorithms can generate conformations that are very similar, if
not identical. Under such circumstances it is desirable to be able to select from the data
set a smaller, representative set of conformations for subsequent analysis. This can be
done using cluster analysis (CA), which groups together similar objects, from which the
representatives can be extracted. CA requires a measure of the similarity or dissimilarity
between pairs of objects. Comparison of conformations could be based on the root
mean square deviation (RMSD) or the distance between two conformations measured
in terms of their torsion angles, as was the case in this work. All clustering methods first

join the two structures that are closest, to which other similar conformations are added
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to eventually form a cluster of structures. In addition linkage algorithms are then used to
join closely related clusters. These linkage methods are hierarchical clustering methods
because there is a specific order in which the clusters are formed and amalgamated

[28].

An example of a non-hierarchical clustering method is the Jarvis-Patrick algorithm. It
uses a ‘nearest neighbour’ approach. The nearest neighbours of each conformation are
the other conformations that are the shortest distance away. Two conformations are
considered to be in the same cluster in the Jarvis-Patrick method if they satisfy the
following criteria:

e They are in each others’s list of m nearest neighbours.

e They have p (where p<m) nearest neighbours in common.

Conformations can thus be placed in clusters and clusters fused together without any
hierarchical relationships. This method can also be extended to take into account not
only the number of nearest neighbours but also the position of each conformation within

the neighbouring list [28].
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CHAPTER 3
VALIDATION STUDY: SIMULATIONS OF PEPTIDE FOLDING USING A
TEN-RESIDUE MINIPROTEIN (CLNO025)

3.1 Introduction

In chemical terms, proteins and peptides are linear heteropolymers of amino
acids. The term “protein” generally refers to natural amino acids joined in a particular
sequence and having a defined 3D structure and a specific function, whereas the term
“peptide” is generally used for short oligomers that often lack a definite conformation.
Moreover, a protein has the same chemical structure both in solution and in crystal
form, whereas a peptide can adopt one structural conformation when in solution and a
different one when it is crystallized. Peptides and proteins are composed of twenty
different naturally occurring amino acids, although certain peculiar amino acids can be
found in peptides isolated from lesser evolved species. However, this repertoire can be
further expanded with synthetic amino acids. Today peptides can easily be synthesized

using solid phase synthesis methods [38].

Determination of the precise conformation of polypeptides is vital to designing de
novo drugs (peptidomimetics) using computer-aided drug design methods [2]. To
achieve this goal, molecular dynamics (MD) simulations of peptide folding can be used
to get information about the conformational features of peptides as a complementary
technique to experimental methods like NMR or X-ray crystallography. However,

computational methods rely heavily on the accuracy of force fields representing the
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physical properties of peptides [39]. Accordingly, a continuous effort in improving them
and in running benchmark calculations is necessary. Indeed, the early AMBER force
field set of parameters (ff94) developed in the early nineties was found to
overemphasize helical conformations at the expense of extended conformations [39].
Improvements carried out on this force field gave rise to the current second generation
of force fields (ff96, ff99and modifications of ff99). Thus, force field ff96 was developed
using quantum mechanics calculations in order to improve the peptide backbone ¢-y
torsional parameters of force field ff94. With subsequent improvements, the force fields
ff96 and ff99 sets were found to inaccurately represent glycine and exhibited a strong a-
helical bias. Consequently, the ff99 set was later modified in different attempts to re-
parametize the backbone torsional terms using calculations on alanine and glycine
tetrapeptides. One of these attempts resulted in the formation of force field ffO9SB,
which is rather unbiased and provides a better balance between extended and helical
conformations. Following a different approach the force field ff03 set was developed by
refitting charges in force field ff99 altogether using quantum calculations with a

continuum dielectric constant to better represent the effects of the solvent [39].

As mentioned earlier, there is a need to continuously benchmark the
performance of force fields by subjecting them to different conditions, especially when
implicit descriptions of the solvent are used. This work focused on testing the
performance of force fields ff94, ff96 and ff99SB (modified ff99) in implicit solvent for
studying peptide folding. In order to perform this study a small chignolin-like peptide

(CLNO025) with a well characterized 3-D structure was considered. CLN025 (with
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sequence: Tyr'-Tyr?-Asp>-Pro*-Glu>-Thr®-Gly’-Thr®-Trp®-Tyr'?) is a synthetic ten-residue
polypeptide with a stable topology in an agueous solution whose crystal structure is also
known [38]. Calculations in this study were done using the replica exchange molecular
dynamics (REMD) methodology to avoid getting trapped in one of the many minima in
the energy landscape and thereby avoided failing to reach the actual global minimum
which often results in obtaining fewer conformations of the peptide populating the

trajectory [5, 35].

Therefore, to test the stability and validity of the force fields used in the AMBER
package, the REMD protocol was used instead of standard molecular dynamics to study
folding patterns of CLNO25. The water solvent was treated explicitly using the force field
ff99SB parameters with the addition of counterions (this was the reference calculation,
informed by the understanding that results from explicit solvent simulations are closer to
experimental data), and implicitly using the analytical linearized Poisson-Boltzmann
(ALPB) approach [40] and the generalized Born approximation modified by Onufriev,

Bashford and Case [41]. The trajectories were run using a Langevin thermostat.

3.2 Computational Protocols

All the REMD calculations were carried out with the AMBER 9.0 programme [26].
The ten residue peptide (CLN025) was modelled implicitly and using an explicit solvent
by considering all heavy atoms and the hydrogen atoms bound to nitrogen or oxygen
atoms. The remaining hydrogen atoms were considered as part of the carbon atoms to

which they are covalently attached [5, 35].
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The force field parameters were taken from the all-atom version of AMBER9.0
[26] and the dielectric constant around the peptide was set to €=1.0. The temperature
during the simulations was controlled by the constraint method. The unit timestep was
set to 0.5 fs, and a regular MD simulation run of 1.0 ns was done for each replica,
starting from an extended conformation of the peptide (CLNO025). In the current study 12
replicas (M=12) were used with temperatures: 274, 300, 328, 358, 389, 423, 459, 497,
538, 582, 630, and 682 K. These temperatures are spread in a manner that allows for
optimal temperature distribution. Prior to data collection, regular canonical MD
simulations were made for 5 ns at each temperature, and then a replica-exchange

simulation of 5 ns for thermalization.

The replica exchange was attempted every 10 fs, and the data was stored for later
analyses. Following preliminary MD runs for 10 ns per replica, each trajectory was run
for a length of 100 ns simulation time. Integrity of the REMD trajectories was monitored
by plotting probability distribution of their potential energy. Further analysis of the results
included the plotting of the structural patterns and the secondary structure motifs
populating the different trajectories. Superposition of REMD structures to the Crystal

and NMR structures of CLNO25 was evaluated by determining the RMSD value.

3.3 Results and Discussion

The ten-amino acid protein CLN025 was studied with REMD using both implicit
and explicit solvent models. The explicit solvent model which was run using force field

ffo9SB and TIP3P for water as per AMBER 9.0 [26], and this was used as a reference
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calculation. Implicit solvent calculations were run using force fields ff94, ff96 and ff99SB
with the ALPB method [40] to simulate solvent effects. Comparisons were made
between the different simulation models and their results were compared with

experimental data published in literature [38].

Temperature distribution was chosen in such a way that the probability for exchange
between neighbouring replicas is P (exchange) = 0.2. Computed P (exchange) was >
0.18 for all temperatures in all cases. The number of replicas was set to 40 in the
explicit solvent case and 12 in the implicit solvent case. The temperatures distributions

for the explicit and implicit REMD trajectories are presented in Table 3.1.

Table 3.1: Temperature distributions for the different REMD trajectories

Explicit Solvent Implicit Solvent REMD
REMD
ff96SB ff94 ff96 ffo9SB
Temperatures (K)

296.8 275.7 275.3 275.5
300.0 300.0 300.0 300.0
303.2 326.2 326.7 326.5
306.5 354.5 355.6 355.2
309.8 385.1 386.9 386.3
313.2 418.2 420.8 420.0
316.6 453.9 457.5 456.5
320.1 492.6 497.3 496.1
323.6 534.5 540.5 539.0
327.2 580.0 587.5 585.7
330.8 629.5 638.8 636.5
334.5 683.6 694.9 692.0
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Figure 3.1: Probability distribution of the potential energy for CLN025 REMD trajectories using different
force fields and solvent conditions. (a) with explicit ffo9SB; (b) with implicit (ALPB) ff94; (c) with implicit

(ALPB) ff96; (d) with implicit (ALPB) ff99SB.

In order to verify if the number of exchanges between replicas was sufficient, the
canonical probability distribution functions of the potential energies were plotted for all
the explicit and implicit REMD trajectories, as shown in Figure 3.1. It can be observed
that there is enough overlap between the distributions at different temperatures to

assure the condition of free walk in the temperature space, ensuring the robustness of

the process followed.
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The dihedrals from explicit and implicit REMD trajectories were used to obtain the
conformational patterns that populate the different trajectories. These different
simulations whose patterns are presented in Figures 3.2a-d, show efficient sampling of
the conformational space. The implicit solvent trajectories using force fields ff94 (Figure
3.2c) and ff99SB (Figure 3.2d) sample the conformational space in a steady pace like
the explicit solvent trajectory (Figure 3.2a). The trajectory ran using force field ff94
started off in a steady pace but soon levelled off. Nevertheless, all these trajectories

show efficient sampling of the conformational space.
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Figure 3.2: Evolution of new structural patterns obtained for the different REMD trajectories computed
using explicit and implicit water solvent at 300K. (a) using explicit solvent (b) using implicit ff94; (c) using
implicit ff96; and (d) using implicit ff99SB. A higher pattern number means more structures are sampled.
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The trajectories at 300 K were compared with the 20 structures derived from NMR
studies [38], through backbone superposition. Of the twenty possible plots showing the
RMSD of the configurations sampled during the MD trajectory with the different
structures derived from NMR experiments, Figure 3.3 shows the structures with the
lowest RMSD values in explicit solvent calculations. In Figure 3.3a, the calculated
RMSD (in explicit solvent simulation) suggests that the system basically moves between
two different conformations: one with an RMSD value around 1.75 A and the other with
a value around 0.9 A. In the implicit solvent simulation using force field ff94 (Figure
3.3b), the system displays a large deviation from experimental structures. Plots
corresponding to force fields ff96 (figure 3.3c) and ff99SB (Figure 3.3d) in implicit

solvent suggest that the system samples only one of the two minima.

Patterns common between explicit and implicit solvent REMD calculations were
computed, and the results are presented in Table 3.2. The pattern superposition was
calculated based on two procedures: (1) number of patterns that implicit solvent REMD
has equal to the explicit solvent REMD taking into account the total number of patterns
appearing in the last part of the simulation and (2) number of configurations in the
ensemble sampled by the implicit solvent REMD with a pattern corresponding to one
configuration in the explicit solvent ensemble taking into account the total number of

configurations sampled by the explicit solvent REMD (Table 3.2).
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Figure 3.3: Minimum RMSD of backbone superposition between explicit REMD trajectory and CLN025
NMR structure. (a) with explicit ff99SB; (b) with implicit (ALPB) ff94; (c) with implicit (ALPB) ff96; (d) with
implicit (ALPB) ffo9SB.

Table 3.2: Pattern sharing in CLNO25 trajectories obtained using different force fields using procedure 1
and 2 ad defined in page 30

Force field ffo4 ff96 ff99SB
Procedure 1 42.8 % 61.3 % 67.3%
Procedure 2 9.6% 73,4% 78.5%

Force field ff94 REMD calculations in implicit solvent shares a lot of
patterns with explicit solvent simulations (around 40%) but the sampling of these
patterns is quite different. The replacement of explicit with implicit solvent model

(maintaining the force field) makes inaccessible a number of patterns that may
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be obtained due to direct interaction with water molecules. Implicit solvent REMD
simulations with force fields ff96 and ff99SB share a similar amount of patterns

with the reference explicit solvent simulation.

