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ABSTRACT

Antibiotic resistance traits appear when bacteria are still able to grow in the presence of therapeutic con­

centration of antibiotic drugs. The continuous misuse of these drugs coupled with the lack of incentives for

the development of new drugs by pharmaceutical industry urge the need for alternatives to counter the current

antibiotic crisis. The development of bio­mimetic polymer based upon host defense peptides characteristics is

a field with a lot of potential.

In this work, a coarse­grain Martini model of a therapeutic nanoparticle, consistent of a polyurea dendrimer

core with oligo(ethylenimine) chains coupled to it, was built and tested against models of phospholipids bilayer

membranes in search of understanding what are the possible mechanisms that provide its antimicrobial activity.

Furthermore, from these analysis, three modifications to this nanoparticle were tested with the objective of

improving the previous outcome.

The results showed that when the nanoparticle has a positive net charge, it presents the desired selectivity

towards anionic membrane model, causing negative curvatures that can induce further permeabilization and/or

disruption. The insertion of one of the modifications increased the hydrophobic content of the nanoparticle

and improved the distance between the nanoparticle and the center of the membrane, without losing the desired

selectivity. The ability to modified the ions distribution of the system can be an indicative of a different mode

of action.

Keywords: Antibiotics, Poly(ethylenimine), Polyurea dendrimer, Molecular Dynamics, Lipid membrane,

Martini Coarse­grain Model.
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RESUMO

Os traços de resistência aos antibióticos aparecem quando as bactérias são capazes de crescer na presença

de concentrações terapêuticas de medicamentos antibióticos. O contínuo uso indevido desses medicamentos

em conjunto com a falta de incentivos para o desenvolvimento de novos medicamentos pela indústria farma­

cêutica, impõe a necessidade de alternativas para conter a atual crise de antibióticos. O desenvolvimento de

polímeros biomiméticos com base nas características de peptídeos de defesa do hospedeiro é um campo com

muito potencial.

Neste trabalho, um modelo coarse­grain Martini de uma nanopartícula terapêutica, que consiste de um

núcleo de dendrímero de poliureia com cadeias acopladas de oligo(etilenimina), foi construído e testado contra

modelos de membrana fosfolipídica para compreender quais os possíveis mecanismos que proporcionam a

sua actividade antimicrobiana. Além disso, a partir de análises, três modificações nessa nanopartícula foram

testadas com o objetivo de melhorar os resultados anteriores.

Os resultados mostraram que quando a nanopartícula tem uma carga líquida positiva, ela apresenta a se­

letividade desejada em relação ao modelo de membrana aniônica, causando curvaturas negativas que podem

induzir uma maior permeabilização e/ou rompimento. A inserção de uma das modificações aumentou o con­

teúdo hidrofóbico da nanopartícula e melhorou a distância entre a nanopartícula e o centro da membrana, sem

perder a seletividade desejada. A capacidade de modificar a distribuição de íons do sistema pode ser um in­

dicativo de um modo de ação diferente.

Palavras­chave: Antibióticos, Poli(etilenimina), Dendrímero de poliureia, Dinâmica Molecular, Membrana

lipídica, Modelo Coarse­Grain Martini.
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CHAPTER 1 ­ INTRODUCTION

1.1 Antibiotics crisis

Antibiotics can be defined as substances that are used to treat or prevent infections by killing or inhibiting

the growth of bacteria. These molecules can be obtained by isolates from cultures of certain microorganisms

(such as fungi) or by semi­synthetic or synthetic origin [1]. Theymight act by inhibiting the microbial synthesis

of the cell wall, protein or nucleic acids (DNA or RNA); by acting as a membrane disorganizing agent or

through other specific actions [2]. Antibiotics may also enter the cell wall of bacteria by binding to them and

then use energy dependent transport mechanisms in ribosomal sites, which subsequently leads to the inhibition

of protein synthesis [3]. The use of these substances to combat infections, caused by different types ofmicrobes,

has saved millions of lives along history, and allowed the development of human society as it is.

Contrary to the common belief that the exposure to antibiotics is confined to the modern “antibiotic era”,

research has revealed that this is not the case [4]. Traces of tetracycline have been found in human skeletal

remains from ancient Sudanese Nubia dating back to 350 – 550 BC [5] and from histological study of samples

from late Roman period of Dakhleh Oasis in Egypt [6].

For decades, multiple varieties of antibiotics have not only been used for therapeutic purposes but also as

prophylactic practice across other industries such as agriculture and animal husbandry. This is possible due to

theirs ability to target the microorganism responsible for the infection without having effects to the host [7].

In the past decades the production of new classes of antibiotics has increased exponentially due to the demand

across many sectors and allowed for less expensive and off­label drugs. As a side effect, the wide availability of

different compounds that possess antimicrobial properties and increased irresponsible use of these drugs have

contributed significantly to the advent of resistant strains of microbes [8] and the reduction of their capability

to fight infections caused by those microorganisms [8].

Antibiotic resistance traits appear when bacteria are still able to grow in the presence of therapeutic con­

centration of antibiotic drugs [7]. This feature is developed by the natural evolutive selection process, where a

stress environment pressures and selects the microbes with mutations [9] that lead to antibiotic resistance [3].

The more frequent the use of these types of drugs, the higher will be the probability for natural selection to act

and select the mutant variants with antibiotic resistance traits [10]. It is important to highlight that since this is

an evolutive process, the same species of microbe can evolve in different directions. While one study shows

that medicines like sulfamethoxazole, trimethoprim, ampicillin and tetracycline no longer have the capability

to fight non­cholera diarrhea disease in Thailand [11], the same drugs are still effective in the treatment of the
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same disease in Bangladesh [12].

In the last century, with the development and introduction of new antibiotics, new types of resistance have

emerged. Introduction of sulfonamides in 1937 led to the development of resistance mechanisms that are

still present nowadays [8]. Within six years of the first production of the aminoglycosides, aminoglycoside

resistant strains of Staphylococcus aureus appeared [13]. Introduced in 1960s, Methicillin was the first of

the semi­synthetic penicillinase­resistant antibiotic to target strains of penicillinase­producing Staphylococcus

aureus. However, resistance to methicillin was reported soon after its initiation [14]. In recent years, clinical

isolates of Vancomycin­resistant Staphylococcus aureus were found in 2002, after 44 years of its introduction

to the market [15]. A detail timeline of antibiotic discovery and resistance events can be seen in Figure 1.1.

Figure 1.1: Antibiotic discovery and resistance timeline. Left side shows discovery of a specific antibiotic and
right side points when the resistance was detected. Adapted from [16].

As depicted in Figure 1.1 is possible to observe a discovery void of novel antibiotics. This impaired pipeline

of development has different causes, the most pertinent being the lack of incentive for pharmaceutical com­

panies over economic obstacles [17]. The fact that these drugs present themselves as fast acting, limits the

patients need to a short period of usage, which as consequence brings a low return on the investments made.
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Thereby, the usage of novel antibiotics becomes reserved and their longtime efficiency becomes unpredictable

as resistance evolves [18].

The development of resistant strains by the use of antibiotics is potentialized when its therapeutic usage is

not done correctly, and patients fail to take their full course of prescribed antibiotic treatment. With that, the

microbe responsible for the infection in question is put in a stress condition that is not enough to promotes its

death but serves the purpose of applying selective pressure favoring antibiotics resistance [19]. Another way

for the emergence of drug resistance is the over usage of those substance in agriculture, since antibiotics used

in this area are the same or very similar to the ones prescribed for clinical treatment [20]. Recent evidence

suggests that poultry or pork might be a possible source of quinolone­resistant Escherichia coli in the rural

villages of Barcelona, where one fourth of children were found to be fecal carriers of these organisms, despite

never having been exposed to quinolones [21].

Another problem regarding resistant bacteria is the fact that they may collect multiple resistance traits over

time and can become resistant to multiple classes of antibiotics [22]. Moreover the fact that a single antibiotic

can help to select resistance against other structurally related compounds of the same class, is a clear evidence

of the problem being faced. Table 1.1 shows some of the common mechanisms for drug resistance.

Table 1.1: Examples of resistance modes of different classes of antibiotics. Adapted from [7].

Antibiotic class Examples Resistance mode
P­Lactams Penicillins, Cephalosporins, Penems, Monobactams Hydrolysis, efflux, altered target
Aminoglycosides Gentamicin, Streptomycin, Spectinomycin Phosphorylation, acetylation, nucleotidylation, efflux, altered target
Glycopeptides Vancomycin, Teicoplanin Reprogramming peptidoglycan biosynthesis
Tetracyclines Minocycline, Tigecycline Monooxygenation, efflux, altered target
Macrolides Erythromycin, azithromycin Hydrolysis, glycosylation, phosphorylation, efflux, altered target
Lincosamides Clindamycin Nucleotidylation, efflux, altered target
Streptogramins Synercid Carbon­Oxygen lyase, acetylation, efflux, altered target
Oxazolidinones Linezolid Efflux, altered target
Phenicols Chloramphenicol Acetylation, efflux, altered target
Quinolones Ciprofloxacin Acetylation, efflux, altered target
Pyrimidines Trimethoprim Efflux, altered target
Sulfonamides Sulfamethoxazole Efflux, altered target
Rifamycins Rifampin ADP­ribosylation, efflux, altered target
Lipopeptides Daptomycin Altered target
Cationic peptides Colistin Altered target, efflux

The lack of a global management guideline for daily antibiotics usage practices is also another point that

has been contributing to the emergence of resistance on a global scale [7]. While some countries have acted to

provide guidance for those practices, most still haven’t taken any action toward interventions [7].

The consequence of antibiotic resistance has already shown its impacts around the world. The World

Economic Forum has identified antibiotic resistance as a global risk beyond the capacity of any organization

or nation to manage or mitigate alone [23]. In developed economies, the impact of this issue is reflected

in the higher healthcare costs and decreases in labor supply, productivity, household incomes, and national

income and tax revenues [24]. The Europe Union has reported that, annually, around 25000 deaths are due to

a subset of drug resistant bacteria, with the extra health care costs and lost productivity due to antimicrobial

resistance amounting to at least 1500€ million. Similar impacts should also be present in low­ and middle­

income countries [24].
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1.2 Alternatives for antibiotics

From the rising challenge of fighting the insurgence of antibiotics resistant microbes, it became necessary

to develop new alternatives different from the traditional ones being used until current days [25]. Host defense

peptides (HDPs) are defined as a class of innate immunity components expressed by multi­cellular organisms

[26]. As far as it is known, one part of their functions is to kill invasive cells without damage to the host and

without presenting themselves as a stress agent for the development of resistance traits [26]. This is due to

their mechanism of action, which is thought to involve membrane permeabilization [26]. Since this is not a

”lock and key” type of mechanism, the pathway to membrane disruption is not as straight forward and thus

more demanding for the microbe to bypass [26].

Since the discovery of HDPs, thousands of those substances have been encountered and catalogued in an

online antimicrobial peptide (AMP) database curated by Wang and Wang, containing, to date, more than 3200

entries from six different kingdoms [22, 27, 28]. Among those substances, different amino acids sequencing

and secondary structures are presented, and physiochemical properties seems to be the common factor in respect

to their antimicrobial effectiveness [26]. The presence of a cationic net charge at neutral pH, coupled with a

significant fraction of hydrophobic residues and relative short chain size are frequent attributes for this class of

compounds (Fig. 1.2). Of these three main attributes, the hydrophobicity of the molecule is integral for their

interaction with phospholipids (PLs) bilayers [29], and the presence of positive net charge is central for their

electrostatic attraction to anionic components of the bacterial cell surface [30].

Figure 1.2: Distribution of AMPs entries in respect to percentage of hydrophobic amino acids, net charge and
chain size, respectively. Adapted from [26]

While HDPs were being discovered, the field of disinfectant polymers begun its development [31]. It

started with the introduction of benzalkonium chlorides (BAC) polymer (a benzyl quaternary ammonium as a

side chain of a long alkyl chain) and styrene derivatives containing BAC [32] and in the late 90s developed to

the creation of polymers that mimics HDPs, such as β­peptides [29, 33], α/β­peptides [34] and peptoids [35].

