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Introduction

The priorities of societal challenge areas (notably bio-economy, security, energy, transport,
space, eco-innovation) will ultimately depend on the development in the health sector. Since
key research areas for health research are rapidly changing and evolving, cancer research
remains a hot topic. Modern biophysics and molecular biology provide important insights
in medicine (a central challenge is to investigate the behavior of biomolecules). One of the
most successful approaches to describe biological phenomena is to characterize the structural
dynamics of the molecular systems. The discovery, development, and delivery of drugs, to
create new therapeutic strategies for human diseases, using the interface of physics and
biology to gain a better understanding of molecules and cell signaling, have a great impact
on major global health challenges.

Molecular dynamics (MD) can reveal information about the experimentally inaccessi-
ble characterization of dynamic processes close to atomic resolution. Furthermore, owing to
the availability of this simulation methodology, new insights into disease mechanisms and
improved target conditions are beginning to be available. On the other hand, MD simula-
tions have the potential to significantly enhance the knowledge on the target mechanisms for
biomolecules and the behavior of cancer-related proteins. Very often, mutated proteins are
identified but it is not clear how they are linked to the specific diseases.

This thesis is organized as follows. Chapter 1 represents the introduction. Chapter 2 deals
with the main aspects of MD simulation methodology. A detailed description of the equa-
tions of motion and different thermodynamic ensembles used to model real-life conditions is
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presented. We specifically mention MD software packages widely used by researchers to simu-
late complex biomolecular systems. We describe the defining features of molecular mechanics
force fields.

Chapter 3 describes the potential energy function of the CHARMM force field and, in
particular, the force field development for polyethyleneimine (PEI). The all-atom force field
was parameterized to reproduce the structural properties and dynamics of polymer chains
in solution. We present the entire set of procedures for the adjustment of valence bond,
bond angle and dihedral parameters applied in the course of the force field development
process. Atomistic MD simulations allowed us to study the influence of PEI chain size and
protonation fraction on the dynamical structure described in terms of gyration radius, end-
to-end distance, persistence length, radial distribution functions, and diffusion coefficients.
The results are in very good agreement with the experimental data.

Chapter 4 focuses on simulations of cationic polymers as gene carriers, aimed to reduce the
number of experiments required in the gene vector development cycle. Here, we considered
an alternatively protonated PEI chain as a representative polymer that was employed to de-
scribe the complexation between DNA strand and PEI chains. MD simulations of PEI/DNA
mixtures were performed at an atomic level in order to understand the processes involved
in gene delivery. We described the binding pattern of DNA with multiple PEI chains, which
are related to electrostatic interactions of the positively charged amine groups (PEI chains)
with the negatively charged phosphate groups (DNA strand).

In Chapter 5, the structure and composition of biological membranes are described. We
focus on lipids and proteins, which account for almost all the mass of membranes. Here, we
comparatively present three types of membrane models from simple to complex and we moti-
vate the use of simpler versus more complex models in the study of proteins anchored in the
membrane. A detailed description of nanodomains, nanoclusters and the signal transduction
mechanism is presented in this chapter. Subsequently, we focus on Ras proteins, summarizing
the general features and studying the conformational and orientational sampling of the NRas
protein.

Simulations and results from these three chapters were published or submitted for pub-
lication. The general layout of the published or submitted articles is maintained in thesis
chapters, so that each chapter contains a brief introduction, simulation details, results, con-
clusions, and bibliography. In Chapter 6, we summarize the contributions of the thesis and
the impact of the reported research, and discuss the future prospects.
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Molecular dynamics

Molecular dynamics (MD) is one of the principal tools used to study the time-dependent
behavior of the systems at the microscopic level. This computational methodology is used
as a complement to NMR and X-ray crystallography measurements in order to investigate
the structural flexibility of molecular systems. Within classical MD simulations, the integra-
tion of the equation of motion provides trajectories that allow studying the many-particle
systems. From these trajectories, a large variety of properties can be evaluated, including
thermodynamic and other macroscopic quantities, which can be validated by comparison
with experimental results.