Table 3.3: Percentage occupancy of hydrogen bonds in the explicit solvent trajectory

DONOR ACCEPTOR % occ. Lifetime
Asp3.0 Gly7.N 79.74 7.7
Thr8.0 Asp3.N 48.61 9.9
Tyrl.0 Tyr10.N 46.65 10.5
Asp3.0D2 Thr6.0G1 43.3 7.6
Asp3.0D1 Thr6.0G1 42.45 7.2
Asp3.0 Thré.N 38.66 2.3
Asp3.0D2 Glu5.N 35.94 35
Asp3.0D1 Glu5.N 35.27 35
Asp3.0D2 Thr6.N 34.5 3.7
Asp3.0D1 Thr6.N 34.06 3.7
Tyrl.0 Trp9.N 33.27 5.2
Thr6.0G1 Thr8.0G1 32.64 54
Asp3.0 Thr8.N 31.59 3.0
Gly7.0 Asp3.N 36.71 2.1
Tyr2.0 Trp9.NE1 10.52 1.3
Glu5.0E1 water mol. 187.43 25
Glu5.0E2 water mol. 187.30 25
Tyr10.0 water mol. 175.39 2.7
Asp3.0D1 water mol. 140.62 2.7
Asp3.0D2 water mol. 137.29 2.7
Glu5.0 water mol. 111.77 2.1
Pro4.0 water mol. 108.32 2.1
Thr6.0 water mol. 94.01 2.0
Tyr2.0 water mol. 90.24 2.6
Trp9.0 water mol. 79.97 2.2
Thr8.0G1 water mol. 70.72 1.9
Gly7.0 water mol. 68.48 2.1
Tyrl.OH water mol. 66.32 15
Tyr2.0H water mol. 62.90 15
Tyr10.0H water mol. 61.82 1.6
water mol. Tyr2.0H 58.27 3.2
water mol. Tyrl.OH 55.27 29
water mol. Tyr2.N 52.07 2.7
water mol. Tyr10.0H 49.49 3.1
Thr8.0 water mol. 49.20 2.2
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Table 3.4: Percentage occupancy of hydrogen bonds in the implicit ff94 solvent trajectory

DONOR ACCEPTOR % occ. Lifetime
Asp3.0 Thr6.N 44.55 3
Asp3.0 Gly7.N 38.15 3.1
Asp3.0 Thr6.0G1 37.99 55
Glu5.0 Thr8.N 37.52 3.7
Glu5.0 Thr8.0G1 35.3 4.6
Thr6.0 Trp9.N 34.61 3
Pro4.0 Gly7.N 34.26 2
Tyr2.0 Glu5.N 29.54 25
Tyr2.0 Thré.N 23.46 3.4
Tyr2.0 Thr6.0G1 20.71 4.8
Asp3.0D1 Thr6.0G1 19.83 5.1
Thr6.0 Tyr1l0.N 19.03 3.1
Asp3.0D2 Thr6.0G1 18.72 4.1
Gly7.0 Tyrl0.N 17.28 14
Asp3.0D1 Thré.N 15.85 4.6
Thr6.0G1 Thr8.0G1 15.24 4.7
Thr8.0G1 Asp3.N 12.39 49
Asp3.0D2 Thr6.N 11.98 4.1
Asp3.0 Trp9.N 10.54 3.4

Table 3.5: Percentage occupancy of hydrogen bonds in the implicit ff96 solvent trajectory

DONOR ACCEPTOR % occ. Lifetime
Asp3.0 Gly7.N 77.8 7.5
Tyrl.0 Tyr10.N 60.08 9.7
Thr8.0 Asp3.N 58.38 6.1
Asp3.0D1 Thr6.0G1 45.01 9.68
Asp3.0D2 Thr6.0G1 44.54 9.79
Asp3.0D2 Thr6.N 42.45 6.8
Asp3.0D1 Thr6.N 42.27 6.6
Asp3.0 Thr8.N 3741 2.4
Thr6.0G1 Thr8.0G1 26.22 3.2
Gly7.0 Thr8.0G1 10.91 1.6
Asp3.0D2 Glu5.N 10.26 1.3
Asp3.0D1 Glu5.N 10.14 1.3
Thr8.0G1 Trp9.N 10.06 6.54
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Table 3.6: Percentage occupancy of hydrogen bonds in the implicit ff99 solvent trajectory

DONOR ACCEPTOR % occ. Lifetime
Asp3.0 Gly7.N 72.9 4.8
Tyrl.0 Tyr10.N 67.45 11.7
Thr8.0 Asp3.N 63.03 5.7
Asp3.0D2 Thr6.0G1 46.68 9.98
Asp3.0D1 Thr6.0G1 43.17 7.8
Asp3.0D2 Thr6.N 40.73 4.6
Asp3.0D1 Thré.N 37.42 4.4
Thr6.0G1 Thr8.0G1 29.98 2.8
Asp3.0D2 Glu5.N 25.75 1.8
Asp3.0 Thr8.N 24.82 1.6
Asp3.0D1 Glu5.N 24.09 1.7
Asp3.0 Thré.N 22.3 1.6
Thr6.0G1 Thr8.N 14.14 1.4
Thr6.0G1 Tyr10.0H 11.7 2.1
Thr6.0 Thr8.0G1 11.41 1.7

The number of hydrogen bonds with more than a 10% of occupancy located in
each simulation was calculated and presented in the Tables 3.3 to 3.6, with bold typed
entries corresponding to hydrogen bonds obtained from X-ray or NMR experimental

studies [38].

All the experimentally determined hydrogen bonds were also found in the
explicit solvent study (Table 3.3), as well as in the implicit REMD simulations with
force fields ff96 and ff99SB (Tables 3.5 to 3.6). Moreover, important hydrogen
bonds exist between solvent and the peptide. On the other hand, implicit solvent
force field ff94 (Table 3.4) results did not reproduce hydrogen bond patterns

similar to the experimental data [38].
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As part of the statistical analysis used in this work, principal component analysis
(PCA) of the explicit solvent trajectory was performed. To achieve this, the trajectory
was initially superimposed onto the crystal structure and then, the covariance matrix of
the backbone movements was calculated and diagonalized to obtain the set of principal
components and their eigenvalues. Thereafter, the coordinates of all the structures were
projected onto the principal components with higher eigenvalues (the principal
component with highest eigenvalue was denoted as PC1, the one with the second
highest eigenvalue as PC2, etc) (Figure 3.4). These projections were transformed into
2D potentials of mean force (also known as 2D free energy surfaces (FES)) by applying

the formula AW, = —RTin(P;), where AW, is the potential of mean force in a given area

and F; is the probability of finding the system in this area (Figure 3.5 to 3.6).

PC3

Figure 3.4: Projection of the explicit water 300 K REMD trajectory onto its three principal components.
The two main black spots on the z-axis represent two low energy structures (minima).

PCA of explicit solvent REMD trajectory confirms the existence of two minima in

the free energy surface (Figures 3.4 to 3.6). The experimental results in literature [38]
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seem to approximate just one of the two minima (Figure 3.7). The absence of the
second minimum in NMR and X-ray structures (Figure 3.7) [38] can be attributed to the
fact that the average NMR structure does not have all the dynamic features of the
peptide which the REMD simulation was able to explore due to its superior ability to

sample the energy landscape.

The implicit solvent REMD simulations were also projected on their principal
components and plotted over the 300 K free energy surfaces as shown in Figures 3.8 to
10). It can be observed that the experimental structures [38] were present in the implicit
REMD trajectories obtained using force fields ff96 and ff99SB (Figures 3.9 and 10,
respectively). These Figures suggest that the simulations were able to reproduce both
minima as the reference explicit solvent REMD simulation obtained using force field
ff99SB, but showed preference for the one corresponding to the experimental structures

[38].

However, the implicit solvent simulation using ff94 (Figure 3.8) did not reproduce
either the explicit solvent simulation or the experimental structures [38]. This indicates
the inability of this force field to adequately sample the conformational energy
landscape. This explains why this force field needed to be modified or improved, hence

the development of force fields ff96 and ff99 (and modified versions of ff99).
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Figure 3.5: 2D projections of the last 30 ns of explicit water 300 K REMD trajectory on its three main
principal components. In all three cases two energy minima are visible (bold black spots).
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Figure 3.6: 2D and 3D plots of the free energy surfaces at 300 K projected on the two first principal
components of the explicit REMD trajectory, showing two energy minima. (a) 2D plot; and (b) 3D plot.
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Figure 3.8: Projection of implicit solvent 300 K REMD trajectory using ff94, showing unpopulated minima
in the top-left corner.
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Figure 3.9: Projection of implicit solvent 300 K REMD trajectory using ff96, showing the two minima in the
top-left corner densely populated with structures.
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Figure 3.10: Projection of implicit solvent 300 K REMD trajectory using ff99SB, showing that one of the
two minima in the top-left corner is densely populated with structures (in black).

To obtain a deeper understanding of the structural features underlying the
behaviour of these two minima obtained from the explicit and implicit REMD trajectories
(Figures 3.4 to 3.6, 3.9 and 3.10), cluster analysis was performed, and histograms were

constructed. To achieve this, a set of structures was equidistantly chosen as a
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representative of the entire explicit solvent trajectory. A distance matrix was constructed
taking the backbone RMSD value as distance criteria. Thereafter, minimization of the
variance hierarchic clustering was performed. Subsequently, all the related elements
were grouped in 4 major clusters, and the results are presented in Figure 3.11, where it
can be observed that cluster 1 and 3 are more populated compared to clusters 2 and 4.
The structures of each of these clusters were projected on the two main principal
components leading to a clear assignment of each of them with a different minimum
(Figure 3.12). A closer examination of the different hydrogen bond interactions dominant
in these two different clusters would lead to understanding the differences between the

two minima.

=TT

1 1 L
500 1000 1500

Figure 3.11: Hierarchic diagram for CLN025 explicit REMD trajectory, showing four major types of
structure clusters.
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Figure 3.12: Projection of elements of the clusters on the free energy surface of explicit REMD for
CLNO025. The two minina in the top-left corner designated as A (red) and B (blue) are densely populated.

Table 3.7 provides a statistical hydrogen bond analysis performed for each
cluster of the explicit REMD trajectory. Qualitative displays of characteristic hydrogen
bond interactions dominant in cluster 1 and cluster 3 are presented in Figures 3.13 and

14.

Table3.7: Hydrogen bond percentage occupancy of structural clusters for CLN025

cl 1 Cl_3 Total
DONOR ACCEPTOR % occ. % occ. % occ.
Thr8.0 Asp3.N 97.36 48.61
Thr8.0 water mol. 3.79 100.18 49.20
Tyrl.0 Tyrl0.N 97.62 46.65
Tyrl.O Trp9.N 97.67 33.27
Thr6.0G1 Thr8.0G1 66.54 32.64
Thr6.0G1 water mol. 32.74 66.57 48.55
Trp9.0 water mol. 127.76 17.64 79.97
Gly7.0 water mol. 112.18 8.19 68.48
Gly7.0 Asp3.N - 89.89 36.71
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Figure 3.13: Cluster 1 representative structure of CLNO25 with characteristic interactions displayed.

Figure 3.14: Cluster 3 representative structure of CLN025 with characteristic interactions displayed.
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Further, clustering of the implicit solvent REMD trajectory structures was also carried

out and the results are shown in Figures 3.15 to17 along with projections on the FES.
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Figure 3.15: (a) Cluster histogram and (b) projection on the free energy surface of implicit solvent REMD
simulation using ff94. The two minima in the top-left corner are not populated.
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Figure 3.16: (a) Cluster histogram and (b) projection on the free energy surface of implicit solvent REMD
simulation using ff96, showing one of the two minima well populated.
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Figure 3.17: (a) Cluster histogram and (b) projection on the free energy surface of implicit solvent REMD
simulation using ff99SB, showing one of the two minima to be well populated.
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The clustering of the backbone using RMSD as the distance was able to
reproduce the two minima found in free energy surfaces (FES). The
characteristic interactions can be described for both minima. The difference
between these minima came up from competition between hydrogen bond
interactions. The competition can exist between intramolecular hydrogen
bonding (in cluster 1 Tyrl.O is interacting with Tyrl0.N while in cluster 3 it
interacts with Trp9 (refer to Figure 3.18 for the numbering of residues) or
between intramolecular and intermolecular hydrogen bonding (in cluster 1 Thr8.0
interacts with Asp3.N while in cluster 3 Thr8.0 interacts with a water molecule
and Asp3.N interacts with Gly7.0).The participation of water molecules in these
interactions explains why implicit solvent REMD simulations (Figures 3.15 to 17)
were not able to reproduce the two minima found in explicit solvent REMD

simulation in blue (Figure 3.12).

Figure 3.18: Structure of CLNO25 in its extended conformation, showing all ten residue side chains.
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34 Conclusions

This study revealed that implicit solvent REMD simulation using force field
ff94 does not reproduce the explicit REMD simulation and the experimentally
observable peptide conformations. On the contrary, the implicit solvent REMD
simulations using force fields ff96 and modified ff99 (ff99SB) were able to
reproduce the protein secondary structures, with trends consistent with explicit
solvent REMD simulations and experimentally determined structures. Implicit
REMD trajectories validate our findings that force fields ff96 and modified ff99
can be used to reproduce protein folding dynamics, and that force field ff94 is not

suitable for this purpose.
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CHAPTER 4
CASE STUDY I: MD SIMULATIONS OF METENKEPHALIN

41 Introduction

Enkephalins are the smallest neuropeptides with pain killing or opiate activity.
They contain the five-residue homologous Tyr-Gly-Gly-Phe-X amino acid sequence.
Neuropetides are small protein molecules composed of 3-100 amino acid residues, that
have been localized to cell populations of the central and peripheral neurons [42].
Enkephalins are normal constituents of the brain and the gut and loose connective
tissue [43]. They are also produced in some parts of the spinal cord that transmit pain
impulses. In the spinal cord, enkephalins inhibit painful sensations by interacting with
specific receptor sites on the sensory nerve endings. Nerve endings of the central
nervous system (CNS) and the adrenal medulla release these naturally occurring
morphine-like substances. Enkephalins are known to bind to opiate receptors and

release controlled levels of pain and are therefore used in the treatment of pain [44, 45].

Met-enkephalin (Tyr'-Gly*-Gly>-Phe*-Met®) and Leu-enkephalin (Tyr'-Gly*-Gly*-
Phe*-Leu®) are homologous peptides differing in the fifth residue only. They are
endogenous agonist for the receptors that are stimulated by opiate alkaloids. These
peptides have multiple effects on the CNS, including the neuroendocrine hypothalamus
[46]. Leu-enkephalin, in particular, controls gonadal function [47]. Met-enkephalin is
involved in phenomena associated with modulated pain perception, regulation of
memory and emotional conditions, food and liquid consumption and regulation of

immunological system [46, 48]. It also has an impact in digestive system motility, gastric
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as well as in pancreatic secretion and metabolism of carbohydrates [48].

The 3D structures of the enkephalins were obtained using X-ray crystallography,
circular dichroism and NMR spectroscopy [49, 50, 51]. The X-ray diffraction crystal
structure of Met-enkephalin was found to consist of dimers forming antiparallel beta-
sheets. Leu-enkephalin, on the other hand, crystallizes as a monohydrate that is
isomorphous with the Met-enkephalin structure with respect to the beta-sheet, but
different with respect to the tyrosine and phenylalanine side-chain conformations and
water content. Previous NMR studies of the enkephalins indicated that these small
peptides have no preferred structure in aqueous solution, but they may have structural
preferences in other solvents like dimethyl sulfoxide (DMSO), though only the
zwitterioinic form of the peptide forms a clear salt bridge [52]. Recent developments in

NMR methodology have enabled determination of structures of peptides [84].