Although HDPs are excellent potential substitutes for antibiotics, due to their antimicrobial and non­toxic

characteristics, the bioprocesses involved in the manufacture of cheap and scalable volumes are still not devel­

oped enough [28]. At the same time, while chemical processes are well known and developed for production
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in large scale, the potential toxicity of these compounds is something that cannot be neglected [28]. With these

points, in the early 2000s, the fields of HDPs and biocidal polymers started to merge seeking the development

of HDP mimetic polymers (Fig. 1.3). The rationale behind this merge is to combine the advantages of peptide

activity with the cost effectiveness and scalability of synthetic polymer chemistry, without the need for precise

sequence, uni­molecular chain length, or defined secondary structure. [26].

Figure 1.3: Evolution of antimicrobial polymers. The main difference between HDP and polymeric disinfec­
tants are highlighted in the first two boxes. Evolution of both fields lead to the development of HDP­inspired
antimicrobial polymers. Adapted from [26]

1.2.1 Bio­mimetic polymers

The relationship between the structure and activity of the HDP­mimetic polymers lays upon two funda­

mental design principles: 1) the hydrophobic/hydrophilic component ratio; and 2) the presence of a structured

cationic group [18]. In 2009, Kuroda, Caputo, and DeGrado [36] showed that a poly(methacrylate) random

copolymer with 40% methyl side chains (hydrophobic group) and 60% aminoethyl side chains (hydrophilic

and charge group) is at the same time a potent antibacterial compound and has minimum hemolytic activity.

They also reported that a fully cationic homopolymer shows no effect against E. coli, while fully hydrophobic

homopolymers have high hemolytic activity and poor solubility. The study reported that excess of hydropho­

bicity has the potential to generate polymers with high toxicity and poor solubility whereas polycation polymers

with very low hydrophobicity were not potent antibacterial candidates and also show the tendency to aggre­

gate red blood cells (RBCs). Similar results were obtained when amphiphilic balance was optimized with
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poly(norbornene) [37] and nylon­3 copolymers [38, 39].

While the amphiphilic balance of the polymer dictates, mostly, cell type selectivity of the compound, the

cationic net charge of the polymer will dictate the electrostatic attraction to the bacterial cell surface. That

happens because positive net charge will have a stronger interaction with the negatively charged PL headgroups

of the lipid bilayers [40]. For example, HDPs are normally rich in Lysine and/or Arginine. Both amino acids

contain amine groups (Fig. 1.4), which, at physiological pH, have cationic charge [41].

Figure 1.4: Butylamine and guanidine groups from Lysine (left) and Arginine (right) amino acids.

The difference from building a polymer possessing primary amine groups instead of the traditional qua­

ternary ammonium salt (QAS) was investigated by Palermo and Kuroda in 2009 [42]. For the same polymer

type, the one with primary amine groups outperformed the ones with tertiary or quaternary in terms of antimi­

crobial activity and toxicity. Following this study, the role of cationic functionality was investigated and it was

observed that primary ammonium groups can form a stronger complex with PL headgroups when compared

to QAS analogues [40]. Also, the effect of the density of amine groups was investigated, with Al­Badri et al.

[43] showing that the increase at amine density in each monomer unit enhances the efficacy of the polymers

by highly decreasing its hemolytic toxicity.

On the other hand, the functionality of guanidinium can be explained by its ability to complex anionic PLs

by a combination of Coulombic attraction and precisely orientated bidentate hydrogen bonding interactions.

This led to the development, by several groups, of cationic amphiphilic polymers containing the guanidinium

functional group as the source of cationic charge, instead of primary ammonium cations [26]. Polymethacry­

lates with guanidinium cations were more active against S. epidermidis and C. albicans relative to primary

ammonium containing analogues [44], with similar results being presented for guanidinium functionalized

poly(methacrylamide)s [45].

1.2.2 Poly(ethylenimine)

By understanding the design principles that will provide the desired antimicrobial activity, characteristic

of HDP mimetic polymers, one can propose structural modifications that allow increased efficiency and a

straightforward synthesis. As one of the many polymers present in the market, poly(ethylenimine) (PEI) has

been shown to be a potent alternative to combat antibiotic resistant organism, due to its intrinsic features.

PEI is a synthetic, non­biodegradable, cationic polymer that can contain primary, secondary and/or tertiary

amino functional groups. It is found in both branched and linear forms (Fig. 1.5) and can be synthesized by
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acid catalyzed polymerization of aziridine and ring opening polymerization of 2­ethyl­2­oxazoline followed

by hydrolysis, respectively [46, 47]. Due to the abundance of reactive amino groups, PEI can be modified to

display the necessary hydrophobicity and positive charge densities that are primary requirements for antimi­

crobial activity [48]. Also, the ammonium groups of PEI, which are cationic, coupled with the ethylene spacer

of its structure, which serves as hydrophobic moiety, create a repeating cationic amphiphilic motif along the

polymer backbone at neutral pH without any further chemical modification by hydrophobic groups [25].

(a) Ethylene imine monomer. (b) Fragment of linear PEI chain.

(c) Fragment of branched PEI chain.
(d) PEI dendrimer of second­
generation.

Figure 1.5: a) Ethylene imine monomer, b) linear PEI fragment, c) Branched PEI fragment and d) Second­
generation PEI dendrimer.

In 1997, Helander et al. [49] investigated the effect of the polycation PEI on the permeability effects on

Gram­negative bacterial outer membrane using E. coli, P. aeruginosa and S. typhimurium as target organ­

isms. The results showed that in concentrations inferior to 20 μg/ml, PEI increased the bacterial hydrophobic

permeation of the outer membrane. It showed an increase in the susceptibility of the tested species to the

hydrophobic antibiotics Clindamycin, Erythromycin, Fucidin, Novobiocin and Rifampicin. Without being di­

rectly bactericidal, polycation PEI was been shown to be in fact a potent permeabilizer of the outer membrane

of Gram­negative bacteria.

Lin et al. [48] assessed if PEI could be used as functionalized antimicrobial coating material in glass and

plastic slides. Their study pointed that alkylated PEIs attached to flat macroscopic surfaces and/or to nanopar­

ticles make these materials highly bactericidal toward both Gram­positive and Gram­negative pathogenic bac­

teria [48]. These systematic chemical modifications of the immobilized PEI shed some light on the relationship

between the structure of the polymer and the antibacterial efficiency of the resulting coating. Later, N­hexyl­

N­methyl­poly(ethylenimine) covalently bound to amino glass slides resulted in almost 100% inactivation of

both water borne and airborne bacteria, and fungi, including pathogenic and antibiotic­resistant strains with­
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out any report of emergence of resistance while being nontoxic to mammalian cells (COS­7, African green

monkey) [50]. In addition, several studies have investigated the antibacterial activity of water­soluble PEI

derivatives containing quaternary ammonium salt groups with long alkyl or aromatic groups and applications

for water­insoluble hydrophobic PEIs including nanoparticles and antibacterial coatings, as promising materi­

als for coating of medical devices [25].

Although the properties of PEI derivatives have been extensively studied and presented as good alternative

antimicrobials, conventional unmodified PEI also possesses antimicrobial activity and low cytotoxicity. In

2012, Gibney et al. [25] investigated a series of branched and linear PEIs (b­PEI and l­PEI, respectively) with

relatively low molecular weight to understand the effect of molecule’s architecture and size on antibacterial

activity. The activity was tested against E. coli and S. aureus and results showed that it is intrinsically depen­

dent on both parameters. The membrane permeabilization assays performed indicate that PEI may exert their

antibacterial activity by mechanisms other than membrane disruption [25]. The polymer is also selective to

bacteria over RBCs, and cytotoxic assays indicate that b­PEI is less toxic to human Hep­2 cells than their linear

counterparts, although still significantly reduced cell viability after a 24h exposure. The study results can help

refine the design of this polymers towards optimal activity and cell selectivity. Most recently, Venkatesh et al.

[51] investigated the antimicrobial and cytotoxic properties of cationic polymers with peptide/isopeptide and

polyethylene/PEI backbones. The study was conducted with different strains of S. aureus, P. aeruginosa andC.

albicans and biocompatibility for primary human dermal fibroblasts. The results showed that l­PEI displayed

superior antimicrobial activity against bacterial pathogens over poly(allylamine), with and cytotoxicity only at

concentrations above 500 �g/ml.

PEI and other synthetic analogs, are easy to produce and low­cost polymer, and well established methods

enables the tuning of chemical and physical properties via simple structural modifications. These features

facilitate further development and turn them attractive alternatives as novel antibacterial agents [25].

1.3 Molecular Dynamics

By having the possibility to change and tune synthetic polymers to present the desired functionality, a

huge variety of options can be manufactured. These possibilities demonstrate the wide range of potential

novel therapeutic polymer that can be developed. However, creating and testing each one of these alternatives

presents itself as a challenge. It is necessary to have a guide that allows the understanding of the direction

taken prior initiating costly and time­consuming experimental works in vitro.

In recent years, computational experiments have become crucial for the progress of science. The rise of

high­performance computing has enabled experimentation in silico as a powerful tool that bridges the gap

between theory and laboratory experiments [52]. Taking into consideration that bio­mimetic antimicrobial

polymers demonstrate to have some type of interaction with microbial membranes, it is important to have a

tool that shows if the molecule being tested presents promising interactions and effects. With that, Molecular
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Dynamics (MD) appears as an important computational tool for understanding the physical basis of structure,

dynamic evolution of systems, and the function of biological macro­molecules [53] and is a tool that aids the

development of new drugs.

Molecular Dynamics is based on Newtonian physical models governing inter­atomic interactions, to pre­

dict how every atom in a molecular system moves over time [53]. These simulations can capture a wide variety

of important biomolecular processes, describing the positions of every atom with femtosecond temporal res­

olution. MD has its origin in the late 1950s, with the simulations of simple gases by Alder and Wainwright

[54] and was first used to simulate protein in the late 1970s, by Salomon­Ferrer et al. [55]. It is important to

remark the groundwork performed by Martin Karplus, Michael Levitt and Arieh Warshel that enabled these

simulations, for which they were awarded the 2013 Nobel Prize in Chemistry [54]. MD simulations have,

however, become substantially more popular and visible in recent years, particularly from the perspective of

experimental molecular biologists. Simulations have begun to appear frequently in experimental structural bi­

ology papers, where they are used both to interpret experimental results and to guide experimental work (Fig.

1.6) [56].

Figure 1.6: Evolution of MD publications related to Structural Biology. Adapted from [56].

The increase in use of MD simulations is possible, mainly, due to two under­laying drivers. First, the

advance of techniques, such as crystallography and cryogenic electron microscopy, allows for a much bet­

ter resolution of structures, providing a better starting point for MD simulations [56]. Second, the evolution

of computing power and MD simulations themselves, make possible to run MD simulations outside super­

computers [56]. That can be exemplified by the introduction of graphics processing units, that allows powerful

simulations to be run locally and at a modest cost [55, 57], the evolution of software packages, that became

easier, more user­friendly and with better user support and also by the constant work done in improving the

accuracy of the physicals models behind the simulations [56].