Atomistic representation

Atomistic representation is a detailed atom-level description of a large system, which models
the collective behavior of its composing atoms. Each atom in a molecule is considered as a
point with corresponding mass and partial charge. The force fields differ in the way they are
parameterized (derived from experimental data and/or from high-qualiy quantum-mechanical
calculations). In order to reduce the number of parameters and to develop force fields that
are transferable, the parameters are calculated from small molecules that are subunits of the
molecules of interest.

The potential energy function of the CHARMM force field [1] is given by the sum of
bonded and non-bonded contributions.
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Coarse-grained representation

Complex biomolecular systems, including proteins inserted in membranes, are difficult inves-
tigate by atomistic simulations. The time scales of biological processes require the simulation
time to be dramatically extended. In this regard, coarse-grained (CG) simulations use a sim-
plified representation of the system, which enables microsecond-long simulations. CG models
derived from atomistic force fields are able to fairly reproduce the physical behavior of the
all-atom models. CG description of a biomolecular system regards pseudo atom sites (beads)
which are represented at a lower resolution than individual atoms. Each CG bead is composed
of entire groups of atoms and reduces the number of interaction sites, thereby improving the
simulation speed. The effective CG energy function defines the interaction between beads.
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Polyethyleneimine

Parameterization of the CHARMM force field

In molecular modeling, a force field is constructed by parameterizing the potential func-
tion using ab initio quantum mechanical calculations, experimental data, or both. As an
indispensable step toward performing realistic PEI simulations, CHARMM FF parameters
for protonated PEI were derived by fitting the molecular mechanics (MM) potential energy
function to generated quantum mechanical (QM) target data. In order to develop CHARMM-
compatible parameters, the ffTK (Force Field Tool Kit) [1] plugin distributed as a part of
molecular modeling software package VMD [2] was used to manage the FF parameter adjust-
ment process. The FF development implies defining residues and atom types, which have a
characteristic name, a specific mass and charge. Two linear tetramer models were used in the
parameterization process: PEI4p0—unprotonated (see Fig. 3.1a) and PEI4p1— protonated
at the central nitrogen (see Fig. 3.1b).

The definition of the new atom types in the FF construction is crucial for describing
the chemical environments accurately: NH2 – nitrogen atom of NH2 group; HN2 – hydrogen
atom of NH2 group; NH1 – nitrogen atom of NH group; HN1 – hydrogen atom of NH1
group; NH2P – nitrogen atom of NH2+ group; HN2P – hydrogen atom of NH2+ group; CH2
– carbon atom adjacent to NH1; CH2P – carbon atom adjacent to NH2P; CH2X – carbon
atom adjacent to CH2P; HC2 – hydrogen atom adjacent to CH2, CH2P, or CH2X.

The custom residue types for PEI chains that we defined are: PEI – unprotonated CH2-
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Figure 3.1. PEI models used in the parametrization of the CHARMM force field: a) PEI4p0 unpro-
tonated and b) PEI4p1 protonated at the central nitrogen. The first model contains three unproto-
nated PEI residues, one PEA starting residue and the terminal PEZ patch. The second model was
constructed using the PEA residue, one unprotonated PEI residues, one protonated PEP residue,
one unprotonated monomer PEQ that connects the PEI and PEP residues, and the PEZ patch.
PEI models are represented with solid spheres (the nitrogen atom is represented with pink color,
carbon atoms with gray and corresponding hydrogen atoms with white).

CH2-NH monomer; PEP – protonated CH2-CH2-NH2+ monomer; PEQ – unprotonated
monomer that connects PEI and PEP residues; PEA – NH2 group starting a chain, PEZ
– patch ending a chain and replacing NH by NH2. The residues PEP and PEQ provide a
gradual transition of protonated charge to unprotonated PEI, where the protonated NH+

2

group is modeled as a PEP-PEQ sequence, (CH2X-CH2P-NH2)-(CH2P-CH2X-NH1).
For each of the two linear models all the parameters (charges, bonds, angles, and dihedrals)

were optimized following the automatic fitting procedure implemented in ffTK. The common
parameters of the unprotonated PEI4p0 and the protonated PEI4p1 models were considered
from the unprotonated model.

Lennard Jones parameters

Nonbonded interaction parameters were assigned to each atom type based on similar types
provided in the CGenFF [3] to reproduce bulk phase properties.
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Figure 3.2. (a) Initial configuration, respectively (b), (c) intermediate configurations of a typical
trajectory of solvated helicoidal PEI26-mer with 1/3 protonation fraction. The PEI chain and the
chloride ions are represented with solid spheres and the water molecules with lines.