Figure 4.1: The structure of Met-enkephalin in its extended conformation.

For pharmaceutical applications of these neuropeptides there have been several

attempts to describe their structure when bound to their native receptors [53, 54]. There
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is sufficient consensus that the glycine residues adopt 3-turns, with Aib analogues of the
enkephalins displaying a 330 helical conformation [55]. These pentapeptides (Met- and
Leu-enkephalin) have substantial potential for the treatment of the pain sensation [56].
However, despite this promise, few opioid peptides have shown true clinical viability for
the alleviation of centrally mediated pain. The leading factor for the observed inactivity
of these peptides is the blood-brain barrier (BBB). The BBB acts as a metabolic and
transport barrier, preventing the delivery of substances to the central nervous system

(CNS) [57].

Despite the existence of the NMR structures of the enkephalins, there is still a lot
to be investigated about the conformational features of these pentapeptides in order to
discover alternative analgesics to the conventional morphine, and to find novel
compounds to deal with pain not alleviated by current therapeutics [58]. Although these
enkephalins are very short, exploration of their dynamical properties can shine light
regarding behaviour of longer polypeptides. Accordingly, the aim of this particular study
was to establish whether molecular dynamics (MD) protocols can be successfully used
to mimic peptide conformational features of Met-enkephalin, providing results similar to

those obtained by experimental means such as NMR spectroscopy.

4.2 Computational Protocols

All calculations were carried out at the molecular mechanics level using the
AMBER 8.0 [26] package and the force field ff96 parameter set. The details of the

various steps of the simulation process in this project are provided in APPENDIX I.
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Molecular Dynamics (MD)

The zwitterionic and the neutral forms of Met-enkephalin were studied using the
standard ff96 force field libraries with the AMBER 8.0 programme [26]. The MD
simulations of this peptide were carried out in water, dimethyl sulphoxide (DMSO), and
methanol. To model the solvent molecules, pre-equilibrated boxes of water, DMSO and
methanol were obtained from the AMBER 8.0 database [26]. In each of these three
simulations, the extended conformation of the peptide was initially minimized within the
SANDER module, using a dielectric constant of €=1.0, and a cutoff of 10 A. About 1500
cycles of steepest descent followed by the conjugated gradient method were applied
until the rms distance between two consecutive structures was smaller than
0.001kcalmol*A™. Thereafter the peptide was soaked in a rectangular box of the
respective solvent molecules. The system was minimized by fixing the coordinates of
the peptide and allowing the water to move. A constant pressure equilibration was
carried out for 100 ps with a time step of 2 fs and a cutoff of 10 A, and removing the
restrictions on the peptide. Using a periodic boundary conditions and the Langevin
thermostat, the temperature of the system was maintained at 300K as it is the same
temperature used in NMR studies. This temperature control method uses Langevin
dynamics with a collision frequency of unity. This was used in conjunction with the
SHAKE algorithm to constrain the stretching of bonds involving hydrogen atoms.
Thereafter, the Particle Mesh Ewald (PME) conditions with a tolerance for the Ewald

sum of 10 were used in the production run from 200 ps onwards. In each case
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trajectories were computed for 40 ns and snapshots were recorded every picosecond

for further analysis.

4.3 Results and Discussion

The energy profile and the temperature profile of the systems were routinely
monitored and the plots of typical trajectories are presented in Figures 4.2 and 4.3.
Both the kinetic energy and potential energy started off higher but immediately
stabilized throughout the 40 ns trajectories (Figure 4.2), suggesting that the trajectories

were running normally without unwarranted upsets in the system and that subsequent
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Figure 4.2: Typical energy plot for Met-enkephalin trajectories. Total energyand the
kinetic energy are represented in black and red, respectively.

analyses were made based on reliable molecular dynamics trajectories. By the same
token, the temperature profile of the systems all stabilized around 300 K throughout the
sumulation (Figure 4.3). Further, the co-ordinate files of the systems were used to
obtain the dihedrals of the peptide. The Ramachandran plots of secondary structural

elements of the peptide in different solvent models are presented in Figure 4.4 to 4.6.
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In terms of protein secondary structure, B-turns are regions of the polypeptide having a
hydrogen bond from one main chain carbonyl oxygen to the main chain N-H group three
residues along the chain (i.e. an i to i+3 interaction). These B-turns are divided into
Types |, Il and Ill based on the phi and psi angles of the amino acid residues at

positions i+1 and i+2.

Temperature (K)

290

270 1
0 5000 10000 15000 20000 25000 30000 35000 40000

ume (ps)

Figure 4.3: Typical temperature plot for Met-enkephalin trajectories.

Types | and Il are the most common B-turns and they differ in the orientation of the
peptide bond between residues (i+1) and (i+2). Hence the torsion angles for the
residues (i+1) and (i+2) in these two types of B-turn lie in distinct regions of the
Ramachandran plot. Specifically, the (i+1) residue of type | lies in the right handed a-
helix region while its (i+2) residue lies towards the (3-sheet region of the Ramachandran
plot. On the other hand, (i+1) residue of type Il B-turn lies in the B-sheet region while its
corresponding (i+2) residue lies in the left handed a-helix region of the Ramachandran
plot. Type Ill B-turn is simply a single turn of the 3;0-helix and coincides with the right

handed a-helix region.
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Figure 4.4: Ramachandran plots dihedrals obtained for Met-enkephalin simulations in a water box.

Figures 4.4 to 4.6 depict the fact that the trajectories were populated with Type I,
Type 1l and Type Il conformers and their mirror images. Specifically, in Figure 4.4, it
can be observed that water enabled the Type I, Il and Il conformers to form to almost
the same extent as their mirror images. The mirror images of the B-turns occupy
unfavourable regions of the Ramachandran plot, and their presence in this trajectory ran
using water as an implicit solvent means that the structure of the peptide (Met-

enkephalin) is not stable enough in this particular solvent and has a tendency to
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Figure 4.5: Ramachandran plots dihedrals obtained for Met-enkephalin simulations in a methanol box.

oscillate between structured and unstructured conformations. Methanol, on the other
hand (Figure 4.5) supported the formation of the Type | and Ill B-turns and their mirror
images, suggesting that the trajectory samples favourably structures belonging to the
right handed a-helix and the a3;0-helix regions. Moreover, Figure 4.6 indicates that
DMSO trajectory favoured the formation of the Type I, Il and Il B-turns over their mirror
images, predicting that the trajectory is populated with more stable right handed a-helix

and a31p-helix secondary structures.
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Figure 4.6: Ramachandran plots dihedrals obtained for Met-enkephalin simulations in a DMSO box.

Small peptides such as Met-enkephalin are an important class of molecules to

study using computational methods in an attempt to solve protein folding problems.

Moreover, since it is extremely difficult to obtain experimental information about short

peptides due to different conformations they adopt whilst searching the conformational

space, the molecular dynamics method is used to sample the energy landscape of the

peptide. The current results demonstrate that the Met-enkephalin consists of
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conformers having Type |, Type Il and Type lll B-turns, especially when simulated using

DMSO as an implicit solvent. Due to the short length of Met-enkephalin it is not possible

for this pentapeptide to assume an overall helical secondary structure; instead the

peptide trajectories are populated with helical and non-helical conformers, suggesting

that the energy barrier between these types of conformers is small. The conformations

of Met-enkephalin as obtained using MD simulation are consistent with those

characterized using experimental NMR as reported in literature [51].

The Ramachandran plots (Figures4.4 to 4.6) further show that this peptide
sampled the conformational space belonging to the a-helix region of the phi/psi
combination, i.e right-handed a-helix. However, the glycine residues and the
phenylalanine residues also sample the left-handed helix region (first quadrant) of the
Ramachandran plot, which is to be expected from the chemical composition of these
residues. The regions sampled by the individual omega, phi and psi angles were plotted
separately (not shown) and are consistent with the conformations depicted in the
Ramachandran plots from trajectories obtained for the different solvents. To account for
the observed conformations, the hydrogen bond interactions associated with the

different MD trajectories need to be examined.
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Hydrogen Bond Analysis

Hydrogen bond (HB) analysis performed for Met-enkephalin in zwitterion and
neutral form in water, DMSO and MeOH solvent environments, and the results are
presented in Table 4.1 and 4.2. HB geometrical criterion was used, whereby: A--B
distance is equal or less than 3.2 A and angle is determined by HAB (£ HAB) is equal
or less than 36°. In this case, A is donor (A-H, i.e. N-H) and B is acceptor (B, i.e. O of
carbonyl group). In order to obtain significant results, only the hydrogen bond with a
percentage of existence equal or greater than 1.0% is considered during the simulation

time.

The general structuring degree refers to backbone-backbone hydrogen bond.
One overall indicator is the percentage of structures collected that have one or more
backbone-backbone hydrogen bond. Another indicator is the average of the number of
backbone-backbone hydrogen bond interactions per structure (ps) collected over the
duration of the MD trajectories.

Table 4.1: Percentage of structures with backbone-backbone hydrogen bonds in zwitter-ionic and
neutral Met-enkephalin in the presence of water, DMSO, and MeOH solvents

Met-enkephalin Water DMSO MeOH
zwitter-ionic form 36 % 84 % 87 %
Neutral form - 54 % 53 %

Table 4.2: Average number of backbone-backbone hydrogen bonds per structure (ps) collected
for zwitter-ionic and neutral Met-enkephalin in the presence of water, DMSO, and MeOH solvents

Met-enkephalin Water DMSO MeOH
zwitter-ionic form 0.5 1.4 1.5
Neutral form - 0.6 0.7

From Table 4.1 it can be observed that the zwitterionic form of Met-enkephalin
simulated in MeOH has the highest percentage of structures collected that have one or

more backbone-backbone hydrogen bond (87%). This percentage decreased to 36%
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when water was used as a solvent, but increased to 84% in the case of DMSO. The
highest percentage of structures collected that have one or more backbone-backbone
hydrogen bond in the neutral form of Met-enkephalin was observed in DMSO (54%). In
MeOH this percentage dropped by a percentage point to 53%, whereas no structures
with backbone-backbone hydrogen bonding were observed in water. The results for the
average number of backbone-backbone hydrogen bonds per structure (ps) collected
(Table 4.2) constitute a similar pattern with those for the percentage of backbone-
backbone hydrogen bonds (Table 4.1). However, one would have expected DMSO to
have higher percentage and number since it is a better structuring solvent than

methanol.

The backbone-backbone hydrogen bond with equal or more than the 1% of
existence that yielded defined secondary structure conformations throughout the
simulation time are presented in the Tables 4.3 and 4.4 for the zwitterionic and the
neutral forms of Met-enkephalin (refer to Figure 4.1 for residue numbering). Specifically,
Tables 4.3 and 4.4 reflect the type of interaction and indicate the existence percentage
of the conformations in the different solvents; and identify the types of secondary
structures formed. Among other observations, these results demonstrate that reverse
turns are present in the zwitterionic Met-enkephalin in DMSO, whereas they were
absent in the neutral Met-enkephalin in the same solvent (DMSO). On the contrary, no
B-turns were observed in the zwitterionic Met-enkephalin whilst they were found in the

neutral Met-enkephalin in the presence of DMSO. However, in the presence of

60



methanol more B-turns are formed. According to these results, water did not favour the

formation of reverse turns in the zwitter-ionic form of Met-enkephalin.

Table 4.3: Structural conformations formed by backbone-backbone hydrogen bond interactions and their

percentages in different solvents for the zwitter-ionic form of Met-enkephalin (Residues are numbered as

in Figure 4.1)
Definition 2% Structure | Water DMSO MeOH
1 CO(Tyr)-NH(GIy?) y-turn 3.1 - 3.4
2 CO(GIy?)---NH(Phe%) y-turn 6.8 1.4 1.4
3 CO(Gly?)---NH(Met®) y-turn 4.4 - -
4 CO(Tyr")--NH(Phe%) B-turn 9.3 - 26.9
5 CO(Gly?)---NH(Met®) B-turn 4,0 - -
6 CO(Tyr")--NH(Met®) C-13 7.6 - 31.8

Reverse turns

1 CO(Met®)---NH(GIy®) c-11 - 16.5 -
2 CO(Met®)---NH(GIy?) C-14 1.8 20.3 -
3 CO(Met®)---NH(Tyr") C-17 7.7 17.5 39.3

Terminal turns
with O%of Met’-term

1 COXT(Met®)---NH(GIy?) C-11 term - 48.6 -
2 COXT(Met®)---NH(GIy?) C-14 term 1.3 15.2
3 COXT(Met®)---NH(Tyr") C-17 term 5.8 15.5 51.2

Total characteristic

hb backbone-backbone 10 7 6
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Table 4.4: Structural conformations formed by backbone-backbone hydrogen bond interactions and their
percentages in different solvents for the neutral form of Met-enkephalin (Residues are numbered

according to Figure 4.1)

Definition Description DMSO MeOH
1 CO(TyrY)-NH(Gly?) y-turn 6.1 7.6
2 | CO(GIy?)--NH(Phe%) y-turn 6.2 6.9
3 | CO(GIly®)--NH(Met®) y-turn - 4.6
4 | CO(Tyr")---NH(Phe*) B-turn 2.6 17.6
5 | CO(GIlY?)---NH(Met®) B-turn 40.4 14.5
6 | CO(Tyr")--NH(Met’) C-13 - 11.4

Reverse turns

1 | CO(Met®)--NH(GIy®) C-11 - -

2 | cCO(Met®)--NH(GIy?) C-14 - 1.2
3 | CO(Phe*)--NH(Tyr") C-14 - 1.2
4 | CO(Met®)--NH(Tyr") C-17 - 1.5

Terminals turns
with -OH of Met>-term

1 | CO(Gly?)---OH(Met®) C-10 - 1.4

2 | CO(Tyr)---OH(Met®) C-13 - 1.3

Total characteristic
hb backbone-backbone
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A higher level of classification of secondary structure conformations involves
combining two or more such structures to form motifs. The two main types of secondary
structure motifs are defined as follows:

27 Ribbon = two consecutive y-turns;

and 33 helix= two consecutive p-turn.