To calculate how a given systemwill evolve over time, MD uses Newton’s equations of motion to determine

the net force and acceleration experienced by each atom in the system (all­atomMD—AAMD) and with that
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simulates the time evolution of each atom considering the interactions generated by each net force from each

time step [52]. To apply the motion’s equation, each atom i is treated as a single point and must have an

associated position ri, mass mi and fixed charge qi. The relationship between the force on each one of the

system’s atoms and its acceleration is described byNewton’s second law ofmotion whereFi is the force exerted

on the mass and ai is the respective acceleration (eq. 1.1):

Fi = miai (1.1)

This force can also be interpreted as a gradient of the potential energy of the system, V , as the acceleration

is taken as the second derivative in time of the position, so (eq. 1.2):

�riV = mi
d2ri(t)

dt2
(1.2)

The time step used in MD calculations is approximately one order of magnitude smaller than the fastest

motion ­ hydrogen molecule’s bond vibration ­ which oscillates roughly about every 10 fs. The MD simulation

will follow the algorithm describe in Figure 1.7 until desired conditions are achieved:

Since the starting point of any MD simulations requires the potential energy of the system, it is crucial to

have it well defined. The potential is defined in terms of a force field (FF); that describe the different particle

interactions that may happen during simulation. It can be divided into interactions between atoms chemically

bonded and into interactions between atoms that are non­bonded. A general description of the potential energy

of a system modeled by a FF can be seen in the Figure 1.8:

The determination of the parameters for a specific FF is done taking into account physiochemical experi­

ments and/or electronic structure calculations, using quantum mechanics (QM) methods (e.g., ab initio molec­

ular orbital or density functional theory calculations) [52]. QM methods, in a simple way, perform nuclear

and/or electronic interactions between particles by solving the time independent Schrödinger’s equation and its

approximated forms (e.g., Born­Oppenheimer) [59]. A set of parameters should be defined for different types

of atoms and for each one of the potentials that define a FF. This means that a FF will have discrete parameters

for an oxygen atom in a carbonyl functional group and in a hydroxyl group [52]. An example of FF parameter

set is: atomic masses, van der Waals radii, partial charges for individual atoms, equilibrium values of bond

lengths, bond angles, dihedral angles and values corresponding to the effective spring constants for each po­

tential. Some popular FFs used in classical MD atomistic simulations are Amber, CHARMM, and GROMOS

[52].
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Figure 1.7: Global MD Algorithm. The sequence of steps consist in: 1) input of initial conditions (potential
interactions, positions and velocities); 2) computation of forces from bonded and non­bonded interactions be­
tween atoms; 3) derivation of new positions and velocities for each atom; 4) storing of desired output. Adapted
from [58].

Figure 1.8: Example of a FF model. The potential energy will be the sum of the energies related to: A) stretch­
ing or compressing of bonded pair of atoms (modeled by a simple spring), B) Increasing or decreasing bond
angle formed between three consecutive atoms (modeled by a simple harmonic), C) dihedral angle rotations de­
fined by four consecutive atoms (also modeled by a simple harmonic), D) van der Waals interactions (modeled
by Lennard–Jones potential) and E) Electrostatic interactions (modeled by Coulomb’s law). The interactions
fromA) to C) represent the ones from chemically bonded atoms, while D) and E) are the ones from non­bonded
atoms. Adapted from [52]
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1.3.1 Coarse­grained models

Despite the advantages of MD simulations, large systems and longtime scales ­ beyond the 101 nm size

and the �s timescale ­ are still computationally demanding for atomistic systems. This is because atomistic

MD simulations generate force calculations for each time step of the process, which by itself already requires

considerable computation effort, and those calculations must be repeated several times for each atom of the

system [52]. However, since some biological processes such as protein folding, aggregation and biological

assembly occur at longer time scales, it became necessary the use of a different approach than AA MD [60].

One of the alternatives used to circumvent the limitations of AA MD is the use of coarse­grained (CG)

models. These models present a platform to bridge the gap between AA based simulation studies and the

macroscopic behavior of biological mechanisms [60], being well suited to study large scale biological com­

plexes, since they can probe the time and size scales of systems beyond what is feasible with AA models

[59].

The idea behind CG models is to make a reduced representation of the AA model of the system of interest

without losing the main molecular characteristics that dictate its behavior [60], by representing groups of atoms

as a single CG pseudo atom. From this reduced version comes faster computation sampling due to the decrease

in the degrees of freedom and with that the possibility to run simulations for a longer period of time [60].

Additionally, bonded interactions tend to have much lower force constants — hence, longer periods of motion

— allowing for the use of significantly larger MD timesteps.

To develop a CG models it is necessary to define the pseudo atoms that will represent the group of multiple

atoms; derive the energy function (potential energy of the system) which defines the interaction between those

pseudo atoms and also define the dynamical equations to study the time­based evolution of the CG system

[60]. That can be done considering structural information of the system (obtained experimentally) or through

the derivation of statistical data acquired from AA MD simulations [61].

The most popular CG model in use is the Martini force field, being first proposed for lipids and later

extended for protein, carbohydrates and other type of systems [59]. The Martini force field is parameterized in

a systematic way, combining top­down and bottom­up strategies, where non­bonded interactions are based on

the reproduction of experimental partitioning free energies between polar and apolar phases of a large number

of chemical compounds and bonded interactions are derived from reference AA MD simulations [59]. The

model uses a four­to­one mapping (Fig. 1.9), meaning that every four heavy atoms group (and its associated

hydrogens) are replaced by a unique single interaction center, also called “bead”. In order to keep the model

simple, only four main types of interaction sites are defined: polar, non­polar, apolar, and charged. Each bead

type has a number of subtypes (for a total of 18 types), which allow for an accurate representation of the

chemical nature of the underlying atomistic structure [59].

Some of the recent works done involving the use ofMartini in the protein field are the study of protein ligand

binding processes (2014) [63], mechanisms of allostery (2015) [64], predicting the binding mode of peptides
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Figure 1.9: Martini mapping examples of selected molecules: (A) Standard water particle representing four
water molecules, (B) Polarizable water molecule with embedded charges, (C) DMPC lipid, (D) Polysaccharide
fragment, (E) Peptide, (F) DNA fragment, (G) Polystyrene fragment, (H) Fullerene molecule. In all cases
Martini CG beads are shown as cyan transparent beads overlaying the atomistic structure. Taken from [62]

to G­Protein coupled receptors (2017) [65] and determining the role of hydrophilicity and hydrophobicity in

the self­assembly of (AF) 6H5K15 peptide derivatives (2014) [66].

Due to the complex nature of the structural dynamics of biological macromolecules and their working

mechanism, that range from atomic to molecular level, the use of multiscale simulations has emerged as an

important approach. This consists in the integration of CG models within AA ones to define different com­

ponents of the system which allows for an in depth understanding of the macromolecular dynamics with an

insight on the atomic picture [60]. The study of rotary motor proteins through free energy landscapes and CG

based simulation is a good example of multiscale simulations [67].

CG force fields a powerful alternative to AA ones, but also have their own set of limitations. First, they

represent a simplified version of the system under investigation, which, by elimination of atomic details, may

impact the determination of precise properties under study [60]. They are also sometimes tailored for spe­

cific features of systems or phenomena of interest, so it is harder to transfer properties between varied sys­

tems. As an example, the Martini FF is based upon the calibration of non­bonded interactions against the

oil/water partitioning coefficients [59], which happens to be highly correlated with membrane–peptide binding

and protein–protein recognition. Consequently, the Martini model has found dominant applications in study­

ing the membrane protein systems and their interaction with lipids, while others CG force fields will be better

suited to predict other types of systems and interactions [59].

The increase modeling demand of new and challenging systems, coupled with reported insufficiencies in

the representation of some biomolecular interactions, led to a recent ongoing improvement effort of the Martini

FF. A beta version of the upcoming version 3 of Martini has been released and some of the new features of the

new version consist in: new specific parameterization of beads corresponding to two­to­one or three­to­one
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mappings; improvements in the interaction matrix between the multiple possible types of particles, including

more interaction levels and reformulation of charged beads.[68]

1.4 Objectives

This project’s main goal was to apply computational tools to power the development of bio­mimetic an­

timicrobial nanoparticles. This was done by exploring and trying to gain insights on the killing mechanism of

an already existing nanoparticle by means of MD simulations. For this, it was necessary to develop and build

the corresponding CG model of the nanoparticle being investigated and run simulations against CG membrane

models that can capture the difference between bacteria and mammalian PL membranes. The results from

theses simulations enabled the proposal of modifications to synthesize novel nanoparticles with the desired

functionality and biophysical properties. These novel compounds were tested in silico, against those same PL

membranemodels. All the results helped to point the necessary characteristic that must be involved in enhanced

design of antimicrobial nanoparticles, and how to improve the synergy among them. The used methodology,

as well as the order of the work done, is described below:

i The studied nanoparticle ­ PUREG4­OEI48 ­ is a fourth­generation polyurea dendrimer (PUREG4) core

with 48 linear oligo(ethylenimine) chains (OEI48) connected to its surface [69];

ii The development of the suitable CG topology for this nanoparticle was splitted into two parts:

(a) Development the Martini 3 topology for linear OEI. This was done through QM and atomistic

MD simulations that will be used to derive the necessary set of parameters for the Martini 3 force

field model. The validation of the model built in Martini 3 was carried by comparing some of

its properties (e.g. end­to­end distance and radius of gyration) against the ones from atomistic

topology and also from data in the literature.

(b) Develop the Martini 3 topology for the polyurea dendrimer. This was done in a similar fashion

to what was done for OEI, but in this case an already existing atomistic topology will serve as a

starting point for the parameters’ derivation. Again, the validation of the topology was done by the

comparison of properties between atomistic and CG models.

iii To simulate the difference between mammalian and bacterial membrane bilayer, two different mod­

els was used. The first one is composed of anionic 1­palmitoyl­2­oleoyl­sn­glycero­3­phosphocholine

(POPC) while the second has a composition of POPC/1­Palmitoyl­2­oleoyl­sn­glycero­3­(phospho­rac­

(1­glycerol)) (POPG) at a 1:3 ratio [70].

The results from the simulation of the nanoparticle against both membrane models were analyzed, and the

results helped understand the killing mechanism of the nanoparticle. From the acquired insight we aimed to

propose specific modifications to improve selectivity and toxicity. These novel molecules model were also

tested in silico.
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2.1 Poly(ethylenimine) parameterization within the Amber and Mar­

tini FF

Although there are already parameters for CHARMMFF and aMartini model for PEI in the semi­ and non­

protonated states [71], the lack of parameters for the fully­protonated form along with the objective of using the

new Martini 3 version of this CG FF justify the work to create a full set of parameters for the Amber FF, until

now absent. Also, the building process of the CGmodel for PEI will take into consideration numerical stability

enough to allow running simulation with the standard Martini time step of 20 fs, which does not happen for

the previously mentioned model [71].

The CG parameters of this model will follow the recommended strategy to assign the bead type for each

building block of the polymer by chemical similarity to already­parameterized models; bonded parameters will

be taken from Amber AA reference data, generated using amber99sb­ildn [72]. Since the chosen AA FF does

not have specific parameters for partial charges and torsions involving protonated secondary amines, those

were derived using a comprehensive body of ab initio calculations.

The term Amber is used to refer to the family of empirical force fields implemented by a collective of suite

programs that allow users to carry out molecular dynamics simulations, particularly on biomolecules [73]. The

simplest implementation form of this family of FF is described by the Hamiltonian equation below:

Etotal =
X

bonds

kb(r � r0)2

+
X

angles

k�(� � �0)2

+
X

dihedrals

Vn[1 + cos(n� � 
)]

+

N�1X
i=1

NX
j=i+1

[
Aij

R12
ij

� Bij

R6
ij

+
qiqj

�Rij
]

(2.1)

where

A = �R12
min and B = 2�R6

min (2.2)

The first three lines of equation 2.1 correspond, respectively, to the harmonic term for bond stretching
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(where kb is the force constant and r0 is the equilibrium distance), the harmonic angle bending terms (force

constant k� and an equilibrium angle of �0) and the Fourier­series expansion for torsional terms (torsion barrier

term Vn, the angle phase 
 and periodicity n). The last term of the equation encompasses the non­bonded

interactions: the standard formulation of the 6­12 Lennard­Jones (LJ) potential and the electrostatic interaction,

where � is the depth of the potential well for the interaction of atoms i and j,Rij is the distance separating atoms

i and j, Rmin is the sum of the van der Waals radii and qi and qj are the atomic partial charges.

In a bottom­up approach to develop an AA description of PEI, we resorted to QM calculations to derive

the necessary parameters of the molecular mechanics (MM) FF. To build PEI Amber models for different

protonation states we perform the adjustment of the AA FF relative to QM data for three minimal PEI tetramers.