Partial atomic charges

The CHARMM FF partial atomic charges were derived to reproduce QM interactions with
single TIP3P [4] water molecules placed in representative positions. By following the CHARMM
convention, the water-accessible atoms of PEI models are assigned to a list of hydrogen bond
acceptors, donors or both. The interactions profiles were calculated by characterizing interac-
tions of complexes between PEI and a single water molecule, each started with an optimized
PEI and a single water test molecule opposing one of the PEI atoms and were based on
Gaussian geometry optimization at the HF/6–31G(d) level of theory. The charges resulting
from optimization are modified within 5%, in order to build independent functional residues
of integer charge. The protonated residue PEP and the connector residue PEQ were con-
structed essentially to have a continuous and uniform charge distribution. The cumulated
charge of PEP and PEQ residues amounts to 1.

Optimized bond and angle parameters

The comparison between QM and MM Hessian matrices calculated in internal coordinates
(IC) provides the equilibrium values for bonds and angles. The computation of QM Potential
Energy Surface (PES) was done by generating small distortions along bonds and angles.
The local PES was evaluated in MM using the trial bond and angle parameters for each
conformations.

Optimized dihedral parameters

The torsion potential energy profiles were determined by scanning the dihedrals of interest.
Dihedral parameters were calculated starting from a fully relaxed Potential Energy Surface
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Figure 3.3. Evolution in time of ensemble-averaged gyration radius and, respectively, end-to-end
distance for PEI 14-mers and 26-mers at different protonation fractions.

(PES) scan using the QM Hamiltonian and MM Hamiltonian about a single dihedral angle.
The difference between the QM and the MM PES was minimized in optimization process
using simulating annealing.

Linear PEI chains in aqueous solution

The initial helicoidal configurations with uniform protonation fractions 0, 1/4, 1/3, and 1/2
for PEI 14, 26, and 50-mers were used in MD simulations. Figure 3.2 presents snapshots
from a typical run for a 1/3-protonated 26-mer, illustrating the initial helicoidal and two
intermediate confgurations of PEI chains.

Spatial PEI chains extent

The ensemble-averaged time dependences for Rg and De−e for different protonation fractions
(equal to 0 (unprotonated) - black, 1/4 (one-in-four) - blue, 1/3 (one-in-three) - green, and
1/2 (alternatively protonated) - red) are represented in Fig. 3.3, where the most compact
chain configurations correspond to unprotonated PEI chains. Overall, the Rg and De−e values
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Figure 3.4. Mean square end-to-end distance dependence on the fully extended lengths for unpro-
tonated PEI chains obtained from MD simulations and fitting profile. The worm-like chain model
[5] is appropriate to describe the unprotonated PEI chains.

can be seen to substantially increase with chain size, and for a given length, with protonation
fraction.

Persistence length

The simulations yield a persistence length for linear PEI equal to 4.88 Å . The persistence
length value is in good agreement with the value obtained by Lee et al. [6] for polyethylene
oxide (4.3 Å). Figure 3.4 shows that the worm-like chain model [5] can be used to describe un-
protonated polymer chains. In the case of the protonated PEI, this model does not adequately
reproduce the behavior of the polymer chains.

Radial distribution functions

The spherical environment of the polymer backbone atoms is described by means of the radial
distribution function (RDF). The RDF gives the description of the averaged local organization
around the atoms. From the RDF profiles depicted in Fig. 3.5, we easily distinguish the
different affinities of the carbon and nitrogen atoms for the oxygen atoms of water. The first
and second solvation shells are very pronounced for nitrogen species, but for carbon species
the second peak is not clearly defined. The oxigen atoms of water are situated on average
closer to the nitrogen species than to the carbon species.
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Figure 3.5. Radial distribution functions for the nitrogen atoms and carbon atoms for PEI 26-mers
with oxygen atoms of water (unprotonated chains - dashed line and 1/3 protonated chains - solid
line).