Using the above definition of motifs, for Met-enkephalin in the zwitterionic form,
none of the defined secondary motifs were formed at significant percentages. This
means that the percentage motifs abundance in all solvents was less than 1%. On the
other hand, secondary structure motifs were observed in the neutral form of Met-
enkephalin. In methanol, there was 1.8% presence of motifs over all the simulation time,
characterized by the simultaneous presence of CO(Tyr')--NH(Phe*) and

CO(Gly?)---NH(Met®) forming a 2 ribbon.

The existence of competition-cooperation interactions and folded bonds for
backbone acceptors and donors was also investigated in the different simulations. In
this regard, the percentage of simultaneous presence of a backbone donor or acceptor,
in more than one backbone-backbone hydrogen bond interaction, over the entire
simulation was determined for both the zwitterionic and neutral form of Met-enkephalin,
and the results are presented in Table 4.5 and 4.6. These interactions are considered to

be present if their existence percentage is equal or greater than 1%.
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Table 4.5: Percentage of simultaneous presence of a backbone donor or acceptor in more than one
backbone-backbone hydrogen bond interaction for the zwitter-ionic form of Met-enkephalin in different
solvents

Acceptor/Donor | Water

co(Tyr") 4.2 % bifurcated:
CO(TyrY)--NH(Phe*) & CO(Tyr")---NH(Met®)

DMSO

1.2 % trifurcated:

CO(Met®)---NH(Gly’) & CO(Met®)---NH(Gly?) & CO(Met®)---NH(Tyr")
13.1 % bifurcated:

CO(Met®) CO(Met®)---NH(Gly’) & CO(Met®)---NH(Gly?)

2.4 % bifurcated:

CO(Met®)--NH(Gly®) & CO(Met®)---NH(Tyr")

4.1 % bifurcated:

CO(Met®)---NH(Gly?) & CO(Met®)---NH(Tyr")

1.0 % trifurcated:

COXT(Met®)---NH(Gly®) & COXT(Met®)--NH(Tyr") & COXT(Met®)---NH(Gly?)
6.7 % bifurcated:

COXT(Met®) COXT(Met®)---NH(Gly’) & COXT(Met’)---NH(Tyr")

3.4 % bifurcated:

COXT(Met®)--NH(Gly*) & COXT(Met®)---NH(Gly?)

4.0 % bifurcated:

COXT(Met®)---NH(Tyr") & COXT(Met®)---NH(Gly?)

NH(Gly®) 1.5 % bifurcated:
CO(Met®)---NH(Gly?) & COXT(Met®)---NH(GIy?)
NH(Tyr1) 6.1 % bifurcated:
CO(Met®)--NH(Tyr") & COXT(Met®)--NH(Tyr")
MeOH
CO(Tyr") 1.2 % bifurcated:

CO(Tyr")--NH(Gly®) & CO(Tyr')---NH(Met®)

16.7 % bifurcated:
CO(Tyr")---NH(Phe") & CO(Tyr')---NH(Met®)

NH(Tyr") 6.0 % bifurcated:
CO(Met®)--NH(Tyr") & COXT(Met®)--NH(Tyr")

Table 4.6: Percentage of simultaneous presence of a backbone donor or acceptor in more than one
backbone-backbone hydrogen bond interaction for the neutral form of Met-enkephalin in different solvents

Acceptor/Donor DMSO

CO(Tyr) 7.6 % bifurcated:
CO(Tyr")--NH(Phe*) & CO(Tyr")---NH(Met®)

The simultaneous presence of a backbone donor or acceptor in more than one

backbone-backbone hydrogen bond interaction was detected in the zwitterionic form of
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Met-enkephalin in different solvents (Table 4.5) and only once this scenario was
observed in the neutral form of Met-enkephalin as shown in Table 4.6. This means that
the pentapeptide exists relatively more abundantly in the zwitterionic form than the

neutral form in solution.

Finally, the backbone-side chain hydrogen bond interactions were determined for
both the zwitterionic and the neutral Met-enkephalin in the different solvents. For all the
three solvents, no significant data (< 1.0%) was obtained for the existence of backbone-
side chain hydrogen bonding for the zwitterionic form of Met-enkephalin. For the neutral
form of Met-enkephalin, 1.2% existence of the SH(Met®)---NH(Met®) bond was detected
in the MeOH solvent only. This is an intra-residue bond, as it occurs within Methionine

and does not involve another residue.

4.4 Conclusions

Molecular dynamics simulations of Met-ekephalin show that the DMSO and
methanol trajectories of the pentapeptide favoured the formation of a right handed a-
helix and 31p-helix secondary structures, and that these structures are not energetically
stable enough in water. Moreover, the zwitterionic form of Met-enkephalin has a very
high percentage of backbone-backbone hydrogen bond interactions in DMSO and
MeOH (84% and 87%, respectively), but very low in water (36%). This means that the
peptide has a high tendency to form intra-hydrogen bonds in the presence of DMSO
and MeOH which typically yield a-helices and B-sheets structures for peptides.

However, water did stabilize these interactions most probably due to its polarity. Thus,

65



both DMSO and MeOH act as structuring solvents in this case. The majority of the
percentage of simultaneous presence of a backbone donor or acceptor, in more than
one backbone-backbone hydrogen bond was detected in the zwiterionic Met-
enkephalin. Only one such interaction was observed in the neutral Met-enkephalin. The
secondary structures characterized in this study using MD simulations follow a similar

trend with experimental NMR results reported in literature [35,36,65].
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CHAPTER 5

CASE STUDY II: MD STUDIES OF VIP AND PACAP27: EVALUATION
OF THE GB MODELS AND FORCE FIELDS

51 Introduction

Vasoactive Intestinal Peptide (VIP) having a sequence His'-Ser’*-Asp?-Ala*-Val°-
Phe®-Thr’-Asp®-Asn®-Tyr'®-Thr'!-Arg*?-Leu’*-Arg!*-Lys'*>-GIn'¢-Met!’-Ala'®-Vval'°-
Lys?%-Lys®'-Tyr??-Leu®*-Asn®*-Ser®>-Ile*®*-Leu®’-Asn®®>-NH,) is closely related to
Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP), both of which are
hormones belonging to the glucagon/secretin familiy that exhibit neuroprotective action.
However, VIP is a 28 residue-long peptide whereas PACAP presents two amidated
forms that exhibit the same pharmacological profile: a 38 residue peptide and a 27 N-
terminal residue fragment, known as PACAP27. The sequence, His'-Ser?-Asp>-Gly*-
Ile>-Phe®-Thr’-Asp®-Ser®-Tyr'%-Ser*!-Arg*?-Tyr'3-Arg*-Lys'*-GIn'®-Met'’-Ala'8-Vval*°-
Lys?°-Lys®'-Tyr??-Leu®*-Ala®*-Ala®>-Val**-Leu?’-NH,, shares a high sequence

homology with that of VIP.

At least three receptors of the Group Il secretin family of the G-protein coupled
receptors (GPCR): VPAC;, VPAC, and PAC,, have been identified to mediate their
action with different degree of affinity to VIP and PACAP. Thus, whereas the PACAP-
specific PAC; receptor displays a much higher affinity for the two forms of PACAP
(IC50, 1nM) than for VIP (IC50, 1000 nM), the VPAC; and VPAC; receptors recognize
PACAP38, PACAP27 and VIP with similar affinity in the nanomolar range [59]. The

spectrum of functionalities exhibited by these peptides has prompted several authors to
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highlight its potential as suitable biological targets for the treatment of inflammatory and
neurodegenerative diseases [59, 60, 61, 62, 63]. However, despite the extensive
investigation carried out in previous years there is a scarce number of ligands with
agonistic or antagonistic profile available at present, thus hampering a deeper
understanding of their role in the signaling processes and in the development of new

therapeutic agents.

Considering the fact that PACAP27 and VIP have significant sequence homology,
their selectivity for the three receptors characterized thus far can be ascribed to subtle
differences in their sequence and conformational profile [64, 65]. Structure—activity
relationships (SAR) studies carried out on intact VIP, its fragments, and synthetic
analogues suggest that the integrity of VIP is necessary to exert its full biological activity
[66]. Specifically, the C-terminal fragment of the peptide has been shown to be
required for high affinity antagonism, whereas the N-terminus (residues 1-11) can be
considered the locus of its biological activity. Moreover, Hisl has been identified to be
critical for receptor activation [66], since the fragment VIP (2-28) exhibits an
antagonistic profile. With regard to PACAP27 and PACAP38, residues 1-6 have been
shown to be necessary for agonistic activity, since fragments lacking this segment
exhibit an antagonistic profile. Finally, it has been suggested that the selectivity for the
different receptors exhibited by PACAP and VIP resides principally in the features of

their respective fourth and fifth residues [64, 65].

With regard to the structure exhibited by these peptides in solution, two-

dimensional (2D) nuclear magnetic resonance (NMR) studies on VIP in a 40%
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trifluoroethanol (TFE) water mixture [67] suggests that the peptide consists of two
amphipatic helices between residues 7-15 and 19-27 respectively connected by a
region with an undefined structure. On the other hand, 2D NMR studies conducted on
some VIP fragments [68] suggest that the N-terminal region (residues 1-6) exhibits a
folded conformation. With regard to the structure of PACAP27 two different
conformations have been proposed in solution. In the presence of TFE, the peptide
exhibits a disordered N-terminal domain followed by an a-helix spanning residues 9 to
26 with a discontinuity between residues 20 and 21. The N-terminal end of the
polypeptide has a free amine group, whereas the C-terminal end of the polypeptide has
a free carboxyl group. In contrast, in a 25% methanol water mixture the conformation
adopted by PACAP27 is composed of three distinct regions: a type Il B-turn at residues
9-12, and two a-helices spanning residues 12-20 and 22-24 [69]. As a result, minor
conformational changes between PACAP27 and VIP are likely to contribute to the

selective recognition of the receptors.

One of the broader goals of this study was to describe the conformational features
of these peptides using computational methods focused mainly on establishing the
conformational features of the N-terminus of VIP using simulated annealing [70].
Accordingly VIP and PACAP27 were subjected to a molecular dynamics simulation with
the aim to explore their conformational features, and to compare the results available

from NMR experiments.

In order to provide a deeper insight into the structural features of these peptides,

their folding process in solution was explored using molecular dynamics simulations
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(MD) starting form their extended conformations. Long enough MD simulations have
been proven to be an adequate tool to obtain the folded conformation of a peptide in
solution, providing a wealth of information about the conformational profile of peptides
[2, 4]. For instance, previous efforts of our research group provided interesting results
on the conformational features of substance P (another helical peptide), starting from an
extended conformation using MD, trajectories in implicit and explicit solvents in the

presence of water and methanol molecules [71, 72].

This study was carried out in two different steps. First, a more methodological
study was applied to VIP, which served as a model to determine the best computational
protocol that fits better with the experimental results available. Secondly, these results
were used to run a MD simulation on PACAP27. Initially, a comparison between the
conformational profile obtained from the analysis of four different 200 ns MD simulations
with the available NMR results was made using VIP as a model peptide. Specifically,
MD simulations were carried out using two implicit models of the solvent based on the
Generalized Born (GB) approximation: Onufriev, Bashford and Case (GB°®°) [41] and

the Hawkins, Cramer and Truhlar (GB"°T

) [73, 74] implementations. In addition, the
performance of the two different force fields was tested: AMBER ff99 and ff99SP. The
former is a reparametization of ff96 [75], whereas the latter is a modification of the force
field ff99 as suggested by Sorin and Pande [76]. They removed the phi () barriers in
the AMBER force field ff99 by employing the original AMBER force field ff94 ¢ torsion

potential with the purpose of better reproducing the experimental thermodynamics and

kinetic data for the helical conformation.
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An advantage of performing MD simulations using an implicit solvent model instead
of explicitly representing solvent molecules is to provide a faster sampling of the
conformational space. The delimitation is that simulations of this kind do not sample the
conformations stabilized through interactions with solvent molecules, as a consequence
more compact structures are obtained. Bearing this in mind, these simulations can be
considered appropriate for comparison of conformational profiles obtained from
experimental results of NMR studies performed in solvents such as water and TFE.
However, it should be taken into account that TFE can be considered as a structuring
solvent, known to induce and stabilize a-helical conformations in peptides, in good

correlation with the intrinsic propensities of their sequences [77].

5.2 Computational Protocols

VIP and PACAP27 were constructed using the leap module in AMBER 8.0 [26].
The N-termini were protonated (NHs") and the C-terminal was amidated (CONH,) for
both VIP and PACAP27. Each initial structure in its extended conformation was
energetically minimized with a convergence criterion of 0.005 kcal.mol™ A™, the non-
bonded cutoff of 99 A and the direct sum of non-bonded list was updated every 10
steps. After energy minimization, structures were equilibrated for 10 ps by gradually

increasing the temperature from 0 to 300 K.

Two different force fields were used to run the calculations: ff99 and ffO9SP [76].
The salt concentration was set to 0.2 M in order to mimic physiological conditions. The

dielectric constant around the peptide (internal dielectric constant) was €=1 and the
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external dielectric constant of €=78.5, corresponding to water. More precisely, the
solvent was represented with two continuum generalized Born models: the pairwise GB
model introduced by Hawkins, Cramer and Truhlar (GB"") [73, 74] and the model
presented by Onufriev, Bashford and Case (GB®®®) [41]. A total of 6 trajectories of 200
ns were run. Four trajectories for the peptide VIP were run with the two different force
fields ff99 and ffo9SP separately using the GB implementations GB"“T and GB®"C.
Accordingly, two trajectories for PACAP 27 were run using ff99 and ff99SP using the
GB®®® model. After minimization the structure was equilibrated at a temperature of 300
K, with the SHAKE algorithm used to constrain hydrogen bonds. MD runs were started
under GB conditions at constant temperature using weak coupling at 300 K. Bonds
involving hydrogen atoms were constrained with no cutoff for non-bonded interactions.
Snapshots were recorded every picosecond for later analysis. Bond distances and
dihedral angles were obtained from the MD trajectories using relevant ptraj module of
AMBER and analyzed using in-house programs. The bond distances from the
trajectories were compared to intensities of Nuclear Overhauser Effects (NOES)

obtained from NMR experiments [67, 78].