Tetrameric length was chosen to include characteristic central repetition units, less influenced by terminal

behavior, while keeping an acceptable computational QM cost. Figure 2.1 demonstrates the structure of each

one of the models. PEI with all nitrogen atoms protonated will be referred to as pei+ (Fig. 2.1 a)), semi­

protonated PEI, with protonation of alternating nitrogens (Fig. 2.1 b)) as peis, and non­protonated PEI as pein

(Fig. 2.1 c)).

Figure 2.1: PEImodels used in the parameterization of theAmber FF.Dark blue represents nitrogen atoms, cyan
represents carbons and white represents hydrogens. a) fully­protonated tetramer b) semi­protonated tetramer
and c) non­protonated tetramer.

Taking into account the further parameterization of Martini 3 model, all the tetramers above can be de­

scribed by five different types of residues:

• PEIQ – protonated polymer monomer (CH2�NH +
2 �CH2);

• PEI – non­protonated polymer monomer (CH2�NH�CH2);

• TPEIQ – protonated terminal residue for pei+ (NH +
3 �CH2�CH2�NH +

2 �CH2);

• TPEIS – protonated terminal residue for peis (NH +
3 �CH2�CH2�NH�CH2);

• TPEI – terminal residue for pein (NH2�CH2�CH2�NH�CH2)
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The choice of these residue divisions takes into consideration a symmetry around the N atom of each residue

(excluding terminals) and of the overall molecule, which simplifies further work with the Martini FF. Terminal

residues encompass 1.5 units each, that we consider to not have central behavior.

The first step in the development of an Amber PEI model is to derive the partial atomic charges that each

atom will have. The Amber force field is built around the concept of accurate pair­wise charges, with con­

straints typically imposing integer charges to the entirety of a residue (or a monomer unit). In Amber, the

method used for point­charge calculation is the Restrained Electrostatic Potential (RESP) method [74]. It is

employed on a QM geometry­optimized structure of the molecule of interest, for which the spatial distribution

of the electrostatic potential (ESP) has also been computed. RESP collapses this potential into single point

charges by optimizing atomic charge assignment while restraining the resulting ESP to that computed by QM.

QM geometry optimizations were done at Hartree­Fock (HF) level of theory with a 6­31G(d) basis set. Final

electronic probabilities were computed on the optimized structure, usingMøller–Plesset perturbation of second

order (MP2) theory and a 6­31+G(d,p) basis set. All QM calculation were performed using the Gaussian 09

program.

With the partial charges derived (better explained in the subsection 2.1.1), torsionswere probed by geometry­

optimizing molecular structures at both MM and QM levels while restraining or constraining the torsion of

interest to a range of values. Dihedral torsion potentials were obtained by linearly decomposing the difference

between the resulting MM and QM potential energies into combinations of cosinusoids of different periods.

The optimization procedure for the dihedrals consist in a scan of torsion coordinates with the objective of

minimizing the torsion dihedral potential energy difference between QM and MM by fitting the force constant,

phase and multiplicity of the dihedral potential function (eq. 2.1). Both dihedrals of interest for each tetramer

were rotated a full 360� in steps of 5�. For each angle the configuration with the minimum energy between all

possible arrangement of H atoms was chosen as the input for the QM calculation.

2.1.1 Optimization of partial atomic charges of PEI tetramers

The charge fitting procedure for all the tetramers has the objective to make each one of the residue type

described above to have fully integer charges. The RESP was performed in two stages with different charge

constraints to minimize the relative root mean square (RMS) difference to the precomputed QM ESP.

The first RESP stage for pei+ imposes a total charge of +1 for both TPEIQ residues and for the central

PEIQ residue. All symmetric heavy atoms were set to have the same derived partial charge and the H atoms of

each symmetric heavy atom were also set to have the same charge. Second stage received as input the charges

from stage one. Now, the partial charges of each N atom and its respective H atoms were frozen (will not be

changed in this new stage) making the new derivation to affect allow the C atoms and its H atoms. Again, this

stage was performed respecting the symmetry of each atom and the same constraints as the prior stage.

For peis and pein a similar two stage RESP were also performed, but with slight differences at the con­
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straints. The first stage RESP of peis used constraints for all the 5 residues present in the tetramers with TPEIQ

residues and PEIQ residue having total charge of +1 and the PEI residues with total charge of zero. Second

stage kept the partial charges of heavy atoms and allow for all the H atoms to have a new partial charge. Both

stage respect the symmetry of all the atoms involved. For pein the first stage used constraints of total zero

charge for TPEI and PEI and symmetry of heavy atoms, while the second stage kept the constraints but now

allow for new partial charges for H atoms with respect to them symmetry to the whole tetramer.

2.2 Polyurea dendrimer parameterization within Martini 3 FF

The setup of the Martini 3 topology for a fourth­generation polyurea dendrimer was based on AA simula­

tions performed by N. Martinho (unpublished work). This simulation was performed with NAMD v.2.9.[75]

and parameterized with CGenFF [76, 77, 78] for a duration of 20 ns at explicit solvent and kept at constant

temperature and pressure of 310k and 1 bar, respectively.

The AA­to­CG mapping was done following the Martini philosophy, where each bead represents a specific

set of atoms (with up to 5 non­hydrogen atoms per bead) and their type is determined by the properties of the

chemical moieties that they represent. The symmetry of the dendrimer was considered when the substructure

representation of each bead was elected. The step by step and rationale behind this stage is reported at the

results section.

The target bonded parameters for the dendrimer topology were generated by converting the AA MD tra­

jectory into a CG trajectory, following the mapping chosen. Distributions were plotted for the relevant bond

distances, angle bendings and dihedral torsions. The choice of all bonded parameters was made so that CG

simulations reproduced as close as possible these distributions. The fitting procedure was done in a trial and

error manner, where each of the bonded parameters of a new simulation was refined based upon the fit from

the previous run.

2.3 PUREG4­OEI48 building process

Two different strategies were used during the process of building the nanoparticle topology. The first

one, consisted in represent the dendrimer structure of PUREG4­OEI48 as a hollow sphere with a “dummy”

particle (without non­bonded interaction with others beads from the system) at its center; all 48 OEI chains

were restricted at a distance of 1.725 nm from this center, thus lying on the sphere’s surface. This simplified

first approach was used in the hope that the high density of OEI chains was able to “hide” the dendrimeric core

from interacting with the rest of the system and thus avoid the need for its explicit modeling.

After initial simulations were ran, we found that the OEI chains were not able to efficiently shield the

nanoparticle’s core: solvent and ion beads were able to access the hollow core. A second approach was imple­
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mented, which consisted in explicitly representing the polyurea dendrimer core of the nanoparticle coupled to

all OEI chains as a single topology. All parameters were taken from the parameterization process of both OEI

and PURE. The connection between each OEI chain and its respective NH +
3 anchoring terminal is described

in section 3.6.

2.4 All­atom Molecular Dynamics simulations

To perform all AAMD simulations, Gromacs version 2018.3 [58] or higher were used implementing a leap­

frog algorithm for integrating Newton’s equations of motion with a time step of 2 fs. The neighbor searching

as set with Verlet cut­off scheme with grid type and a cut­off distance of 14 Å for both Van der Waals and

Coulombic interactions. Periodic boundary conditions were applied in all directions, while the system was

solvated with TIP3P water model and the long­range electrostatic interactions were treated with the Particle

Mesh Ewald method of order 4 and using a grid spacing of 1.6 Å. The temperature was fixed at 300 K using a

temperature coupling using velocity rescaling with a stochastic term with time constant of 1 ps. Pressure was

treated using an isotropic Parrinello­Rahman coupling with a time constant of 5 ps and reference pressure of 1

bar.

2.5 Coarse­grained Molecular Dynamics simulations

All CG MD simulations were carried out using Gromacs version 2018.3 or higher employing leap­frog

propagation with a time step of 20 fs, a Verlet cut­off scheme of type grid and periodic boundary conditions in

all directions using a 11 Å cutoff for the short­range interactions (Van der Waals and Coulombic interactions).

Long range electrostatics were treated with the reaction­field method with a relative dielectric constant �r

= 15 in conjunction with with standard water beads, and infinite screening beyond the cutoff distance. The

temperature was kept fixed at 300 K using stochastic velocity rescaling with a (weak) coupling constant of

1 ps, while pressure was treated with an isotropic Parrinello­Rahman coupling, a time constant of 12 ps and

reference pressure of 1 bar. For equilibration purposes the berendsen thermo­ and barostats were used instead.

2.6 Molecular Dynamics simulations with membrane models

The initial configuration for the POPC:POPG (1:3) bilayer was built using Martini’s bilayer building tool

– ”insane.py” [79]. This tool randomly distributes both lipids in the corresponding ratio into a planar bilayer

centered around the midpoint of a specific box’s height. In this case a hexagonal box of dimensions 70.0 nm

X 60.6 nm X 20.0 nm was used. For the simulations with only POPC a bilayer of the same size was created

using only this type of lipid.
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The nanoparticle was added into the lipid bilayer boxwith the aid of VMD [80]; water beads that overlapped

with it were removed for initial numerical stability. Enough Na+ and Cl– ions were added to neutralize the

overall charge and have a salt concentration of 150 mM.

The two membrane systems were minimized and equilibrated as the PUREG4­OEI48 nanoparticle, with the

difference that semi­isotropic pressure coupling was used, to decouple solvent pressure in z from membrane

tension in xy. Both minimization an equilibration were performed with a restraint at the central bead of the

nanoparticle to avoid displacement towards the membrane during these steps. All production simulations were

run for at least 3 �s. As a strategy to confirm the lack of interaction between the nanoparticle and the POPC

membrane, after the system was equilibrated a small simulation with an acceleration of ­1.0 nm∙ps�2 was

performed to produce a initial positionwere the nanoparticle is in close contact withmembrane. After achieving

this, the simulation ran freely, the same way as the POPC:POPG system.

2.7 End­to­end distance, Dee

The end­to­end distance, Dee correspond to the norm of the vector that points from one end of the polymer

chain to the other. This property helps indicate how extended a polymer chain is and is given by the equation

2.3:

Dee =
X

i

~ri (2.3)

Where ~ri represents the translation vectors that connects the polymer chains joints.

2.8 Radius of Gyration, Rg

The Radius of Gyration (Rg) was used to determine if the topology generated could reproduce the same

behavior as the one measured from the atomistic model. Rg corresponds to the RMS of distance from all beads

to the particle center of mass, and was calculated with equation 2.4:

Rg =

vuut 1

M

NX
i=1

mi(ri � R)2 (2.4)

Where, mi is the mass of each bead i and M =
PN

i=1 mi, N is the number of beads that compose the

particle, ri is the position of bead i and R is the position of the particle center of mass.
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2.9 Shape Parameter, S and Asphericity, �

To evaluate the general shape that the nanoparticle assumes along the entire trajectory, two properties were

investigated: the shape parameter (S), that evaluates the shape itself, and asphericity (�) that is an indication

of the extent of the shape’s anisotropy [81]. Both properties are calculated using the moment of inertia tensors,

T�� :

T�� =
1

2N2

NX
i;j=1

(ri� � rj�)(ri� � rj�) (2.5)

Where � and � represent the components x; y; z of ri. From T , its eigenvalues, �i are defined as the

squares of the three principal radii of gyration, thus:

R2
g = trT =

3X
i=1

�i (2.6)

With inertia tensors and their eigenvalues defined, the overall shape can be characterized as:

S = 27

Q3
i=1(�i � �)

(trT )3
(2.7)

S can assume values from (­1/4) up to 2. The negatives values indicate an oblate shape, whereas positive

values indicate a prolate shape; a perfect sphere yields S = 0. Asphericity is determined as:

� =
3

2

P3
i=1(�i � �)2

(trT )2
(2.8)

In the same fashion as S, � will take values from 0 up to 1, where zero indicates the perfect isotropy of a

sphere, and 1 maximal anisotropy.
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2.10 Distance­to­core and contacts analysis

Two quantitative assays were performed where the distance­to­core and the percentage of contacts were

investigated. The distance to the core of the membrane was defined as the minimum distance between each

external bead of the nanoparticle’s dendrimer layer (the beads that anchor the polymer chains) and the last

beads of the phospholipids tails (C4A and C4B) of each membrane’s inner leaflet. This metric is being used as

a proxy for particle–membrane in­depth interaction but without the requirement to define a membrane normal

— which can be troublesome where there is membrane curvature. Membrane contacts were defined as the

percentage of a nanoparticle’s beads been within 5 Å of any phospholipid bead. Distance­to­core results were

expressed in the form of histograms. The percentage of contacts indicates how much of the whole particle

indeed interacts with the membrane.