Diffusion coefficients

The diffusion coefficient is a useful quantity for describing the dynamics of flexible polymers
in solution. The mean squared displacement (MSD) was calculated as average deviation
over time, between the position of the center of mass and a reference position. The resulted
MSD was used to calculate the diffusion coefficient using Einstein’s relation. Specifically, the
diffusion coefficients of the PEI chains decrease both with the chain length and protonation
ratio.

Summary

The parametrization of the additive atomistic CHARMM force field for polyethyleneimine was
reported based on the published journal article [7]. We determined the force field parameters
compatible with the CHARMM36 force field using the ffTK parameterization procedure.
High‐quality ab initio calculations on tetramer PEI models provided the entire set of target
data. The partial atomic charges and all the bond-, angle-, and torsion terms were consistently
adjusted in the parameterization process.

Effective gene delivery systems based on cationic polymers are essential for using gene
therapy in clinical applications. In this regard, molecular dynamics simulations were employed
to investigate the linear PEI chains solvation behavior in different protonation states. The
dynamic structuring was characterized by gyration radius, end-to-end distance, persistence
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length, radial distribution function, and diffusion coefficient. The gyration radius and the
end-to-end distance increase with chain size and protonation.

The orientation of water molecules in regard to the backbone atoms of the polymer
chains is given by the radial distribution functions. The water molecules are predominantly
oriented with the dipole moment away from the nitrogen atoms composing the protonated
amine groups. The center-of-mass diffusion coefficients decrease both with chain size and
protonation fraction and describe very well earlier experimental results.
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Formation of DNA-polyethyleneimine complexes

Gene therapy

Scientists have been trying for decades to provide clinical implementation of gene delivery, yet
only a few patients have received effective treatment. Gene therapy is designed to introduce
nucleic acids into cells to treat cancer and different disorders (immunological, neurological
and cardiovascular) [1].

Figure 4.1. Binding of PEI chains to the DNA complex (polyplexes). Nitrogens from the protonated
amine groups are represented with vdW spheres in blue and phosphorus atoms of DNA in red. PEI
chains are illustrated with licorice representation and DNA strand with cartoon representation
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Figure 4.2. Initial/intermediate configurations for a) DNA strand (chain A - red, chain B -blue using
cartoon representation), b) PEI chains (vdW spheres) and c) PEI/DNA mixtures during typical
trajectory. The water molecules and counterions are excluded for clarity.

Nonviral gene delivery vectors

Nonviral vectors provide a safe delivery of genetic material into host cells [2]. Among differ-
ent nonviral gene vectors, cationic polymers are the most utilized non-viral vectors, which
combine efficiency and safety. Mixtures of cationic polymers with DNA form nanosized com-
plexes called polyplexes (see Fig. 4.1). PEI is considered the most attractive cationic polymer
utilized for in vivo/vitro gene transfer. Due to the high density of polymer amine groups, the
transfection is very efficient (proton sponge effect). In this work, we performed all-atom MD
simulations to study the interaction of PEI chains with DNA.

Formation of complexes between nucleic acids and synthetic polymers

We considered three types of systems, respectively, (a) solvated DNA strand (see Fig. 4.2a),
(b) solvated PEI chains (see Fig. 4.2b), and (c) solvated DNA-PEI (see Fig. 4.2c) mixture.

The time dependence of the gyration radius (Rg) for free PEI20-mers with 1/2 uniform
protonation fraction in solution is shown in Fig. 4.3, where the average Rg is represented with
black line. This figure indicates that the polymer is basically rigid and become more compact
as time elapses. Our value for alternatively protonated PEI20-mers, namely 1.25± 0.50 nm,
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Figure 4.3. Time evolution of the gyration radius for 6 alternatively protonated PEI 20-mers in 4
independent trajectories. The average profile is represented with black.

compares very well with the value of 1.27 ± 0.56 nm obtained by Choudhury et al. [3] from
MD simulations. The average Rg of PEI chains interacting with DNA is 12.65 Å and the
difference in Rg between the bare PEI chains and PEI chains interacting with DNA values
is less than 0.1 Å .