Classification of structures (CLASICO)

Dihedral angles for the backbone were obtained from the MD trajectories using
the ptraj module of AMBER. Subsequently, a modified version of the CLASICO program
described in Corcho et al. [71] was used to study the percentage of conformational
motifs present for the 200 000 structures obtained in each of the MD trajectories. The

procedure is based on a division of the Ramachandran plot into different regions,
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labelled with a one-letter code. From the dihedral angles of residues, conformations can
be labelled by a string of letters. In a second step, using a two- or three-letter window,
strings were classified into conformational patterns following a set of rules [71]. The
new strings of conformational motifs are called patterns. This procedure permits the
identification of different conformational patterns attained by the peptide, as well as
comparing differences in conformational spaces sampled using different computational

methods.

53 Results and Discussion

As described in the Computational Protocols section, four 200 ns MD trajectories
of VIP were computed using the extended conformation as starting structure and using
two different force fields (ff99 and ff99SP) and two different GB implementations (GB"¢"
and GB°®°). Trajectories were labelled as VIP-ff99-GB"“", VIP-ffo9SP-GB"CT, VIP-ff99-

GB2®¢ and VIP-ff99SP-GB®®®, respectively.

For every snapshot in each trajectory, conformational patterns were assigned
using an in-house programme called CLUSTERIT [79]. Therefore, after 200 000
snapshots for the four different trajectories were run, designated: VIP-ff99-GB"C", VIP-
ff99SP-GB"", VIP-ff99-GB°®“ and VIP-ff99SP-GB®"¢, 95 503, 119 508, 178 934 and
191 229 different patterns were identified. A representation of the evolution of the new
patterns sampled along the trajectory for the different trajectories is shown in Figure 5.1.
These plots provide an indication of the efficiency achieved in exploring the

conformational space of these peptides with the different sets of conditions used. The
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HCT
B

simulations using the G approximation seem to sample the conformational space

by hopping, meaning that the peptide gets trapped in lower regions (one of the many
local minima) of the conformational space at certain intervals, whereas the GB°®¢
approximation appears to be less restrictive in the sampling of the conformational

space, evidenced by new patterns explored at a steady pace. With regard to force fields

used, the ffO9SP yields a higher number of patterns.
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Figure 5.1: The structures obtained in the four VIP trajectories and classified using the CLASICO
programme. (a) VIP-ff99-GB"“" (b) VIP-ff99SP-GB"“" (c) VIP-ff99-GB?®® (d) VIP-ff99SP-GB®®. Each
new combination of conformational motifs is a pattern, and the evolution of new patterns can be followed
along the trajectories reported in the present work.
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Figures 5.2a-2d show the conformational motifs sampled along each of the four
trajectories using a three residue window. Specifically, Figure 5.2a shows the profile
obtained in the VIP-ff99-GB"" trajectory, where the peptide exhibits a predominently
helical propensity between residues 15-18 and 20-25 with low propensity for helicity
between residues 2 and 4. In contrast, the region between residues 5 and 14 exhibits
an undefined conformation. In the VIP-ff99SP-GB"" trajectory (Figure 5.2b), the peptide
adopts a- and 3;0-helix structures from residues 10 and 26. The segment from residue
2 to 8 exhibits a low tendency for helical conformation, with residue 9 adopting an
extended conformation. In trajectory ff99-GB°®° (see Figure 5.2c) the peptide exhibits a

higher degree of helicity than the two preceding trajectories computed using the GB"T

approximation. Finally, the trajectory ff99SP-GB®E¢

presents a similar conformational
profile as ff99-GB®5® with a higher degree of helicity in the profile of the peptide, as can

be seen in Figure 5.2d.

Time evolution of conformational motifs of the peptide is depicted in Figures 5.3a
to 3d for each of the four trajectories of VIP. As can be seen the percentage of
secondary structures sampled in the trajectories follows the order: VIP-ff99-GB"CT >V/|P-
ffO9SP-GB"CT >VIP-ff99-GB°5C >VIPff99SP-GB°®C. Moreover, the secondary structural
motifs appear almost from the beginning of the trajectory with the transient existence of

conformations with 31o- and a-helical motifs.

Although secondary structure analyses provide an overall description of the
average structure, the performance of the different protocols in describing the peptide

folding process can be more accurately assessed by making direct comparisons with
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NMR experiments [67]. Since NOE’s are inversely related to the sixth power of the
distance between the atoms involved, they offer a direct comparison with distances
measured in the computer simulations. Accordingly, distances between atoms
responsible for the different NOE’s reported in literature [67] were calculated for each of

the different MD trajectories in this study.

Assuming a normal distribution, distance intervals computed from the MD studies
were defined by the average value of the distance +1,96 o, covering a 95% of the
variance. Assessment of the similarity between the solution structure reported in the
NMR experiments and those computed in the MD trajectories, the percentage of overlap

between the NOE distance interval and the MD distance interval was calculated.

In order to avoid the effect on the distance produced by the folding process of the
peptide, the overlap was computed for the total length of each trajectory (200 ns) and
for the last 50 ns. The overlap was separately computed for the long distances (Id)
(corresponds to NOE signals of atoms two residues away) and short distances (sd)
(neighbouring atoms). Table 5.1 lists the values of the computed overlap between MD
and experimental NMR results. Figure 5.4 presents a qualitative comparison between
the distance intervals attained by the atoms involved in the different NOE signals of VIP

inferred from the NMR results reported in literature [67] and the distances computed
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Figure 5.2: Percentage of motif abundance for the MD trajectories of VIP: (a) VIP-ff99-GB"“T (b) VIP-
ff99SP-GB"" (c) VIP-ff99-GB°®¢ (d) VIP-ff99SP-GB°®C. () PACAP27-ff99-GB°®*¢ and (f) PACAP27-
ffo9SP-GB®®°. Conformational motifs are labelled: H (o-helix), X310 (3i0-helix), PI (n-helix), PP2
(polyproline 1), EXT (extended conformation), S (B-strand). Only H, X310 and EXT are exhibited by the
structures in the MD trajectories obtained in the present study. Pl, PP2 and S are absent.
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from the MD simulations. Analysis of Figure 5.4 provides a qualitative idea of the
overlap between the two sets of distances for each of the four different trajectories:
suggesting that an overlap of 8, 10, 14 and 14 out of 14 distances, for the trajectories
VIP-ff99-GB"°",  VIP-ff99SP-GB"“T,  VIP-ff99-GB®®*¢ and  VIP-ff99SP-GB®,
respectively. This can be further analyzed in a more quantitative basis from the analysis
of Table 5.1, where it can be observed that GB®© provides more reliable results. With
regard to comparing the effect of the force field, it can be concluded that ff99SP exhibits
the higher agreement with the NMR structure considering the tolerance associated to

the different atom-atom distances.

After the analysis of the results obtained for VIP, two 200ns MD trajectories for
PACAP27, starting from its extended conformation were run using the GB©®¢
implementation with two different force fields ff99 and ffO9SP. The trajectories were
labelled PACAP27-ff99-GB°2¢ and PACAP27-ff99SP-GB°5C, respectively. Figures 5.2e
and 5.2f show the conformational motifs characterized in the two trajectories using a
three-residue window. The profile obtained describes the peptide as exhibiting a helix at
the N-terminus (residues 2-8) and the C-terminus (residues 11-26), whereas residues 9-
10 do not present a defined structure. On the other hand, the results obtained using
ffo9SP show a partially helical structure at the N-terminus (residues 2-5) and two
consecutive helices at residues 6-18 and 20-25. The tendency for a helical structure is

low at residue 19. These results compare well with the structure of PACAP27 obtained
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Table 5.1: Percentage of overlap between the NOE's and MD interval for the VIP and PACAP27
trajectories. The NOE's interval has been taken from Thierault et al., [69], Wray et al., [78] for VIP
and PACAP27, respectively. The overlap was computed for the total length of each trajectory (200
ns) and for the last 50 ns. The overlap was separately computed for the long distances (Id)
(corresponds to NOE signals of atoms two residues away) and short distances (sd).

VIP-ff99-GB"¢"
0-200 150-200

total Id sd total Id Sd

51.3 26.6 54.1 53.4 26.8 56.7
VIP-ff99SP-GBCT
0-200 150-200

total Id sd total Id Sd

51.4 349 53.4 53.1 38.7 54.8
VIP-ff99-GB“B¢
0-200 150-200

total Id sd total Id Sd
53.6 37.5 55.6 54.8 41.2 56.4

VIP-ff99SP-GB B¢
0-200 150-200

total Id sd total Id Sd
55.9 43.8 57.4 56.6 47.3 57.7
PACAP27-ff99-GB B¢

0-200 150-200

total Id sd total Id Sd
215 11.7 28.0 21.7 12.0 28.0

PACAP27-ff99SP-GB°B°
0-200 150-200

total Id sd total Id Sd
20.8 114 27.0 21.3 11.9 27.5
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by NMR spectroscopy in the presence of trifluoroethanol (TFE) where the peptide
exhibits a disordered N-terminal domain followed by an a-helix expanding residues 9-26
with a discontinuity between residues 20 and 21. Time evolution of the conformational
motifs is depicted pictorially in figures 5.3e and 5.3f for the two trajectories of PACAP27.
In this case of PACAP27, the trajectory performed using the ff99 force field yielded a

higher degree of helical structure than that performed using the ff99SP force field.

Comparison with reported NMR data, from a study carried out by Wray et al.,
[78], was carried out in a similar manner as for VIP. Table 5.1 shows the percentage
overlap between the distances computed from the MD trajectories and those deduced
from the NOE'’s reported in literature, and Figure 5.4e and 4f show pictorially the overlap
between the two sets of distances. The results obtained indicate that of the 35 distances
computed, 14 exhibit good overlap in the trajectory PACAP27-ff99-GB°®, whereas
trajectory PACAP27-ff99SP-GB°EC exhibits an overlap of 29 distances. In this case
where the experimental results are of better quality than in VIP, the force field ffO9SP
trajectory of PACAP27 produced a larger degree of resemblance to the NMR structural
features of PACAP27 in a TFE-water mixed solvent. In the present study a series of MD
trajectories of VIP and PACAP27 were carried out under an implicit model of the
solvent. The aim of this study was two-fold: firstly, to characterize the folded
conformation of these two peptides and secondly, to determine which of the
Generalized Born models is the most accurate in reproducing the folding structure of the
peptide in solution that is similar to the NMR structures available in the literature. The

analytic GB model efficiently describes electrostatics of molecules in water environment.
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It represents the solvent implicitly as a continuum with the dielectric properties of water,

and includes the charge screening effects of salt.
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coil).
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The GB®®® implementation uses effective Born radii that has been shown to
greatly increase the accuracy of the atom-pair terms. This study has shown that the GB
approximation published by Onufriev et al., (GB®®®) [41] presents a higher agreement in
respect to the NMR structure of VIP available in the literature than the GB™"°T

approximation. Thus, by using the GB°®¢

, a conformation of VIP was obtained that
exhibits a partially helical N-terminus (residues 2-6) and the central and C-terminal parts
of the VIP molecule were characterized as two a-helices as it has been described by
NMR spectroscopic studies. Furthermore, two different force fields (ff99 and ff99SP)
were analyzed for VIP. The latter represent a modification of the original force field
parameters that resulted in a significant improvement over the original AMBER force
field in studies of the helix-coil transition in polyalanine based peptides. The two force
fields give comparable sets of conformations, although ffO99SP gives a larger proportion

of helicity. Regarding the relative abundance of a- and 3;0-helices, ffO9SP gives similar

amounts of both whereas ff99 gives a larger proportion of 3;1p-helices.

Regarding PACAP27 the set of conformations obtained using ff99 exhibit helicity
at the N-terminus (residues 2 to 8) and the C-terminus (residues 11-26) whereas
residues 9-10 do not present a defined structure. On the other hand, the results using
ffo9SP show more agreement with the experimentally determined structure in TFE as it
exhibits partially helical structure at the N-terminus (residues 2-5) and two consecutive
helices at residues 6 to 18 and 20 to 25. The helicity is lower at residue 19. This result

compares well with the structure of PACAP27 obtained by NMR spectroscopy in the
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presence of trifluoroethanol (TFE) where it exhibits a disordered N-terminal domain
followed by an a-helix expanding residues 9 to 26 with a discontinuity between residues
20 and 21 Time evolution of the conformational motifs is depicted pictorially in Figures

5.2e and 5.2f for the two trajectories of PACAP27.

The results provide evidence that, with the protocols used in this study, both
peptides were able to fold within a 200-ns trajectory. In contrast, trajectories of this
length performed with these peptides using the extended conformation as initial
structure and soaked in a box with explicit solvent were not long enough for the peptide
to fold (data not shown). However, whereas the four protocols yielded folded structures,
there are subtle differences among them. Specifically, as shown in Figure 5.1 the four
protocols do not sample the conformational space in the same manner. Only the GB°¢
model with the ff99SP force field seems to sample the space with a constant yield of
new configurations whereas, in the case of the other three protocols the sampling
seems to get stuck in different regions of the space. To understand the relevance of the
information provided by the simulations, these results were compared with those

available from NMR experiments in TFE. Comparison can in turn provide hints to

understand the differential performance of the four protocols used.