2.11 Radial distribution function, g(r)

The radial distribution function (g(r) or RDF) describes how the density of a certain system component,

relative to the bulk, varies as a function of the distance to a reference. An interparticle RDF is calculated by

histogramming the distances between all particles pairs from a test and a reference groups, a and b. It can be

calculated by the following expression:

g(r) =
1

NaNb

NaX
i=i

NbX
j=i

< �(jri � rj j � r) > (2.9)

This equation is normalized to the bulk density of the test group, so that for large distances in a macroscop­

ically homogeneous system the RDF tends to 1 (indicating no influence from one particle on another’s position

at large distances).

All numerical analysis were performed using theMDAnalysis package for Python 3 [82, 83], either directly

or in tools developed in­house.
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3.1 Poly(ethylenimine) parameterization within the Amber FF

3.1.1 Optimization of partial atomic charges

The optimization of the partial charges was done following the RESP method. After finishing the charge

assignment all the results were assessed to make sure that the two main conditions imposed were followed:

same atomic charge for symmetric atoms and resulting integer charge of +1 or zero for each one of the residues

of each tetramer. For pein the geometry­optimized structure is not absolutely symmetric due to the asymmetry

of the single N–H bonds; final atomic charges of the H atoms in groups CH2 were taken as the average of each

pair. The final atomic charge for all the tetramers can be found in tables A.1, A.2 and A.3

3.1.2 Atom type designation and Lennard­Jones parameters by similarity

The atom type and LJ parameters were assigned based on analogy from existing atom type provided by

amber99sb­ildn. Table 3.1 display the full list of all the atoms present in this work.

Table 3.1: Atom type and Lennard­Jones parameters

Atom type � (kJ/mol) � (nm) Description

CT 0.4577300 0.339967 sp3 aliphatic C

H 0.0656888 0.106908 H bonded to nitrogen atoms

H1 0.0656888 0.247135 H aliphatic bonded to C with 1 electrwd. group

HP 0.0656888 0.195998 H bonded to C next to positively charged gr

N3 0.7112800 0.325000 sp3 N for amino groups

3.1.3 Optimization of dihedral parameters

As described above, the optimization procedure for the dihedrals consist in a scan of torsion coordinates

with the objective of minimizing the torsion dihedral potential energy difference between QM and MM by

fitting the force constant, phase and multiplicity of the dihedral potential function (eq. 2.1).
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Both dihedrals of interest for each tetramer were rotated a full 360� in steps of 5�. For each angle the

configuration with the minimum energy between all possible arrangement of H atoms was chosen as the input

for the QM calculation.

After addition of the fit potentials to the MM energy, the agreement between the MM torsion profiles and

the QM references for all dihedrals can be seen in figures 3.1, 3.2 and 3.3 . The parameters obtained for each

one of the fits can be seen in table A.1.

Figure 3.1: QM and MM potential torsion energy fit for tetramer pei+.

Figure 3.2: QM and MM potential torsion energy fit for tetramer peis.
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Figure 3.3: QM and MM potential torsion energy fit for tetramer pein.

For the dihedrals from pei+, the RMS error (RMSE) of 0.164 and 0.231, respectively, are quite minimal

and the superposition of profiles are almost perfect (Fig. 3.1). The fit for the dihedrals from peis also present a

good superposition of profiles (Fig. 3.2) and RMSE values (0.924 and 0.184, respectively) not far from those

for pei+. Of all the fits, the results for peinwere the ones that presented the largest deviation and RMSE values,

but still with a good overall fit (1.926 and 0.675, respectively). Discrepancies may stem from the multitude of

asymmetric states in pein and the above­mentioned need to average charges after RESP.

The results are in agreement with the observation by others [84, 71] that a higher degree of protonation

implies higher rotational barriers. This is a result of the repulsion between the positively charged amines

pushing towards a fully trans configuration.

3.2 Poly(ethylenimine) all­atom Molecular Dynamics

The newly parameterized Amber model was used for systematically study the dynamic behavior of linear

PEI of different lengths and degrees of protonation. Also, to understand how ionic strength impacts the structure

of the polymer, simulations was also performed in a solvated system with 150 mM NaCl for each one of

the length and protonation states. This is important since most biological systems of relevance have similar

salt concentrations [85]. To performed the necessary analysis, three different sizes were chosen, to enable a

comparative analysis with the literature. These sizes are of 25, 37 and 49 repeating units.

The neutrality of all the simulated systems was ensured by adding a number of Cl– counterions matching

the number of protonated PEI monomers. For the system with salt, the amount of additional Na+ and Cl– ions

needed was calculated specifically for each system, since the amount of water particles changes between them.

All simulation boxes were made as dodecahedral unit cells and had initial size to accommodate the fully

extended polymer chain and screen its interactions with its periodic replicas. For each one of the combinations

a minimum of 200 ns was collected from small sets of 20 ns trajectories, which were individually energy­
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minimized and equilibrated prior to simulation. Figure 3.4 shows a snapshot of the typical extension of the

fully protonated PEI 49­mer under physiological salt conditions.

Figure 3.4: Snapshot of a typical configuration of a fully­protonated PEI 49­mer (red dots correspond to Na+
and green to Cl– ).

3.2.1 Radius of gyration and end­to­end distance analysis

To investigate the behavior and the spatial evolution of the simulated PEI chains in the above solvated

systems, we utilized two common indicators of polymer structure: the end­to­end distance, Dee, and the radius

of gyration, Rg . Tables 3.2 and 3.3 shows the averaged values for both indicators for the three different sized

polymer chains (described above) in all protonation states studies and in both salt concentration conditions.

Table 3.2: Average end­to­end distance, hDeei (nm)

Chain size
Non­protonated Semi­protonated Fully­protonated

no salt salt no salt salt no salt salt

25­mer 2.23 � 0.84 2.31 � 0.79 3.95 � 0.74 3.57 � 0.84 6.25 � 0.51 5.96 � 0.77

37­mer 2.78 � 1.03 2.93 � 1.15 5.92 � 0.95 4.76 � 1.17 8.98 � 0.94 8.11 � 1.49

49­mer 3.32 � 1.29 3.28 � 1.22 7.74 � 1.27 5.92 � 1.51 11.73 � 1.21 9.92 � 2.07

Table 3.3: Average radius of gyration, hRgi (nm)

Chain size
Non­protonated Semi­protonated Fully­protonated

no salt salt no salt salt no salt salt

25­mer 0.98 � 0.19 1.01 � 0.18 1.39 � 0.15 1.31 � 0.17 1.94 � 0.09 1.89 � 0.13

37­mer 1.20 � 0.23 1.25 � 0.26 2.03 � 0.19 1.77 � 0.23 2.82 � 0.15 2.67 � 0.24

49­mer 1.41 � 0.29 1.42 � 0.25 2.65 � 0.25 2.19 � 0.29 3.70 � 0.19 3.35 � 0.37
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The values stated for both hDeei and hRgi indicate that they are dependent on the degree of protonation

and the salt concentration. The more charged amino groups are present in the polymer chain, the higher these

averages are. This shows that the polymer tends to prefer a more coiled configuration at a lower protonation

degree, and with the increase of protonation the chain start to become more extended — a clear effect of

electrostatic repulsion between the positive charges of the protonated amines. In the presence of ionic strength,

the tendency is the opposite and the polymer chain shrinks, showing that the ions mediate interactions between

charges and reduce the repulsion effect. These can be better perceived when comparing the non­protonated

chains: the statistical difference between the two ionic concentrations, for all PEI lengths, is essentially null,

implying that the salt ions have no charge repulsion to mediate and the polymer behaves equally.

The sizes and conditions simulated also allowed for comparison with previous work that employed Amber

FF. Choudhury and Roy [84] presented results for hDeei and hRgi that follow the same dependence upon

protonation, but with averages around 14% and 17% smaller for the end­to­end distance and radius of gyration,

respectively. This difference is a reflection of higher force constants for the dihedrals torsion derived from the

QM data of this work, which returns a polymer chain more rigid then previously reported.

Most recently Beu, Ailenei, and Farcaş [86] in 2018, published a CHARMM FF for linear PEI. The results

for the non­ and semi­protonated version under non salt concentration conditions are compared in table 3.4.

As can been seen, all the values are within statistical error showing the good agreement between the parame­

terization performed for this polymer under different force fields. Also the values are in agreement with some

experimental results reported so far: in 2007, Zakharova et al. [87] reported experimental values for a 20­mer

size PEI for Dee of 2.2 nm and Rg of 0.9 nm that are close to the ones for our size 25­mer, while Beu, Ailenei,

and Farcaş [86] and Perevyazko et al. [88] reported a similar increase of end­to­end distance of linear PEI

chains with molecular weights in the range 1100 to 13,900 g/mol.

Table 3.4: Computed–experimental comparison of end­to­end distance and radius of gyration for PEI 50­mer
under no salt conditions

Non­protonated Semi­protonated

50­mer Ref. [86] This Work Ref. [86] This Work

Dee (nm) 3.96 � 0.21 3.32 � 1.29 7.02 � 0.27 7.74 � 1.27

Rg (nm) 1.63 � 0.05 1.41 � 0.29 2.64 � 0.05 2.65 � 0.25

3.3 Poly(ethylenimine) mapping

The modeling of our Martini 3 PEI starts out by defining the CG beads mapped to represent the residues

defined in the Amber model (terminal residues, encompassing 1.5 units each, are represented by two beads).

Figure 3.5 shows the mapping used for all PEI chains, where both three­to­one (S or ‘small’, green) and two­

to­one (T or ‘tiny’, blue) bead types are used. The beads’ respective mass­centers and identifications are:
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• TBP: terminal protonated bead ­ NH +
3 �CH2 ­

• TBN: terminal non­protonated bead ­ NH2�CH2 ­

• MBP: protonated monomer bead ­ CH2�NH +
2 �CH2 ­

• MBN: non­protonated monomer bead ­ CH2�NH�CH2 ­

Figure 3.5: Mapping scheme for fully­protonated PEI chains. Blue bead represents TBP (or TBN for non­
protonated chains) and green represents MBP (or MBN for non­protonated and semi­protonated chains).

3.4 Poly(ethylenimine) parameterization within Martini 3 FF

The determination of the non­bonded LJ parameters for a CG Martini model is based upon the physico­

chemical similarities between the chemical group mapped into each bead and the standard types already pa­

rameterized by the FF in question. Martini 3 expands the different types already present in Martini, allowing

for more refined interaction levels to choose from. For our case, and following the guidelines for Martini 3 —

already generally laid out in the Martini 3 open beta version [68] — the general idea is that beads with positive

charge must be of type ’Q’ and receive a p (for positive) label. Beads without charge were assigned the type

’N’, since they represent moderately­to­weakly polar groups; of those, beads encompassing NH2 will receive a

hydrogen­bond­donor label (’d’), since they have one more hydrogen bond donor than acceptors, while beads

with NH are going to be regular (no such label), since they have the same number of hydrogen­bond donors and

acceptors. To determine the size of the beads, an ’S’ or ’T’ prefix indicates small and tiny beads, respectively,

while normal size (four­to­one mapping) beads have no prefix. Finally, the polarity level within each type is

dictated by the production of partition behavior, leading to the following assignment:

• TBP: NH +
3 �CH2 ­ TQ4p

• TBN: NH2�CH2 ­ TN6d

• MBP: CH2�NH +
2 �CH2 ­ SQ3p
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• MBN: CH2�NH�CH2 ­ SN3

With bead types assigned to each of the residues of our polymer, the bottom­up process of getting bonded

interactions derived from reference all­atom simulations can start. The generated AA trajectories were all

converted to the mapping described above by placing single beads at the center of mass of the corresponding

atoms. Afterward, histograms of the different bond, bending angle and dihedral distributions were calculated,

from which initial estimates for the parameters of the bonded potential functions could be made. A subsequent

trial­and­error approach was employed, where polymers with tentative CG parameters were simulated, their

bonded distributions plotted and compared to the CG­mappedAAones, and parameters adjusted by hand before

simulating anew. The procedure ended when a good overlap with AA distributions was achieved.