To provide a characterization of the spatial extent for free PEI chains in solution, and
respectively, of PEI chains interacting with DNA, we compare the probability distribution
of the time-averaged Rg of polymer chains. Free PEI chains in solution exhibit a single
peak corresponding to an arbitrary folded configuration. The distribution profile for DNA-
interacting PEI chains shows at aproximately 14 Å, an additional peak, which corresponds
to Rg values of PEI chains that interact with DNA (PEI/DNA polyplexes). Polyplexes also
contain PEI chains free in solution and these contribute to enhancing the gene therapy
efficiency, as suggested by experiments [4].

To describe the electrostatics around the DNA strand and the role of PEI charge content,
were calculated cumulative charge distributions around DNA. We found that more Na+ ions
reside around bare DNA in solution than around complexed DNA, the latter attracting more
Cl− ions. A clear decrease in the number of attracted Na+ evidenced the screening effect of
PEI on the phosphate groups of DNA.

Summary

In this chapter, the dominant pathways of the PEI/DNA self-assembly process were described
using molecular dynamics simulations. The simulations confirm that PEI chains and DNA
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can form PEI-DNA polyplexes driven by the electrostatic interactions between the positively
charged amine groups and the negatively charged phosphate groups.

We focus on the comparative study between free PEI chains, respectively free DNA in
solution and PEI/DNA mixtures. Our results reveal that some of the alternatively PEI chains
in free form bind to DNA and exhibit a considerably higher radius of gyration in comparison
with those in free form. We find that fewer sodium counterions are attracted by the polyplexes
than by free uncomplexed DNA.

The reported force field enables the atomic-level understanding of how PEI chains in-
teract with DNA strands. To show the impact of the polymer protonation on the com-
plexation between anionic DNA and PEI chains, we determined the number of the proto-
nated/unprotonated amine groups in direct contact with the DNA strand. We conclude that
the improvement of the gene delivery systems requires to adjust the PEI-based nonviral vec-
tors by precisely controlling parameters such as the protonation and length of the polymer
chains.
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Lipid-Anchored NRas signalling proteins

Ras signalling proteins are important regulators of a series of signal transduction pathways
involved in highly diverse biological processes, including cell differentiation, growth and pro-
liferation [1]. Point mutations found in components of these signaling cascades are associated
with approximately 30% of all human cancers. To date there have been few studies examining
the role of NRAS in cancer within the context of the specific genetic alterations. To expand
and motivate the existent knowledge, MD simulations are used to show their application in
the study of NRas proteins that are anchored to the membrane.

NRas is a membrane-associated Ras protein attached to the inner part of the membrane
by two post-translational modification (palmitoylated cysteine and farnesylated cysteine).
Because the previous studies focused on to HRas and KRas, the structural behavior of the
NRas protein-membrane system is not well understood. The NRas mutation-dependent ori-
entations relative to the membrane, involves changes in lipid-protein interactions, leading
to different distributions of conformational states. Our investigations are focused on G12V
mutation, which is predominant in NRas.

Ras proteins belong to a class called small GTPase, which control the activity of multi-
ple signaling pathways (e.g. mitogen-activated protein kinase - MAPK) involved in diverse
cellular processes. Ras proteins function as binary molecular switches, cycling between GTP-
bound active state, that turn on several effectors to activate downstream pathways and the
GDP-bound inactive state. The Ras activity is regulated by two classes of signaling proteins:
guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) [2].
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Figure 5.1. NRas protein G-domain secondary structure is colored in blue for α-helices, yellow for
β-sheets and gray for loops. The functionally important regions, switch I (magenta) and switch II
(magenta), together with the phosphate-binding P-loop (green) are illustrated.

Ras structure

Ras proteins are composed of two subunits: G-domain and hypervariable region (HVR). The
G-domain of Ras comprises 166 amionacids necessary for binding guanosine diphosphate
(GDP) or guanosine triphosphate (GTP), GAP or GEF, and effector proteins. Ras G-domain
secondary structure [3] contains six β sheets and five α helices (see Fig. 5.1). Additionally,
three loop regions mediate cycling between the active GTP-bound state and the inactive
GDP-bound state [4]. P-loop (G1 region) is comprised of residues 10-17, being responsible
for binding the beta phosphate of GDP and GTP. Switch I (G2 region) is a loop comprised
of residues 25-40 and contains residue THR35, which binds the terminal phosphate of GTP
and the magnesium ion. Switch II is composed of a loop and helix α2 (60-74) and mediates
the Ras functionality as a molecular switch protein.