MD simulations were performed using a continuous model of the solvent with two
different implementations: GB°®“ and GB"“", using a permittivity e=1 for the solute and
€=80 for the solvent. Although diverse reports support that inclusion of the solvent
effects using second-generation continuous models is a reliable procedure way to

include solvent effects on the energetics of peptides folding [80], however, there are still
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some problems regarding the best form to be used due to several factors including the
effects at the boundary between the solute and the solvent; the dependence of the Born
radii on the external dielectric constant; or the dependence of the implementation to the
different force fields used [88, 81]. However, it is known that the procedure is expected
to yield a peptide conformational profile biased to enhance compact conformations with
structures expected to be stabilized by peptide-solvent weak bonds shown to be not too
favorable. Furthermore, the external dielectric constant affects the electrostatic
interactions between charges in the solute, compensating the compactness of the
structures [40] and consequently, peptides with sequences of a majority of hydrophobic

residues will not be as affected as sequences with charged residues.

In any case, it could be argued that the GB approach bias the conformational
profile providing a list of the different accessible conformations that are intrinsic to its
primary sequence. On the other hand, a similar argument has also been given in the
literature for explaining the tendency of peptides to be more structured in experiments
carried out in TFE/water mixtures [77]. Although the reason for this behaviour is not
completely known, there is evidence supporting that this is due to the tendency of the
solvent to form large clusters surrounding the peptide, enhancing in this way
intramolecular hydrogen bonding of the amide group [82] resulting in a more defined
structure in solution. Accordingly it would be reasonable to expect similar
conformational bias in the two procedures, giving support for a meaningful qualitative
comparison. For this purpose, a comparison of the experimental NOEs available for VIP
with those computed from the different simulations permits us to draw some

conclusions. Inspection of Figure 5.4 suggests that the GB°® model with the ff99SP
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force field provides the best match with the experimental results for the different
conditions tested. This is quantitatively confirmed looking at the results listed in Table I.
Indeed, although the performance of the four protocols is similar, providing an average
overlap of 57% for the long distances this percentage increases from a 27% to 59%.

OBC
B

Based on these results PACAP27 was studied using only the G implementation.

The results obtained in the present work clearly suggest that the peptides attain
partially helical structures regardless of the force field. However, the subtle changes in
the secondary structure induced by the f99SP force field favours the intramolecular
interactions arising from the peptide sequence, similarly as the structuring solvents do
experimentally. Therefore, we conclude that the combination ff99SP and GB©9®¢
appears to be a good method for predicting the behaviour of the peptides in a solvent
that stabilizes secondary structure. However, further studies will be carried out with the
ALPB approximation [40] to evaluate if it performs any better than GB°®. Following this
reasoning, it was decided to adopt in the present work a computational approach aimed
at characterizing the intrinsic conformational features of VIP and PACAP 27, which
could provide information about the equilibrium conformation of peptides starting from

an extended one.

On the other hand, different force fields perform better than others when
combined with implicit solvent models. In this situation in the present work we decided
to test two different Generalized Born models: the GB™°" and the GB°®° in combination
with two different force fields: the ff99 developed from the refinement of many torsional

parameters from ff94 and ff96, and a modification of it called ff99SP to avoid a strong
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helical bias observed in the original force field based on studies of the helix-coll
transition in polyalanine [39]. The conclusion of this work regarding the better

performance of the GB°®¢

model was also found in a recent work aimed at comparing
the performance of different combinations of GB models and force fields in their ability

to properly simulate folding of small-medium size peptides of known structure [39].

One of the goals of the present contribution was to investigate the limitations of
different computational procedures using an implicit model for the solvent in providing a
picture of the conformational profile exhibited by a medium-sized peptide in solution
without any prior knowledge. The four protocols produce different patterns of the
configurational space sampled (see Figure 5.1). Thus, the combination GBE¢-ff99SP
samples the space with new conformations appearing at a constant rate whereas the
three other simulations (GB°®¢-ff99, GB"C'-ffo9SP, and GB"C'-ff99) get trapped in

different areas of the conformational space.

54 Conclusions

In summary, the GB°®® implementation is better than GB™" in terms of the
efficiency of the conformational space exploration. Regarding the differences that the
use of ff99 and ffO9SP has produced, it can be concluded that the ffO9SP fits better with
the NMR experimental results in a TFE/water mix. This solvent condition induces the
structuring of the peptide and thus, ffO9SP produces a higher degree of secondary
structure compared to what should be expected in water, thereby compensating for the

need of a structuring solvent.
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CHAPTER 6
CASE STUDY IlI: MD STUDY OF VIP: EFFECT OF THE FORCE FIELD

6.1 Introduction

Molecular dynamics (MD) simulations of even the smallest peptides is not a trivial
task. The many degrees of freedom inherent in peptides make their simulation studies
to be computationally demanding. Thus, to adequately sample the conformational space
of peptides, not only the chosen generalized Born (GB) model is critical but the force
fields employed must be equally robust. Due to the increasing interest in applying
computational methods in drug discovery, development and refinement of simulation
protocols is essential. Specifically, robust computational methods can be used to gain
insight about peculiar features of known peptides and proteins and can also be used as
a predictive tool in the study of unknown and lesser known peptides and proteins. Thus,
using these techniques, the dynamic structural features of peptides and protein
segments can be elucidated, resulting in the assignment of functions and determination

of their mechanisms of action.

This study was carried out to evaluate the effect of force fields in MD simulations
of the folding patterns of helical peptides. VIP was used as a model peptide. In the
previous study (Chapter 5), ffO9SP proved to be reliable in reproducing the folding
patterns of VIP that were comparable to experimental results. In this particular study the
performance of ff99SP was compared to ff96 and its modified version ff96n (i.e. ff96
with igb =7). In particular, the ability of these force fields to produce helical structures
starting with an extended structure of VIP was evaluated.
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6.2 Computational Protocols

VIP was constructed using the leap module in AMBER 8.0 [26]. The N-termini
were protonated (NHs") and the C-terminal was amidated (CONH,). The initial structure
in extended conformation was energetically minimized with a convergence criterion of
0.005 kcal.mol* A, the non-bonded cutoff was set to 99 A, and the direct sum of non-
bonded list updated every 10 steps. After energy minimization, the structure was

equilibrated for 10 ps by gradually increasing the temperature from 0 to 300 K.

Since replica exchange molecular dynamics (REMD) simulations are known to
sample the conformational energy space of peptides and yielding data that is consistent
with experimentally determined data, a single REMD trajectory of VIP, using ff96, was
used as a reference calculation. For this REMD reference trajectory, eight replicas with
target temperatures allocated according to the procedure described below were run in
parallel for 150 ns for VIP. The exchange frequency was set to 2 ps. The number of
replicas necessary to carry out these calculations was obtained by calculating the
closest square root of the number of atoms of the system that yields a positive number.
In order to determine the temperature distribution of the replicas, the system was
equilibrated at eight different temperatures: 200, 300, 400, 500, 600, 700, 800, and 900
K, providing information about the average energy as a function of temperature, E(T).
This information was used to derive a set of seven coupled non-linear equations using a
probability of acceptance criterion of 0.2 between two neighbouring replicas. The
system of equations was solved iteratively by varying the temperature of each replica,

subject to the condition that the temperature of the third replica was set to 300 K.
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Solution to these equations yielded a set of target temperatures for the different

replicas.

Table 6.1: Study design to investigate the effect of force fields

Simulation Force field Implicit solvent
MD: VIP ff96 Water

ffo6 (igh=7) Water

ffO9SP Water
REMD: VIP ff96 Water

Three different force fields shown in Table 6.1 were used to run 200 ns
calculations: ff96, ff96n (igb =7) and ffo9SP. Salt concentration was set to 0.2 M in order
to mimic physiological conditions. The dielectric constant around the peptide (internal
dielectric constant) was set to €=1 and the external dielectric constant of €=78.5,
corresponding to water. More precisely, the solvent was represented with the continuum
generalized Born model presented by Onufriev, Bashford and Case (GB°®°) [41]. This
GB model was chosen after it was found to be effective in simulating folding patterns of
VIP and PACA27 (see Chapter 5). A total of three trajectories of 200 ns were run. One
REMD trajectory using force field ff96 was used as a reference calculation. Dihedral
angles were obtained from the MD trajectories using relevant ptraj scripts in the AMBER

suite [26] and analyzed using our in-house programs.

90



6.3 Results and Discussion

Three 200 ns MD trajectories of VIP were computed using the extended
conformation as starting structure and using three different force fields (ff96, ff96n
(igh=7) and ff99SP) under an implicit water solvent. Trajectories were labelled as VIP-
ff996, VIP-ffoén, and VIP-ffO9SP, respectively. The reference REMD trajectory was

labelled VIP-REMDff96.

For every snapshot in each trajectory, conformational patterns were assigned
following the procedure described in the Computational Protocols section in Chapter 5.
Representation of the evolution of the new patterns sampled along the different
trajectories is shown in Figure 6.1. These plots provide an indication of how efficient the
different force fields were in exploring the conformational space of VIP. The simulations
using ff96 and ff96n seem to sample the conformational space by hopping, meaning
that the peptide gets trapped in lower regions (one of the many local minima) of the
conformational space at certain intervals (Figure 6.1a and b). The VIP-ff96 trajectory
produced different patterns until it equilibrated, while the VIP-ff96n trajectory followed
the same pattern but produced bigger clusters of identical structures. It can thus be
inferred that by modifying force field ff96 to force field ff96n, certain structural
conformations are stabilized. On the other hand, the use of ff99SP force field appears to
be unrestrained in the sampling of the conformational space, hence the linear plot,
evidenced by new patterns explored at a steady pace by the VIP-ffO9SP trajectory
depicted in Figure 6.1c. This trajectory produced patterns in a manner similar to the

reference REMD trajectory ran using ff96 shown in Figure 6.1d.
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Figure 6.1: Patterns of structures obtained using the CLASICO programme for (a) VIP-ff96, (b) VIP-ffo6n,
(c) VIP-ff99SP, and (d) VIP-REMDff96. Each new combination of conformational motifs is a pattern.

Figures 6.2a to 2d show the conformational motifs sampled along each of the
four trajectories using a three residue window. Specifically, Figures 6.2a and 6.2b show

the profile obtained in the VIP-ff96 and VIP-ff96n trajectories, respectively. In both
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cases, no helical structures were obtained. Instead, the peptide exhibits predominantly
an extended conformation with low propensity for a 3-strand. On the other hand, Figure
6.2c showing the profile for the VIP-ffO9SP trajectory, exhibiting exclusively both the a-
helix and the a-31p helix structures. The reference calculation presented in Figure 6.2c
exhibits a predominantly helical structure with a low propensity for an extended
conformation in the first few residues in the N-terminal and the last few residues forming

the C-terminal.

Figures 6.3a-d show the conformational motifs sampled along each of the four
trajectories using a three residue window, taking the B-turns into account. Figures 6.3a
and 3b both exhibit few residues with B-turn conformations. Only two residues in VIP-
ff96 trajectory Figure 6.3a) have at least 20% B-turns and only four residues in the VIP-
ffo6n trajectory (Figure 6.3b) have a similar percentage of B-turns. On the contrary,
Figure 6.3c (representing the VIP-ffO9SP trajectory) has an average of 60% B-turns
spanning the entire peptide, showing the tendency of this trajectory to form a helical
structure. The reference calculation exhibits B-turns from the residue 2 to the C-
terminal, with the middle region displaying as high as 25 % B-turns. The a-helix in this

case occupies a higher percentage, with low percentage of the 314 helix in few residues.
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Figure 6.2: Motif abundance for the MD trajectories of VIP excluding B-turns: (a) VIP-ff96, (b) VIP-ffo6n,
(c) VIP-ff99SP, and (d) VIP-REMDff96. Conformational motifs are labelled: H (a-helix), X310 (3y0-helix),
PI (n-helix), PP2 (polyproline 1), EXT (extended conformation), S (B-strand). Only H, X310 and EXT are
exhibited by the structures in the MD trajectories obtained in the present study, being PI, PP2 and S
absent.

These results indicate that standard MD simulations using both ff96 and ff96n are
not able to reproduce the folded VIP molecule as observed in experiments [78]. This
suggests that in these simulations the peptide is not able to sample structures in the
entire energy landscape but gets trapped in local minima, thus failing to reach the global
minimum (no blue bars). On the contrary, standard MD simulations using ff99SP are

able to sample folded helical structures of the VIP molecule, as was the case in Chapter
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5. Although these simulations gave higher percentage of B-turns to a-helix and a-319
helix structures, these B-turns occur consecutively and would yield a helical molecule

even if they were the only conformation populating the trajectory.
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Figure 6.3: Percentage of motif abundance for the MD trajectories of VIP including B-turns: (a) VIP-ff96,
(b) VIP-ffo6n, (c) VIP-ff99SP, and (d) VIP-REMDff96. Conformational motifs are labelled: turn (B-turn), H
(a-helix), X310 (340-helix), Pl (n-helix), PP2 (polyproline 11), EXT (extended conformation), S (B-strand).
Only H, X310, EXT and turns were exhibited by the structures in the MD trajectories obtained in the
present study, being PI, PP2 and S absent.
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Figure 6.4 Comparison of selected NMR derived distances shown in orange and the MD average with
the distance interval containing 95% of the structures obtained in the last 50 ns for: (a) VIP-ff96, (b) VIP-
ffoén, (c) VIP-ff99SP, and (d) VIP-REMD{f96.

The reference REMD calculations presented in Figures 6.2d, and 6.3d were able

to re-produce helical structures similar to the experimentally observed results [78]
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despite using ff96 which did not produce helical structures when used in standard MD
simulations (Figures 6.2a, 6.2b, 6.3a and 6.3b). This shows that helical structures can
be produced in simulations using a lesser adapted force field provided the
computational method has the ability to avoid trappings in the energy landscape [35]
(as it is the case with REMD calculations). This shows that helical structures can be
produced in simulations using a lesser adapted force field provided the computational
method has the ability to avoid trappings in the energy landscape [35] (as it is the case

with REMD calculations).