The set of AA trajectories used consisted of polymer chain of size 5, 8, 10, 11 and 13­mer, for each of the

protonation states, with at least 300 ns of simulation each. To better reflect physiological behavior, the CG

parameterization of bonds, bending angles and dihedrals was done under 150 mM NaCl and compared to the

AA simulations also with ionic strength. For simplicity, the main text focuses on the distribution obtained for

the fully­protonated PEI chain, while for the other chains all plots and parameters are in Figures A.1 ­ A.6 and

Tables A.2 ­ A.4. Each one of the different bonds, bending angles and dihedrals are described by the bead

names that form them, so, for the chain in question, two bonds, two bending angles and two dihedrals had to

be parameterized. Figure 3.6 shows the plot fit for the bonds. The TBP­MBP bond has a well defined peak

around 0.265 nm and a smaller one at 0.295 nm. With the object to better reproduce this distribution in the CG

level, b0 adopted was 0.275 with a force kb of 13,000 kJ mol�1 nm�2. With only one peak, bond MBP­MBP

has it equilibrium value at 0.310 nm and force kb of 15,000 kJ mol�1 nm�2. The slight difference in forces

between the two bonds reflects a more narrow or wider distribution profile around the equilibrium distance,

which in turn is a consequence of the different degrees of freedom of the underlying atoms.

Figure 3.6: Atomistic (solid) and CG (dashed) probability distribution for the TBP­MBP (black) and MBP­
MBP (red) bead bond distances.
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Regarding the bending angle distribution (Fig. 3.7), twowell­defined profiles were obtained for TBP­MBP­

MBP and MBP­MBP­MBP, with both values of equilibrium above 150�. The structural averaging involved in

the CG mapping of AA coordinates highlights the tendency of the fully­protonated linear PEI to prefer a more

extended conformation (mapped bending angles closer to 180�) than a coiled one. For angle TBP­MBP­MBP

the parameters are �0 = 153� and k� = 250kJmol�1, while angle MBP­MBP­MBP has values of �0 = 170�

and k� = 225kJmol�1.

Figure 3.7: Atomistic (solid) and CG (dashed) probability distribution for the TBP­MBP­MBP (black) and
MBP­MBP­MBP (red) bending angles.

Prior to defining the parameters for the dihedral torsions, the above analysis of CG­mapped bending an­

gles indicates the possibility of TBP­MBP­MBP or MBP­MBP­MBP beads to become close to colinear. This

tendency, coupled with the relatively large 20 fs integration time step leads to singularities in the differentia­

tion of torsion potentials, and unrealistically high forces that will crash the simulation [89]. To work around

this problem, while keeping the advantages of a larger time step from CG simulations, we used the combined

bending­torsion potential proposed by Bulacu et al. [90]:

VCBT (�i�1; �i; �i) = k�sin3�i�1sin3�i

4X
n=0

ancosn�i (3.1)

Equation 3.1 couples the dihedral torsion potential, in a cosine form, with the potential functions of the

adjacent bending angles in a single expression. This has two main advantage: first, the two sine pre­factors

cancel the torsion potential and force when either of the two bending angles approaches the value of 180�.

Second, the dependency in �i is expressed by the cosine polynomial that avoids the singularities in the torsional

force computation. Table 3.5 show the parameters obtained for the accurate fit from figure 3.8.
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Table 3.5: Torsion potential parameters for dihedrals of fully­protonated linear PEI. All values are in kJ mol�1

Dihedrals k� a0 a1 a2 a3 a4

TBP­MBP­MBP­MBP 75 1.41 2.95 1.36 1.33 1.00

MBP­MBP­MBP­MBP 65 1.41 2.95 1.36 1.33 1.00

Is clear that both dihedrals behave similarly. The slight difference in k� (10 kJ mol�1) is reflected by

distributions of slightly different widths.

Figure 3.8: Atomistic (solid) and CG (dashed) probability distribution for the a) TBP­MBP­MBP­MBP (black)
and b) MBP­MBP­MBP­MBP (red) torsion angles.

3.5 Comparison between Amber and Martini 3 behavior

With the set of parameters that reproduce all the bonded interactions of linear PEI, it becomes necessary

to check if they will also be able to simulate the previously described structure indicators. Again, simulations

were performed with the whole set of conditions used so far. Since now we are working with a CG model, a

longer trajectory is much more feasible to produce and all the values were calculated considering at least 1 �s.

Figure 3.9 depicts the averaged end­to­end distance and radius of gyration for the no salt condition for the CG

simulations (marked as void circles) and the reference AA values (marked as full circles).

Both plots at Figure 3.9 show that the CG model developed can reproduce the atomistic behavior of the

non­ and fully­protonated states of the linear PEI. When observing the results for the non­protonated state,

since the polymer does not present any charge, the high electrostatic screening does not apply to the polymer

and the CG model is able to reproduce faithfully the AA description. Another observation is that there may

be a small tendency for the values from the CG simulations to be lower than the ones from AA. This is partly

explained by the fact that parameterization was performed emphasizing the reproduction of behavior at high

ionic strengths, where the polymer is less extended. Nevertheless, the values are still within the error of each

other.
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�)�L�J�X�U�H �������� �(�Q�G���W�R���H�Q�G �G�L�V�W�D�Q�F�H �D�Q�G �U�D�G�L�X�V �R�I �J�\�U�D�W�L�R�Q �I�R�U �3�(�, �F�K�D�L�Q�V �X�Q�G�H�U �Q�R �V�D�O�W �F�R�Q�G�L�W�L�R�Q�� �$�$ �Y�D�O�X�H�V �D�U�H
�U�H�S�U�H�V�H�Q�W�H�G �E�\ �I�X�O�O �F�L�U�F�O�H�V �D�Q�G �F�R�Q�W�L�Q�X�R�X�V �O�L�Q�H�V �Z�K�L�O�H �&�* �D�U�H �Y�R�L�G �F�L�U�F�O�H�V �Z�L�W�K �G�D�V�K�H�G �O�L�Q�H�V��

�)�R�U �W�K�H �V�H�P�L���S�U�R�W�R�Q�D�W�H�G �V�W�D�W�H�� �Z�H �F�D�Q �R�E�V�H�U�Y�H �W�K�D�W �W�K�H �&�* �P�R�G�H�O �X�Q�G�H�U���U�H�S�U�H�V�H�Q�W�V �W�K�H �E�H�K�D�Y�L�R�U �R�I �W�K�H

�S�R�O�\�P�H�U �Z�K�H�Q �V�H�P�L���S�U�R�W�R�Q�D�W�H�G�� �Z�L�W�K �W�K�H �Y�D�O�X�H�V �R�IRg �D�Q�GDee �E�H�L�Q�J�� �R�Q �D�Y�H�U�D�J�H�� ���� �D�Q�G ������ �V�P�D�O�O�H�U �W�K�H�Q

�W�K�H �D�W�R�P�L�V�W�L�F �R�Q�H�� �7�K�H �H�[�F�H�V�V�L�Y�H �F�R�P�S�D�F�W�Q�H�V�V �R�I �W�K�H �&�* �P�R�G�H�O �I�R�U �W�K�L�V �S�U�R�W�R�Q�D�W�L�R�Q �V�W�D�W�H �L�V �D �F�R�Q�V�H�T�X�H�Q�F�H

�R�I �W�K�H �F�R�D�U�V�H�Q�H�V�V �Z�L�W�K �Z�K�L�F�K �H�[�S�O�L�F�L�W �F�K�D�U�J�H�V �D�U�H �W�U�H�D�W�H�G �L�Q �0�D�U�W�L�Q�L�� �E�H�F�D�X�V�H �Z�D�W�H�U �L�V �Q�R�W �H�[�S�O�L�F�L�W�O�\ �S�R�O�D�U

���S�R�O�D�U���S�R�O�D�U�L�]�D�E�O�H �&�* �Z�D�W�H�U �P�R�G�H�O�V �G�R �H�[�L�V�W �>�����@ �E�X�W �D�U�H �Q�R�W �\�H�W �G�H�Y�H�O�R�S�H�G �I�R�U �0�D�U�W�L�Q�L ���� �G�L�H�O�H�F�W�U�L�F �V�F�U�H�H�Q�L�Q�J

�L�V �P�L�P�L�F�N�H�G �E�\ �D �O�D�U�J�H �U�H�O�D�W�L�Y�H �S�H�U�P�L�W�W�L�Y�L�W�\ �R�I ���� �L�Q �W�K�H �V�L�P�X�O�D�W�L�R�Q�� �7�K�L�V �L�P�S�O�L�F�L�W �V�F�U�H�H�Q�L�Q�J �V�H�H�P�V �W�R �R�Y�H�U�O�\

�G�D�P�S�H�Q �H�O�H�F�W�U�R�V�W�D�W�L�F �L�Q�W�H�U�D�F�W�L�R�Q�V �D�W �W�K�H �O�R�Q�J�H�U �G�L�V�W�D�Q�F�H�V �L�Q�Y�R�O�Y�H�G �L�Q �Q�R�Q�F�R�Q�V�H�F�X�W�L�Y�H �D�P�L�Q�H �U�H�S�X�O�V�L�R�Q�� �7�K�H

�V�D�P�H �V�K�R�U�W�F�R�P�L�Q�J�V �Z�H�U�H �R�E�V�H�U�Y�H�G �E�\ �%�H�X�� �$�L�O�H�Q�H�L�� �D�Q�G �&�R�V�W�L�Q�D�ú �I�R�U �0�D�U�W�L�Q�L ���� �Z�K�H�U�H �D �F�R�U�U�H�F�W�L�R�Q �F�R�X�O�G �E�H

�P�D�G�H �E�\ �X�V�L�Q�J �D �S�R�O�D�U�L�]�D�E�O�H �Z�D�W�H�U �P�R�G�H�O �>�����@ �² �D�W �W�K�H �F�R�V�W �R�I �D �K�H�D�Y�L�H�U �F�R�P�S�X�W�D�W�L�R�Q�D�O �H�I�I�R�U�W��

�:�K�H�Q �O�R�R�N�L�Q�J �L�Q�W�R �W�K�H �V�L�P�X�O�D�W�L�R�Q�V �X�Q�G�H�U �V�D�O�W �F�R�Q�G�L�W�L�R�Q�V ���I�L�J�� ������������ �Z�H �D�U�H �D�E�O�H �W�R �V�H�H �W�K�D�W �W�K�H �D�J�U�H�H�P�H�Q�W

�E�H�W�Z�H�H�Q �&�* �D�Q�G �$�$ �P�R�G�H�O�V �I�R�U �W�K�H �W�K�H �V�H�P�L���S�U�R�W�R�Q�D�W�H�G �V�W�D�W�H �L�P�S�U�R�Y�H�V �E�\ �D�E�R�X�W ������ �I�R�U �E�R�W�K �W�K�H �D�Y�H�U�D�J�H�G