Activation mechanism of Ras involves binding of GEF proteins which destabilize the
interaction of Ras with GDP and Mg2+ [5]. GTP concentration in the cytoplasm is 10 times
higher than that of GDP, which determines GTP to bind to the nucleotide-free form. Ras
protein is transformed in active site and allows binding of effector proteins to G-domain,
which triggers distinct signaling cascades.
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Figure 5.2. The two initial starting configurations of NRas in GDP-native (left) conformation (at
approximately 45◦ with the membrane) and GTP-native (right) conformation (quasi-parallel to
the membrane). The five α-helices are colored in different colors, β-sheets in yellow, loops in grey,
cysteine palmitoyl and farnesyl lipid modifications in gray licorice representation, the membrane
model in cyan, with P atoms (pink) in bead representation.

Ras point mutations

A point mutation represents a substitution in the protein of one amino acid with another.
The point mutations in Ras proteins are associated with different types of cancer. Mutations
of the Ras gene occur in over 30% of all human cancers. The most common mutation in NRas
is G12V, represented by the amino acid substitution at position 12, from GLY to VAL.

NRas orientation relative to the membrane

The trajectories related to native NRas (WT) and NRas with G12V mutation (G12V) were
analyzed by studying the structural properties. The HRas representative structures [6] (par-
allel orientation dominant in GTP-bound HRas and perpendicular orientation in the GDP-
bound HRas of the G-domain represented in Fig. 5.2) were used as starting conformations for
all MD simulations. NRas WT shows a predominant parallel orientation relative to the lipid
bilayer and NRas G12V exhibits and orientation of 45o-60o with respect to the membrane.
These orientations correspond to GTP-, respectively GDP-bound conformations obtained
both from HRas simulations [6], and from IRRA spectroscopy experiments of NRas inserted
in a similar bilayer (DPPC:DOPC:CHOL 50:25:25) [7, 8].
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Figure 5.3. NRas exhibits three conformational substates of state 2, which are characterized by the
quasi-perpendicular orientations of Tyr32. Recently was proposed that TYROX (blue) corresponds
to Ras-Raf binding (signal-transduction), while TYROZ (red) to Ras-GAP binding (enhanced GTP
hydrolysis) [9]. We propose that TYROY (green) corresponds to an effector binding state. Protein
is shown in secondary structure representation in grey, TYR32 residue and GTP molecule in vdW
spheres representation. The arrows indicate the quasi-90◦ orientation of the TYR32 in the three
substates, with the arrow head from the backbone towards the ring of the aminoacid.

WT and G12V conformational states

The three Ras isomers adopt two different conformations, known as State 1 (inactive) and
State 2 (active) [10]. The active/inactive form refers to specific interaction between Ras and
the effector molecules. Recently, Li and co-workers [9] showed that WT NRas proteins have
two substates of State 2: TYR32in and TYR32out, where first is associated with interaction
between proteins and effectors (like Raf) and the second with affinity for GAP. Our simula-
tions sampled all currently known states (State 1 and State 2 (TYR32in - TYROX , TYR32out
- TYROZ)). We identified a new substate of State 2, TYROY (see Fig. 5.3). The schematic
NRas conformations of State 2 are represented in Fig. 5.3, where the 3 substates of State
2 are characterized by the residue TYR32 quasi 90◦ orientation: TYROX blocks the GTP
pocket, TYROZ is oriented outwards and TYROY is parallel to the GTP pocket.

The alternation between the TYROX and TYROZ substates disappears, NRas G12V
protein being blocked in TYROY substate (with residue TYR32 oriented toward residue
ALA18). This substate occurs frequently in the presence of membrane-bound NRas G12V
mutation. Since G12V is an oncogenic mutation, we propose that the newly discovered NRas
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substate TYROY is linked to Ras effectors, blocking NRas G12V into its permanently active
form. This, in turn, prevents the transition to state TYROZ , the binding of GAP to Ras and,
therefore, the enhanced GTP hydrolysis and Ras inactivation.

Summary

In this chapter, we performed MD simulations of a ternary symmetric, simple and complex
asymmetric bilayer. Ternary symmetric lipid bilayers are the simplest model membrane sys-
tems that exhibit phase separation and are perfectly suited to study the NRas proteins that
are anchored to the membrane.