The integrity of the results obtained and discussed thus far can further be verified
gualitatively, by comparing the selected distances obtained from the different MD
trajectories with corresponding experimental NMR distances published in literature.
Accordingly the MD distances were plotted and the NMR NOEs were overlayed to
determine the extent of overlap as shown in Figure 6.4. These results indicate that of
the 14 distances, there was overlap in 4 distances (28%) for VIP-ff96, 2 (1.4%) for VIP-
ffoén, 14 (100%) for both VIP-ff99SP and VIP-REMDff96 trajectories. It can be seen
that the distance overlap in VIP-ffO9SP was better than in VIP-REMDff96, though there
was overlap in all the 14 distances. It can thus be deduced that distances obtained from
the MD simulations of peptide folding in the VIP-ff96 and VIP-ff96n trajectories are far
from experimental NMR values (Figures 6.4 a and b, respectively), suggesting that the
force fields ff96 and ffo6n are not ideal to be used in standard MD simulations of peptide

folding.
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On the contrary, distances obtained using force field ff99SP in standard MD
simulations of peptide folding (Figure 6.4c), were found to be qualitatively even better
than the reference trajectory (Figure 6.4d). This indicates that the force field ffO9SP is
ideal to be used in standard MD simulations of peptide folding depicted in Figure 6.5.
Moreover, in view of the reference calculation, force field ff96 produced distances that
were overlapping with the NMR experimental distances. The difference can be ascribed

to the use of REMD in sampling the conformational space of the peptide.

Figure 6.5: Structure of folded VIP molecule after 200 ns of standard
MD obtained using Forcefield ffo9SP.

6.4 Conclusions

Standard MD simulations of peptide folding require robust and advanced force
fields to successfully model the folded peptide starting from an extended conformation.
MD simulations using force field ffO9SP are successful in reproducing the folding
patterns of peptides, On the other hand, standard MD simulations using force fields ff96

and ff96n faild to adequately sample the entire energy landscape and are being trapped
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in local energy minima. However, when force field ff96 is used in REMD simulations, it
is able to sample helical structures by virtue of being associated with a computational
method that is able to sample the energy landscape effectively. Hence, both force fields
ff96 and ffO9SP have a role in computational simulation studies of the dynamic
properties of biological molecules such as peptides, provided they are used with

appropriate GB models and computational methods.
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CHAPTER 7

CASE STUDY IV: MD AND REMD STUDIES OF VIP: EFFECT OF THE
DIELECTRIC CONSTANTS

7.1 Introduction

Molecular dynamics simulation of peptide folding has been traditionally
performed using the Berendsen thermostat to regulate temperature of the trajectories
[26]. Recently, some researchers have been using the Langevin thermostat (NTT=3)
instead of the conventional Berendsen thermostat values in simulations of biological
systems such as peptides and proteins [26]. The Langevin thermostat was implemented
in the latter versions of the AMBER programme, and works by simulating random
collisions, as a molecule in solvent might feel, instead of simply scaling the velocities as
in the case of the Berendsen thermostat. This method is said to equilibrate the
temperature much more effectively and as a result, may enable a faster exploration of
the conformational phase space. It would be interesting to determine if this method

yields folded structures of flexible molecules like peptides.

In the present study molecular dynamics of VIP were performed using a
Langevin thermostat under different solvent conditions. The water solvent was treated
implicitly using the analytical linearized Poisson-Boltzman (ALPB) approach [40], and
the trajectories were run using a Langevin Dynamics. Standard MD simulations suffer
from the tendency of being trapped in one of the many local minima in the rough energy
landscape [4]. On the other hand REMD simulations efficiently hop out of local minima

enabling the exploration of the entire energy landscape. This enables the peptide to
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reach the global minimum, which is computationally desirable. Hence, both MD and
REMD simulation protocols were used to study the folding patterns of VIP, in order to
evaluate the effects of the dielectric constants of implicit solvents in the production of

helical structures.

7.2  Computational Protocols

MD simulations and REMD simulations of VIP

The peptide (VIP) in its extended conformation was used as the starting structure
using the Leap node of AMBER 8.0 [26]. VIP structure was minimized to relieve bond
strains. This was followed by the equilibration step before the production dynamics step.
The temperature was regulated using the AMBER 8.0 Langevin thermostat (with
NTT=3) instead of the Berendsen thermostat (NTT=1) [26]. The temperature of the
system was maintained at 300 K. This temperature control method uses Langevin

dynamics with a collision frequency given by GAMMA_LN.

This temperature control method is significantly more efficient in equilibrating the
system temperature than the Berendsen temperature coupling scheme (NTT=1) that
was recommended for older versions of AMBER. The biggest problem with the
Berendsen method is that the algorithm simply ensures that the kinetic energy is
appropriate for the desired temperature; it does nothing to ensure that the temperature
is even over all parts of the molecule. This can lead to the phenomenon of hot solvent-
cold solute. To avoid this, elaborate temperature scaling techniques for slowly heating

the molecule over the course of the simulation were recommended. The Langevin
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system is much more efficient at equilibrating the temperature and is now the

recommended choice for equilibrating temperature in AMBER [26].

Five trajectories of 200 ns in length were run using the force field ff96 under
implicit conditions of the solvent. Of these five trajectories, two standard MD trajectories
were run using the GB analytical linearized Poisson Boltzman model (one trajectory with
implicit water solvent, and one with implicit TFE-water solvent) and two REMD
trajectories were also run using the ALPB model (one trajectory with implicit water
solvent, and one with implicit TFE-water solvent). As the fifth trajectory, the REMD-ff96
trajectory was used as a reference calculation, since REMD simulations provide results
that a closely comparable to experimental NMR results. However, this reference
trajectory was run using the GB model of Onufriev, Bashford and Case [41], since it
was found to perform better in the initial study of VIP (see Chapter 5). At the completion
of the trajectories, dihedral angles were extracted and analyzed for the % abundance of
3-residue conformational motifs using the clusterit.7.0 version [71, 79]. Accordingly, in
this study different solvent dielectric constants were compared for their efficiency in

simulating the folding patterns of VIP.

For the REMD trajectories including the reference calculation, eight replicas with
target temperatures allocated according to the procedure described below were run in
parallel for 150 ns for VIP (due to efficiency in sampling the conformational space,
REMD trajectories achieve the folded structures in a shorter time). The exchange
frequency was set to 2 ps. The number of replicas necessary to carry out these

calculations was obtained by calculating the closest square root of the number of atoms
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of the system that yields a positive number. In order to determine the temperature
distribution of the replicas, the system was equilibrated at eight different temperatures:
200, 300, 400, 500, 600, 700, 800, and 900 K, providing information about the average
energy as a function of temperature. This information was used to derive a set of seven
coupled non-linear equations using a probability of acceptance of 0.2 between two
neighbour replicas. The system of equations was solved iteratively by varying the
temperature of each replica, subject to the condition that the temperature of the third
replica was set to 300 K. Solution to these equations yielded a set of target
temperatures for the different replicas. Figure 7.1 provides the summary of how the

calculations were set up.

Table 7.1: Study design to investigate the effect of dielectric constants

Simulation GB Model Force field Implicit solvent
MD: VIP ALPB ffo6 Water

ALPB ff96 TFE-water
REMD: VIP ALPB ff96 Water

ALPB ff96 TFE-water
REF CALC OBC ff96 Water

7.3 Results and Discussion

The present study was designed to perform MD and REMD simulations with a
goal to assess the conformation of VIP using a Langevin thermostat under the ALPB

model and to compare the effects of the different solvent conditions (solvent dielectric
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constants) in obtaining the folded structures of VIP. In all the cases, the 200 ns
trajectories started with the extended conformation of VIP. Moreover, the simulations
were carried out using implicit solvents since both the dynamic nature of peptides and
expressing the solvents explicitly are computationally intensive entities [4]. The
roughness of the potential energy surface of a peptide requires the use of robust
algorithms [39] for its exploration to the extent that it justifies the use of implicit models

for solvent over explicit solvation.

A total of five 200 ns MD trajectories of VIP using the extended structure as the
starting conformation were calculated using the ff96 force field parameter set and the
ALPB model [39]. The trajectories were labelled as follows: VIP-ff96-ALPB, VIP-ff96-

ALPBTFE, REMD-ff96ALPB, REMD-ffO96ALPB-TFE and REMD-ff960BC, respectively.

After 200 ns the patterns characterized along the sampling process in each of the
different trajectories were plotted as depicted in Figure 7.1. These plots provide a broad
overview of the performance of the different trajectories in sampling new patterns as
function of time. The two VIP trajectories of standard MD with ff96 seem to sample the
conformational space in a staggered manner, indicating the stages when the peptide is

trapped momentarily in some regions of the conformational space (Figure 7.1a and b).
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Figure 7.1: Pattern plots from MD and REMD studies of VIP using ff96 under different conditions. (a) VIP-
ff96-ALPB, (b) VIP-ff96-ALPBTFE, (c) REMD-ff96ALPB, (d) REMD-ff96ALPB-TFE and (e) REMD-
ff960BC. Each new combination of conformational motifs is a pattern, and the evolution of new patterns
can be followed along the trajectories.
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However, in the two REMD trajectories computed with ff96 new patterns are
sampled in a steady pace, indicating a lesser degree of restriction in sampling the
conformational space (Figure 7.1c and d). The trajectories representing REMD-96ALPB
and REMD-96ALPB-TFE (Figure 7.1c and d, respectively) sample the conformational
space in a similar manner as the reference trajectory shown in Figure7.le, by

continuously sapling new patterns.

Figure 7.2a-e pictorially illustrates the conformational motifs sampled along each of the
five trajectories using a three-residue window. These motifs exclude [B-turns.
Specifically, Figures 7.2a-d show the profiles obtained in trajectories VIP-ff96-ALPB,
VIP-ff96-ALPBTFE, REMD-ff96-ALPB, and REMD-ff96-ALPBTFE. Figure 7.2e shows
the conformational motifs obtained for the reference trajectory, i.e. REMD-ff96-OBC.
The standard MD trajectory with TFE-water dielectric constant (Figure 7.2b) was able to
sample a-helix structures (specifically from residue 12-26) as opposed to the trajectory
ran using the dielectric constant of water (Figure 7.2a), which exhibited only extended
conformation and B-strand structures that individually and together signify a non-helical
VIP molecule. On the other hand, the two REMD trajectories (one using the dielectric
constant of water and the other with the dielectric constant of TFE-water mixture) were
able to sample helical structures (Figures 7.2c and d). Both these REMD trajectories

showed a pattern of conformations similar to the reference trajectory (Figure 7.2e).

Figure 7.3a-e pictorially illustrates the conformational motifs (including B-turns)
sampled along each of the five trajectories using a three-residue window. Accordingly,

Figures 7.3a-d show the profiles obtained in trajectories VIP-ff96-ALPB, VIP-ff96-
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ALPBTFE, REMD-ff96-ALPB, and REMD-96-ALPBTFE. Figure 7.3e shows the

conformational motifs obtained for the reference trajectory, i.e. REMD-ff96-OBC.
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Figure 7.2: Percentage of motif abundance for the MD and REMD trajectories of VIP, excluding B-turns.
(a) VIP-ffa6-ALPB, (b) VIP-ff96-ALPBTFE, (c) REMD-ff96-ALPB, (d) REMD-ff96-ALPBTFE and (e) REMD-ff96-OBC.
Motifs are labelled: H (a-helix), X310 (3-helix), Pl (n-helix), PP2 (polyproline 1), EXT (extended
conformation), S (B-strand). H, X310, S, and EXT are exhibited by the structures in the MD trajectories
obtained in the present study, being Pl and PP2 are absent.
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Figure7.3: Percentage of motif abundance for the MD and REMD trajectories of VIP, including B-turns.
(a) VIP-ffa6-ALPB, (b) VIP-ff96-ALPBTFE, (c) REMD-ff96-ALPB, (d) REMD-ff96-ALPBTFE and (e) REMD-ff96-OBC.
Motifs are labelled: H (a-helix), X310 (30-helix), Pl (n-helix), PP2 (polyproline 1), EXT (extended
conformation), S (B-strand). H, X310, S, and EXT are exhibited by the structures in the MD trajectories
obtained in the present study, being Pl and PP2 are absent.
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Consistent with the results of conformations obtained in plots excluding B-turns,
the standard MD trajectory with the TFE-water dielectric constant (Figure 7.3b) was able
to sample B-turns in many residues as opposed to the lower percentage of B-turns
observed in the trajectory ran using the dielectric constant of water (Figure 7.a).
However, the two REMD trajectories (one using the dielectric constant of water (Figure
7.3c¢) and the other with the dielectric constant of TFE-water mixture (Figure 7.3d) were
populated with higher percentages of B-turn structures compared to the MD trajectory
as shown in Figure 7.3b. In this case, the REMD trajectory ran using the dielectric
constant of water (Figure 7.c) showed a pattern of B-turn structures that is comparable
to the reference trajectory (Figure 7.2e) slightly better than the trajectory ran using the
TFE-water trajectory (Figure 7.3d). In general, both Figure 7.3c and 7.3d show a trend
consistent with the pattern displayed by the reference trajectory. This observation
suggests that the need for a structuring solvent such as TFE-water is of lesser

importance in implicit REMD simulations in peptide folding studies.