Dee �D�Q�GRg �� �7�K�L�V�� �D�J�D�L�Q�� �F�D�Q �E�H �H�[�S�O�D�L�Q�H�G �E�\ �W�K�H �H�[�F�H�V�V �R�I �S�R�V�L�W�L�Y�H�O�\ �D�Q�G �Q�H�J�D�W�L�Y�H�O�\ �F�K�D�U�J�H�V �S�U�R�Y�L�G�H�Q�W �R�I

�1�D�&�O �W�K�D�W �H�[�S�O�L�F�L�W�O�\ �P�H�G�L�D�W�H �W�K�H �H�O�H�F�W�U�R�V�W�D�W�L�F �L�Q�W�H�U�D�F�W�L�R�Q�V �Z�L�W�K�L�Q �W�K�H �V�\�V�W�H�P�� �D�Q�G �W�K�X�V �D�O�V�R �H�[�S�O�D�L�Q�L�Q�J �D �E�H�W�W�H�U

�D�J�U�H�H�P�H�Q�W �I�R�U �W�K�H �Q�R�Q �D�Q�G �I�X�O�O�\ �S�U�R�W�R�Q�D�W�H�G �Y�H�U�V�L�R�Q�V��

�)�L�J�X�U�H ���������� �(�Q�G���W�R���H�Q�G �G�L�V�W�D�Q�F�H �D�Q�G �U�D�G�L�X�V �R�I �J�\�U�D�W�L�R�Q �I�R�U �3�(�, �F�K�D�L�Q�V �X�Q�G�H�U �������P�0 �R�I �1�D�&�O�� �$�$ �Y�D�O�X�H�V �D�U�H
�U�H�S�U�H�V�H�Q�W�H�G �E�\ �I�X�O�O �F�L�U�F�O�H�V �D�Q�G �F�R�Q�W�L�Q�X�R�X�V �O�L�Q�H�V �Z�K�L�O�H �&�* �D�U�H �Y�R�L�G �F�L�U�F�O�H�V �Z�L�W�K �G�D�V�K�H�G �O�L�Q�H�V��
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������ �3�R�O�\�X�U�H�D �G�H�Q�G�U�L�P�H�U �P�D�S�S�L�Q�J

�7�R �F�U�H�D�W�H �W�K�H �P�R�V�W �V�X�L�W�D�E�O�H �P�D�S�S�L�Q�J �I�R�U �3�8�5�(G4�� �I�L�U�V�W �L�W �L�V �Q�H�F�H�V�V�D�U�\ �W�R �N�Q�R�Z �W�K�H �V�W�U�X�F�W�X�U�H �R�I �W�K�H �P�R�O�H�F�X�O�H��

�)�L�J�X�U�H �������� �V�K�R�Z�V �D �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �R�I �W�K�H �G�H�Q�G�U�L�P�H�U �F�R�U�H �V�W�U�X�F�W�X�U�H ���X�S �W�R �V�H�F�R�Q�G���J�H�Q�H�U�D�W�L�R�Q����

�)�L�J�X�U�H ���������� �3�D�U�W�L�D�O �V�W�U�X�F�W�X�U�H �R�I �W�K�H �3�8�5�(G4 �F�R�U�H ���V�H�F�R�Q�G �J�H�Q�H�U�D�W�L�R�Q �V�K�R�Z�Q���� �'�D�V�K�H�G �O�L�Q�H�V �U�H�S�U�H�V�H�Q�W �I�X�U�W�K�H�U
�U�H�S�H�D�W�L�Q�J �X�Q�L�W�V��

�7�K�H �G�H�Q�G�U�L�P�H�U�L�F �F�R�U�H �N�H�H�S�V �J�U�R�Z�L�Q�J �I�R�O�O�R�Z�L�Q�J �W�K�H �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �D�E�R�Y�H �X�Q�W�L�O �G�H�V�L�U�H�G �V�L�]�H �L�V �D�F�K�L�H�Y�H�G�� �,�Q

�W�K�L�V �F�D�V�H�� �W�Z�R �P�R�U�H �O�D�\�H�U�V �D�U�H �D�G�G�H�G �X�S �D�Q�G �W�K�H �I�L�Q�D�O �V�W�U�X�F�W�X�U�H �I�L�Q�L�V�K�H�V �Z�L�W�K ���� �1�+��
�� �W�H�U�P�L�Q�D�O�V�� �Z�K�H�U�H �W�K�H �2�(�,

�F�K�D�L�Q�V �Z�L�O�O �E�H �D�G�G�H�G��

�7�D�N�L�Q�J �L�Q�W�R �F�R�Q�V�L�G�H�U�D�W�L�R�Q �W�K�H �U�D�W�L�R�Q�D�O�H �I�U�R�P �0�D�U�W�L�Q�L �S�K�L�O�R�V�R�S�K�\ �D�Q�G �W�K�H �V�W�U�X�F�W�X�U�H �D�E�R�Y�H�� �W�K�H �P�R�V�W �D�G�H�T�X�D�W�H

�P�D�S�S�L�Q�J �W�R �H�Q�V�X�U�H �W�K�H �V�\�P�P�H�W�U�\ �R�I �W�K�H �Q�D�Q�R�S�D�U�W�L�F�O�H �Z�L�W�K�R�X�W �V�S�O�L�W�W�L�Q�J �F�K�H�P�L�F�D�O �J�U�R�X�S�V �D�Q�G �L�Q�W�H�J�H�U �F�K�D�U�J�H�V �L�V �W�R

�F�H�Q�W�H�U �W�K�H �E�H�D�G �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �R�Q �W�Z�R �Z�H�O�O �G�H�I�L�Q�H�G �F�K�H�P�L�F�D�O �J�U�R�X�S�V�� �W�K�H �X�U�H�D �D�Q�G �W�K�H �W�H�U�W�L�D�U�\ �D�P�L�Q�H�� �$�O�W�K�R�X�J�K

�0�D�U�W�L�Q�L �� �D�O�O�R�Z�V �I�R�U �D �J�U�H�D�W�H�U �U�H�I�L�Q�H�P�H�Q�W �Z�L�W�K �W�K�U�H�H���W�R���R�Q�H �D�Q�G �W�Z�R���W�R���R�Q�H �V�L�]�H �E�H�D�G�V �² �E�H�V�L�G�H�V �W�K�H �R�U�L�J�L�Q�D�O

�I�R�X�U���W�R���R�Q�H �P�D�S�S�L�Q�J �²�� �L�W �Z�D�V �Q�R�W �S�R�V�V�L�E�O�H �W�R �J�U�R�X�S �W�K�H �D�W�R�P�V �L�Q �D �Z�D�\ �W�K�D�W �U�H�V�S�H�F�W�H�G �W�K�H �S�U�L�Q�F�L�S�O�H�V �W�R �E�H

�I�R�O�O�R�Z�H�G�� �V�R �D �O�D�U�J�H�U �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �K�D�G �W�R �E�H �P�D�G�H �Z�K�H�U�H �F�H�U�W�D�L�Q �&�+�� �J�U�R�X�S�V �Z�H�U�H �V�K�D�U�H�G �E�H�W�Z�H�H�Q �E�H�D�G�V��

�7�K�L�V �V�W�U�D�W�H�J�\ �O�H�G �W�R �D �I�L�Y�H���W�R���R�Q�H �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �I�R�U �W�K�H �E�H�D�G�V �F�H�Q�W�H�U�H�G �R�Q �W�K�H �X�U�H�D �J�U�R�X�S�V �D�Q�G �D �´�I�L�Y�H���D�Q�G���D��

�K�D�O�I�´���W�R���R�Q�H �I�R�U �W�K�H �E�H�D�G�V �F�H�Q�W�H�U�H�G �R�Q �W�K�H �W�H�U�W�L�D�U�\ �D�P�L�Q�H�V�� �Z�L�W�K �H�D�F�K �V�K�D�U�H�G �P�H�W�K�\�O�H�Q�H ���&�+���� �F�R�X�Q�W�L�Q�J �D�V �K�D�O�I

�W�R�Z�D�U�G�V �H�D�F�K �E�H�D�G�� �)�L�J�X�U�H �������� �V�K�R�Z�V �W�K�H �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �R�I �W�K�H �W�H�U�W�L�D�U�\ �D�P�L�Q�H ���$�0�� �D�Q�G �X�U�H�D ���8�5�� �F�H�Q�W�H�U�H�G

�E�H�D�G�V �I�R�U �W�K�H �F�R�D�U�V�H���J�U�D�L�Q�H�G �W�R�S�R�O�R�J�\��

�:�L�W�K �W�K�H �N�Q�R�Z�O�H�G�J�H �R�I �Z�K�D�W �H�D�F�K �E�H�D�G �U�H�S�U�H�V�H�Q�W�V�� �L�W �L�V �Q�H�F�H�V�V�D�U�\ �W�R �D�V�V�L�J�Q �W�K�H �F�R�U�U�H�F�W �W�\�S�H �W�R �H�D�F�K �R�Q�H��

�6�L�Q�F�H �H�D�F�K �E�H�D�G �U�H�S�U�H�V�H�Q�W�V �E�U�D�Q�F�K�H�G �V�W�U�X�F�W�X�U�H�V�� �W�K�H�\ �Z�L�O�O �E�H �W�U�H�D�W�H�G �D�V �U�H�J�X�O�D�U �V�L�]�H �E�H�D�G�V�� �G�H�V�S�L�W�H �U�H�S�U�H�V�H�Q�W�L�Q�J

�D �O�D�U�J�H�U �D�P�R�X�Q�W �R�I �D�W�R�P�V �I�U�R�P �W�K�D�W �R�I �W�K�H �W�U�D�G�L�W�L�R�Q�D�O �I�R�X�U���W�R���R�Q�H �P�D�S�S�L�Q�J�� �7�K�L�V �X�Q�G�H�U�P�D�S�S�L�Q�J �L�V �Q�R�W �R�X�W �R�I

�O�L�Q�H �Z�L�W�K �W�K�H �S�K�L�O�R�V�R�S�K�\ �R�I �0�D�U�W�L�Q�L ���� �L�Q �Z�K�L�F�K �E�U�D�Q�F�K�H�G �P�R�L�H�W�L�H�V �D�U�H �U�H�S�U�H�V�H�Q�W�H�G �E�\ �E�H�D�G�V �F�R�U�U�H�V�S�R�Q�G�L�Q�J �W�R

����
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�)�L�J�X�U�H ���������� �$�0 ���D�P�L�Q�H�� �U�H�G�� �D�Q�G �8�5 ���X�U�H�D�� �E�O�X�H�� �E�H�D�G�V �W�K�D�W �U�H�S�U�H�V�H�Q�W �W�K�H �J�H�Q�H�U�D�O �P�D�S�S�L�Q�J �F�K�R�L�F�H �I�R�U �W�K�H
�3�8�5�(G4 �G�H�Q�G�U�L�P�H�U�� �7�K�U�H�H �H�[�W�U�D �U�H�G �F�L�U�F�O�H�V �U�H�S�U�H�V�H�Q�W �W�K�H �D�P�L�Q�H �J�U�R�X�S�V �R�I �W�K�H �G�H�Q�G�U�L�P�H�U�¶�V �Q�H�[�W �J�H�Q�H�U�D�W�L�R�Q��

�I�H�Z�H�U �D�W�R�P�V �>�����@�� �7�K�H �$�0 �E�H�D�G�� �G�H�I�L�Q�H�G �E�\ �D �W�U�L�H�W�K�\�O�D�P�L�Q�H �V�F�D�I�I�R�O�G�� �L�V �F�R�Q�V�L�G�H�U�H�G �W�R �E�H �Q�R�Q�S�R�O�D�U ���W�\�S�H �1��

�D�Q�G �U�H�F�H�L�Y�H�V �D�Q�D�O�D�E�H�O �W�K�D�W �U�H�S�U�H�V�H�Q�W�V �W�K�H �F�D�S�D�F�L�W�\ �W�R �D�F�F�H�S�W �K�\�G�U�R�J�H�Q �E�R�Q�G�V�� �Z�K�L�O�H �W�K�H �8�5 �E�H�D�G�� �Z�L�W�K �L�W�V