Specifically, we investigate the orientational and conformational sampling GTP-bound
NRas proteins. We show that G-domain orientation of NRas WT and NRas G12V correspond
to GTP-/GDP-bound H-/N-Ras WT. NRas WT has a predominant parallel orientation rel-
ative to the membrane and NRas G12V exhibits an orientation of 45◦-60◦ relative to the
membrane.

We sampled all previously known Ras conformational states: state 2 (active) and state 1
(inactive). Our results showed that a new substate of state 2 with TYR32 residue oriented
parallel to the GTP pocket appears. The residue TYR32 for the three substates of state 2
is quasi 90◦ oriented. The new substate apears frequently in the presence of G12V mutation
in membrane-bound NRas. Because G12V is an oncogenic mutation and we found that the
GAP-binding conformation is not sampled in NRas G12V membrane-bound simulations, we
propose the new substate to be an effector binding conformation. Hence, without the GAP-
enhanced GTP hydrolysis NRas G12V remains permanently active.
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Conclusions

The thesis is divided into three main parts. The first part presents a novel parameterization of
the CHARMM force field for polyethyleneimine (PEI). We developed a realistic fine-grained
force field for PEI, rigorously derived from high-quality quantum mechanical calculations.
The ability of this force field for PEI to describe both the unprotonated and protonated
states enables accurate simulations of PEI chains in conjunction with nucleic acids, lipids
or proteins. We investigated the dynamic structuring of solvated PEI chains in different
protonation states, in terms of synthetic parameters. The developed force field and the insight
gained are meant to be a stepping stone for future efforts of developing atomistic force fields
that accurately describe a broad range of complex biomolecular systems.

In the second part, we provided new insight into the atomistic behavior of DNA/PEI
polyplexes which is expected to bolster improved design of PEI-based nonviral vectors by
using molecular dynamics simulations. The particular charge distribution of PEI affects both
the electrostatic interaction between the negatively-charged DNA and positively charged
PEI chains and polyplexes formation. The investigated binding patterns of the charged in-
teractions sites of PEI chains and DNA strand extend the knowledge in the field of cationic
polymers, enabling an improved design of gene delivery protocols.

The third part deals with NRas proteins which are the main cause of melanoma, thyroid
cancer and leukemia. We used molecular dynamics simulations to investigate orientational
and conformational sampling for the GTP-bound form of the membrane-anchored NRas pro-
tein. Wild-type NRas is parallel to the membrane, whereas the oncogenic NRas G12V is at
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an angle, which unexpectedly corresponds to inactive GDP-bound NRas’ orientation. Our
molecular dynamics simulations sampled all previously known conformational states: state 1
(inactive) and state 2 (active). We identified a novel substate of state 2, and determined that
the tyrosine residue at position 32 for the three substates of this active state has different
orientations: one perpendicular to the GTP pocket, one oriented towards the bulk water,
and the new substate oriented parallel to the GTP pocket and in close contact with the
alanine residue at position 18. Moreover, we found that the sampling of the new substate
of membrane-bound protein appears predominantly in the presence of the G12V mutation.
Considering that this mutation is oncogenic and that in our simulations the substate cor-
responding to the GTP hydrolysis is not present in G12V (as opposed to wild-type), we
postulate that the new substate is signal transmitting.

Outlook

The coarse-grained force field development for PEI will extend the scientific knowledge base
of the area of synthetic polymers by enabling large-scale molecular dynamics simulations.
The coarse-grained investigations of DNA condensation are aimed to enhance the efficiency
of condensation process. In addition, the all-atom force field development for branched and
grafted PEI will provide estimates for optimal architectures of cationic polymers, in order to
exploit their potential as non-viral vector systems.

Along the last research line, we intend to develop a new approach on identifying poten-
tial medications against oncogene Ras proteins. We will investigate dynamics of association
for NRas in full GTP-Ras conformation to determine association binding sites with their
corresponding binding strengths. The results could be used to design novel drugs to prevent
association of oncogenic Ras proteins. Another research direction will include the free energy
profile calculations, namely the potential of mean force (PMF) profile for transition between
the active NRas substates.
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