The integrity of the results obtained and discussed thus far can be further verified
gualitatively by comparing the selected distances from the different trajectories with
corresponding experimental NMR distances published in literature. Accordingly, the MD
distances were plotted and the NMR NOEs overlayed on them to determine the extent
of overlap, and the results are presented in Figure 7.4a-d. Considering the selcted 14
distances, it can be observed that the standard MD trajectory ran using the dielectric
constant of water had MD distance overlap with only two NMR NOEs (Figure 7.4a),
while the trajectory ran using the dielectric constant of the TFE-water mixture had 8 MD

distances overlapping NMR distances (Figure 7.4b). When looking at the REMD
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Figure 7.4: Comparison of selected NMR derived distances shown in orange and the MD average with
the distance interval containing 95% of the structures for: (a) VIP-ff96-ALPB, (b) VIP-ff96-ALPBTFE, (c)
REMD-ff96-ALPB, (d) REMD-ff96-ALPBTFE and (e) REMD-ff96-OBC.
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trajectories, it can be observed that for the trajectory using the dielectric constant of
water to to represent the solvent, there was good overlap of 13 MD distances with NMR
distances (Figure 7.4c). The same observation was the case for the REMD trajectory
ran using the dielectric constant of the TFE-water mixture (Figure 7.4d). These results
suggest that for standard MD simulations of peptide folding, the use of a structure-

stabilizing solvent like TFE-water mixture is of great importance.

However, for REMD it did not matter whether the diectric constant of water or
TFE-water was used; these REMD simulations produced a similar result. There was
also an overlap of 13 MD distances with NMR distances in the case of the reference

trajectory, where GB%¢

was used instead of ALPB model, but the dielectric constant of
water was used as an implicit solvent. Finally, it can be deduced that REMD simulations
of peptide folding are efficient irrespective of the dielectric constant used, while standard
MD simulations perform better when the dielectric constant of TFE-water is used

instead of the dielectric constant of water.

7.4 Conclusions

This study has demonstrated that in the absence of a method that efficiently
samples the conformational energy space of peptide systems (as in the case with
standard MD simulations) the presence of a structuring solvent proves to be all
important in producing helical structures. However, in the case of REMD trajectories, the
presence of a structuring solvent does not seem to be that important as both B-turns
and helices can be produced in abundance irrespective of the presence or absence of

the TFE-water structuring solvent. Moreover, for standard MD simuations of peptide
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folding there is better overlap of selected MD derived distances with NMR distances
when the dielectric constant of TFE-water mixture was used instead of that of water.
The REMD trajectories were able to produce a similar overlap of the selected RMD
derived distances with NMR distances irrerespective of whether the dielectric constant

of water or the TFE-water mixture was used, in keeping with previous results.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

Molecular dynamics simulations of helical peptides have been performed during
this study. The folding conformational features of different peptides were characterized
using computational tools. Since all peptides used were known to be helical from an
NMR spectroscopic point of view, it was of interest to demonstrate if computational
methods would be able to reproduce structures identical to those found by
experimentalists. Before MD and REMD studies were conducted, a validation study of
computational methods was undertaken using explicit and water implicit solvents to run
folding simulations of a ten-residue mini-protein. This validation study established that
explicit REMD using ff96 was adequate to reproduce the experimentally observable a-
helical structures of this mini-protein. Implicit REMD trajectories revealed that implicit
force field ff96 and ff99 can be used to reproduce protein folding dynamics and that
force field ff94 is not suitable for this purpose. When the force field ff96 was applied to
the 5-residue peptide met-enkephalin, it was able to reproduce both type | and Type Il

B-turns intrinsic to this short peptide in implicit solvents using water and DMSO.

Furthermore, MD simulations protocols were performed using the different force
field parameters to ascertain which models and force fields yield results that are
comparable to experimental data. The generalized Born model of Onufriev, Bashford
and Case using the implicit water solvent and ff99SP were found to reproduce the
helicity predicted by experiments for the two model peptides, VIP and PACAP27. Our

investigation using VIP revealed that structuring solvents such as TFE-water played a
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crucial role in producing helical structures in implicit standard MD simulations. However,
REMD simulations of VIP were able to produce helical structures both in the presence
and absence of a TFE-water structuring solvent. The ability of REMD to efficiently
sample the energy conformational space of peptides offsets the need for a structuring

solvent.

Moreover, these implicit solvent simulations can be used to simulate folding
repertoire of peptides in cases where explicit solvents simulations are computationally
unfeasible due to longer timescales. Results from the present studies contribute vital
information regarding structure, function and folding dynamics of peptides, by
complementing and reinforcing experimental NMR work. In particular, the structures of
peptides obtained from these simulations can be used to design analogues of these
peptides that can be applied as potential lead compounds in computer-aided drug
design. However, the next stage of this work involves an assessment of interaction of
the model peptides with biomembranes, especially the lipid-bilayer (See APPENDIX II

for details).
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APPENDIX |

Al.1 COMPUTATIONAL DETAILS: MOLECULAR DYNAMICS PROTOCOL

In the current study molecular dynamics simulations were used to explore the folding
patterns and dynamics of small and medium-size peptides. The simulations were
carried out using mainly the AMBER 8 package. Amber is a collection of molecular
simulation programmes, specifically for biological molecules. The acronym AMBER
stands for Assisted Model Building with Energy Refinement. Sander is the main amber
programme, used for structure minimization, equilibration, standard molecular dynamics
simulations, and is also used for replica-exchange dynamics, thermodynamic
integration, and potential mean force calculations. LEaP is an X-windows-based
programme that provides for basic model building and Amber coordinate and parameter
or topology creation. It contains a molecular editor to enable residue building and
manipulation of molecules. Ptraj is an Amber component used to analyse MD

trajectories, including hydrogen bonding analysis, dihedral angles, etc.

The MD protocol could be categorized into:
e model structure building
e structure energy minimization
e equilibration (short MD)

e production molecular dynamics
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In the following sub-sections, pituaitary adenylate cyaclase-activating polypeptide 27

(PACAP27) will be used as an example of a peptide:

A1.1.1 Model structure development

The initial step in all modelling projects is developing the initial model structure. The
structure is constructed with the aid of the LEaP module. The various different residues
and their names are defined in library files that xleap loads on starting up the
programme. The names used for the residues in the pdb files must match those defined
in the default xleap library files or in user defined library files. The outputs of this
process are the coordinate (crd) and topology (top) files that are used for the next step,

i.e. structure energy minimization in Sander.

source leaprc.ff99f (Specifies the force field)

pacap27 = sequence {NHID SER ASP GLY ILE PHE THR ASP SER TYR SER ARG
TYR ARG LYS GLN MET ALA VAL LYSLYS TYR LEU ALA ALA VAL LEU NHE}
(amino acid sequence of the peptide)

saveamberparm pacap27 pacap27.top pacap27.crd (coordinate and parameter files)
& quit

e crd: the coordinates file contains the details of the initial set of co-ordinates. The
data content of this file is not static and changes or is update during simulations.

e top: the topology or parameter file. It defines how atoms are connected and
specifies the force field parameters chosen for the simulations. The contents of

this file are static and do not change during simulations.
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A1.1.2 Structure minimization before MD

The initial structure is energetically minimized with the Sander module to remove any

strains in bonds or angles. Minimization with Sander is carried out using the script file:

#!/bin/bash

#$ -S /bin/bash

#$y

#3$ -cwd

#$ -pe lam-7.0.6_icc 2

# Set up the correct parallel environment

export WDIR="/usuaris/people2/paul/md99pOBC"

export AMBERHOME="/software/amber8"

export LAM_HOME="/software/lam-7.0.6_icc"

TR T R T R T R R T R T R R
echo "Got $NSLOTS processors."

echo "machines file: ${TMPDIR}/machines";

cat $TMPDIR/machines; echo

$LAM_HOME/bin/mpirun -np $NSLOTS $AMBERHOME/exe/sander -O -i
$SWDIR/min.in

-c $WDIR/pacap27.crd -p $WDIR/pacap27.top -ref $WDIR/pacap27.crd
-0 $WDIR/pacap27.min.out -r $WDIR/pacap27.rst

The parameters in the input file min.in are specified as follows:

imin =1, ntmin =2,
maxcyc = 200000,
drms = 0.005,

irest =0, ntx =1,
ntb =1,ntp =0,

ntpr =100,
nsnb =10,
cut =99.0,
scee =1.2,
ntb =0,
ntx =1,

$ GENERALIZED BORN CONDITIONS
igb=1, saltcon=0.2, ghsa=1,
&end
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A1.1.3 Equilibration step

After the minimization step, the next stage is the equilibration protocol, which is a short
MD run (i.e. 10 ps) to allow the system to heat up from 0 to 300 K. In order to ensure
that this happens without fluctuations in the peptide structure, restraints are applied.

The following script was used for the equilibration step:

I/bin/bash

#$ -S /bin/bash

#$-y

#$ -cwd

#$ -pe lam-7.0.6_icc 2

# Set up the correct parallel environment

export WDIR="/usuaris/people2/paul/md99pOBC"
export AMBERHOME="/software/amber8"

export LAM_HOME="/software/lam-7.0.6_icc"
TR T R T R T R R T R R R R
echo "Got $NSLOTS processors."

echo "machines file: ${TMPDIR}/machines";

cat $TMPDIR/machines; echo

$LAM_HOME/bin/mpirun -np $NSLOTS $AMBERHOME/exe/sander -O -i
$WDIR/equil.in \

-c $WDIR/1000.rst -p $WDIR/pacap27.top -ref SWDIR/1000.rst \

-0 $WDIR/outlalOps -x $WDIR/crddelalOps -e $WDIR/endelalOps \
-inf $WDIR/min1001.inf -r $WDIR/1001.rst

The input file “equil.in” for the equilibration step is as follows:

“equil.in”
imin=0,
ntc=2, ntf=2, cut=99.0,
igh=2,
saltcon=0.2, gbsa=1,(use salt concentration of 0.2 M)
ntpr=50, ntwx=500, ntwr=500, ntwe=500, nsnb=10,
nstlim = 5000, dt=0.002, (do simulation for 10 ps)
ntt=1,
tempi=0.0, temp0=300.0, (increase temperature from 0 to 300 K)
tautp=1.0,
ntx=1, irest=0, ntb=0,
nscm = 1000,

&end
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A1.1.4 MD run using an implicit solvent

The production MD simulation step was run using water as an implicit solvent and using
the new crd file created from the minimization step as the input co-ordinate file for the
MD run. To run a molecular dynamics simulation for 490 ps with sander the following

script is used:

I/bin/bash

#$ -S /bin/bash

#S -y

#$ -cwd

#3$ -pe lam-7.0.6_icc 2

# Set up the correct parallel environment

export WDIR="/usuaris/people2/paul/md99pOBC"
export AMBERHOME="/software/amber8"

export LAM_HOME="/software/lam-7.0.6_icc"

HH AR R R R R R R R R
echo "Got SNSLOTS processors."”

echo "machines file: ${TMPDIR}/machines";

cat $TMPDIR/machines; echo

$LAM_HOME/bin/mpirun -np $NSLOTS $AMBERHOME/exe/sander -O -i
$WDIR/gbmd490.in \

-c $WDIR/1001.rst -p $WDIR/pacap27.top -ref $WDIR/1001.rst \

-0 $WDIR/out10a500ps -x $WDIR/crdde10a500ps -e $WDIR/endel10a500ps \
-inf $WDIR/min1002.inf -r $WDIR/1002.rst

The input file “gbmd490.in” is parametized as follows:

"gbmd490.in"
MD with GB at 300 K
&cntrl
ntc=2, ntf=2,
cut=99.0,
igh=2,
saltcon=0.2, ghsa=1,
ntpr=50, ntwx=500, ntwe=500, nsnb=10,
nstlim = 245000, dt=0.002, (do simulation for 490 ps)
ntt=1,
tempi=300.0, temp0=300.0, (maintain a temperature of 300K)
tautp=2.0,
ntx=5, irest=1, ntb=0,
nscm = 1000, &end
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Taking the equilibration step into account, the simulation is now 500 ps long. From this
point onward the simulations were done in steps of 500 ps until 200 000 ps was

reached. The following script was used for this purpose:

I/bin/bash

#$ -S /bin/bash

#$ -y

#3$ -cwd

#$ -pe lam-7.0.6_icc 2

# Set up the correct parallel environment

export WDIR="/usuaris/people2/paul/md99pOBC"
export AMBERHOME="/software/amber8"

export LAM_HOME="/software/lam-7.0.6_icc"

HH AR R R R R R R
echo "Got $NSLOTS processors."

echo "machines file: ${TMPDIR}/machines";

cat $STMPDIR/machines; echo

$LAM_HOME/bin/mpirun -np $NSLOTS $AMBERHOME/exe/sander -O -i
$SWDIR/gbmd.in \

-c $WDIR/1002.rst -p $WDIR/pacap27.top -ref $WDIR/1002.rst \

-0 $WDIR/out500a1000ps -x $WDIR/crdde500a1000ps -e
$WDIR/ende500a1000ps \

-inf $WDIR/min1003.inf -r $WDIR/1003.rst

$LAM_HOME/bin/mpirun -np $NSLOTS $AMBERHOME/exe/sander -O -i
$WDIR/gbmd.in \

-c $WDIR/1003.rst -p $WDIR/pacap27.top -ref $WDIR/1003.rst \

-0 $WDIR/out1000a1500ps -x $WDIR/crdde1000a1500ps —e
$WDIR/ende1000a1500ps \

-inf SWDIR/min1004.inf -r $WDIR/1004.rst

etc.

The input file “gbmd.in” is as follows:

"gbmd.in"
MD with GB at 300 K
&cntrl
ntc=2, ntf=2,
cut=99.0,
igh=2,
saltcon=0.2, (use salt concentration of 0.2 M)
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gbsa=1,

ntpr=50, ntwx=500, ntwe=500, nsnb=10,

nstlim = 250000, dt=0.002, (do simulation for 500 ps)

ntt=1,

tempi=300.0, temp0=300.0, (maintain temperature at 300 K)
tautp=2.0,

ntx=5, irest=1, ntb=0,

nscm = 1000,

&end
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