�G�L�P�H�W�K�\�O�X�U�H�D �I�U�D�P�H�� �L�V �D �S�R�O�D�U ���3�� �W�\�S�H �E�H�D�G�� �D�O�V�R �Z�L�W�K �F�D�S�D�F�L�W�\ �W�R �D�F�F�H�S�W �K�\�G�U�R�J�H�Q �E�R�Q�G �D�Q�G �K�D�Y�L�Q�J �W�K�H �V�D�P�H

�D�O�D�E�H�O�� �7�K�H �L�Q�W�H�U�D�F�W�L�R�Q �O�H�Y�H�O �R�I �H�D�F�K �S�D�U�W�L�F�O�H �Z�D�V �G�H�W�H�U�P�L�Q�H�G �E�D�V�H�G �R�Q �W�K�H �F�K�H�P�L�F�D�O �V�L�P�L�O�D�U�L�W�\ �E�H�W�Z�H�H�Q �H�D�F�K

�J�U�R�X�S �D�Q�G �Y�D�O�L�G�D�W�H�G �H�[�D�P�S�O�H�V �S�U�R�Y�L�G�H�G �E�\ �0�D�U�W�L�Q�L ���� �6�L�Q�F�H �S�D�U�W �R�I �W�K�H �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �R�I �H�D�F�K �E�H�D�G �L�V �V�K�D�U�H�G

�Z�L�W�K�� �D�W �O�H�D�V�W�� �D�Q�R�W�K�H�U �E�H�D�G�� �W�K�H �F�K�R�L�F�H �R�I �L�Q�W�H�U�D�F�W�L�R�Q �O�H�Y�H�O �Z�D�V �V�O�L�J�K�W�O�\ �W�X�Q�H�G �G�R�Z�Q �I�U�R�P �L�W�V �U�H�I�H�U�H�Q�F�H �D�Q�G

�W�K�H �O�H�Y�H�O �� �D�Q�G �� �Z�H�U�H �D�V�V�L�J�Q�H�G�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �I�R�U �$�0 �D�Q�G �8�5 �E�H�D�G�V�� �7�R �I�L�Q�L�V�K �W�K�H �E�H�D�G �W�\�S�H �D�V�V�L�J�Q�P�H�Q�W �D�O�O

�W�H�U�P�L�Q�D�O �1�+��
�� �Z�L�O�O �E�H �W�U�H�D�W�H�G �D�V �7�4���S �D�Q�G �Q�D�P�H�G �D�V �¶�1�7�¶ �E�H�D�G�V�� �7�K�L�V �P�D�W�F�K�H�V �Z�K�D�W �Z�D�V �X�V�H�G �D�V �W�K�H �I�L�U�V�W �E�H�D�G

�R�I �W�K�H �2�(�, �F�K�D�L�Q �W�R�S�R�O�R�J�\ �D�Q�G �U�H�V�X�O�W�V �L�Q �D �S�H�U�I�H�F�W �V�\�P�P�H�W�U�\ �R�I �W�K�H �I�L�Q�D�O �Q�D�Q�R�S�D�U�W�L�F�O�H �3�8�5�(G4���2�(�,48 �R�Q�F�H �L�W �L�V

�D�V�V�H�P�E�O�H�G�� �,�Q �V�X�P�P�D�U�\�� �W�K�H �X�V�H�G �0�D�U�W�L�Q�L �� �E�H�D�G �W�\�S�H�V �Z�H�U�H �1���D �I�R�U �$�0 �E�H�D�G�V�� �3���D �I�R�U �8�5 �E�H�D�G�V �D�Q�G �7�4���S

�I�R�U �1�7 �E�H�D�G�V��

������ �3�R�O�\�X�U�H�D �G�H�Q�G�U�L�P�H�U �S�D�U�D�P�H�W�H�U�L�]�D�W�L�R�Q

�$�I�W�H�U �H�V�W�D�E�O�L�V�K�L�Q�J �W�K�H �G�H�Q�G�U�L�P�H�U �&�* �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �D�Q�G �W�K�H �Q�R�Q���E�R�Q�G�H�G �S�D�U�D�P�H�W�H�U�V �W�K�U�R�X�J�K �E�H�D�G �W�\�S�H �D�V��

�V�L�J�Q�P�H�Q�W�� �L�W �L�V �Q�H�F�H�V�V�D�U�\ �W�R �G�H�U�L�Y�H �W�K�H �Y�D�O�X�H�V �I�R�U �D�O�O �E�R�Q�G�H�G �I�H�D�W�X�U�H�V �W�R �I�L�Q�L�V�K �W�K�H �G�H�V�L�U�H�G �W�R�S�R�O�R�J�\�� �7�K�H�U�H �D�U�H

�W�K�U�H�H �G�L�I�I�H�U�H�Q�W �N�L�Q�G �R�I �E�R�Q�G�V�� �$�0���8�5 �D�Q�G �$�0���1�7 �E�R�Q�G�V�� �D�Q�G �W�K�H �1�7���1�7 �G�L�V�W�D�Q�F�H�� �7�K�H �1�7���1�7 �G�L�V�W�D�Q�F�H��

�W�K�R�X�J�K �Q�R�W �U�H�S�U�H�V�H�Q�W�L�Q�J �D �F�R�Y�D�O�H�Q�W �O�L�Q�N�� �L�V �S�D�U�D�P�H�W�H�U�L�]�H�G �W�R �H�Q�V�X�U�H �W�K�H �F�R�U�U�H�F�W �G�L�V�W�D�Q�F�L�Q�J �E�H�W�Z�H�H�Q �1�7 �E�H�D�G�V��

�H�V�S�H�F�L�D�O�O�\ �D�I�W�H�U �2�(�, �F�K�D�L�Q�V �D�U�H �O�L�Q�N�H�G �W�R �W�K�H�P�� �)�L�J�X�U�H �������� �V�K�R�Z�V �D�O�O �W�K�H �I�L�W �E�H�W�Z�H�H�Q �D�W�R�P�L�V�W�L�F �D�Q�G �&�* �S�U�R�E�D��

�E�L�O�L�W�\ �G�L�V�W�U�L�E�X�W�L�R�Q �I�R�U �D�O�O �W�K�H �E�R�Q�G�V �D�V�V�L�J�Q�H�G��

�:�K�L�O�H �$�0���8�5 �D�Q�G �$�0���1�7 �E�R�Q�G�V �K�D�Y�H �Z�H�O�O �G�H�I�L�Q�H�G �Q�R�U�P�D�O �*�D�X�V�V�L�D�Q �G�L�V�W�U�L�E�X�W�L�R�Q �D�U�R�X�Q�G ���������� �D�Q�G ����������

�Q�P�� �D�Q�G �I�R�U�F�H�V �R�I �������� �D�Q�G �������� �N�- �P�R�O� 1 �Q�P� 2�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �1�7���1�7 �G�L�V�W�D�Q�F�H�V �V�S�U�H�D�G �R�Y�H�U �D �U�D�Q�J�H �R�I �Y�D�O�X�H�V��

�7�R �E�H�W�W�H�U �U�H�S�U�R�G�X�F�H �W�K�L�V �G�L�V�W�U�L�E�X�W�L�R�Q��b0 �D�G�R�S�W�H�G �Z�D�V ���������� �Q�P �Z�L�W�K �D �I�R�U�F�Hkb �R�I ���������� �N�- �P�R�O� 1 �Q�P� 2��

�,�Q �D �V�L�P�L�O�D�U �I�D�V�K�L�R�Q�� �W�K�H �V�D�P�H �S�U�R�F�H�G�X�U�H �Z�D�V �S�H�U�I�R�U�P�H�G �L�Q �R�U�G�H�U �W�R �R�E�W�D�L�Q �S�D�U�D�P�H�W�H�U�V �I�R�U �E�H�Q�G�L�Q�J �D�Q�G

�W�R�U�V�L�R�Q �D�Q�J�O�H�V�� �7�K�H �W�R�W�D�O �R�I �E�H�Q�G�L�Q�J �D�Q�J�O�H�V �L�V �I�R�X�U�� �G�H�I�L�Q�H�G �E�\ �W�K�H �F�R�X�S�O�L�Q�J �R�I �W�K�H �I�R�O�O�R�Z�L�Q�J �E�H�D�G�V�� �$�0���8�5��

�$�0�� �8�5���$�0���8�5�� �8�5���$�0���1�7 �D�Q�G �1�7���$�0���1�7�� �)�L�J�X�U�H �������� �V�K�R�Z�V �D�O�O �S�U�R�E�D�E�L�O�L�W�\ �G�L�V�W�U�L�E�X�W�L�R�Q �I�R�U �W�K�H �E�H�Q�G�L�Q�J

����
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�)�L�J�X�U�H ���������� �$�W�R�P�L�V�W�L�F ���V�R�O�L�G�� �D�Q�G �&�* ���G�D�V�K�H�G�� �S�U�R�E�D�E�L�O�L�W�\ �G�L�V�W�U�L�E�X�W�L�R�Q �I�R�U �D�O�O �E�R�Q�G�V�¶ �G�L�V�W�D�Q�F�H�V��

�D�Q�J�O�H�V��

�)�L�J�X�U�H ���������� �$�W�R�P�L�V�W�L�F ���V�R�O�L�G�� �D�Q�G �&�* ���G�D�V�K�H�G�� �S�U�R�E�D�E�L�O�L�W�\ �G�L�V�W�U�L�E�X�W�L�R�Q �I�R�U �D�O�O �E�H�Q�G�L�Q�J �D�Q�J�O�H�V��

�$�J�D�L�Q�� �W�K�H �I�L�W �E�H�W�Z�H�H�Q �D�W�R�P�L�V�W�L�F �D�Q�G �&�* �V�L�P�X�O�D�W�L�R�Q�V �L�V �Z�H�O�O �G�H�I�L�Q�H�G�� �D�Q�G �W�K�H �S�D�U�D�P�H�W�H�U�V �I�R�U� 0 �D�Q�G �N� �D�U�H��

�U�H�V�S�H�F�W�L�Y�H�O�\�� ������� �D�Q�G ���� �N�- �P�R�O� 1�� ������� �D�Q�G ���� �N�- �P�R�O� 1�� ������� �D�Q�G ���� �N�- �P�R�O� 1 �D�Q�G ������� �D�Q�G ���� �N�- �P�R�O� 1��

����
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�,�Q �W�H�U�P�V �R�I �W�R�U�V�L�R�Q �D�Q�J�O�H�V�� �)�L�J�X�U�H �������� �V�K�R�Z�V �W�K�D�W �I�R�U �D�O�O �I�R�X�U �G�L�K�H�G�U�D�O�V �G�H�I�L�Q�H�G�� �W�K�H�U�H �L�V �Q�R �S�D�U�W�L�F�X�O�D�U�O�\

�V�W�U�R�Q�J �G�L�V�W�U�L�E�X�W�L�R�Q �W�H�Q�G�H�Q�F�\�� �%�H�F�D�X�V�H �R�I �W�K�L�V�� �D�Q�G �I�R�U �S�D�U�D�P�H�W�H�U �V�L�P�S�O�L�F�L�W�\�� �L�W �Z�D�V �F�K�R�V�H�Q �Q�R�W �W�R �L�P�S�R�V�H �D�Q�\

�W�R�U�V�L�R�Q �S�R�W�H�Q�W�L�D�O��

�)�L�J�X�U�H ���������� �$�W�R�P�L�V�W�L�F �S�U�R�E�D�E�L�O�L�W�\ �G�L�V�W�U�L�E�X�W�L�R�Q �I�R�U �D�O�O �W�R�U�V�L�R�Q �D�Q�J�O�H�V��

�$�V �D�Q �H�Y�D�O�X�D�W�L�R�Q �R�I �W�K�H �U�H�O�H�Y�D�Q�F�H �R�I �W�K�H �F�U�H�D�W�H�G �S�R�O�\�X�U�H�D �W�R�S�R�O�R�J�\�� �H�P�H�U�J�H�Q�W �S�U�R�S�H�U�W�L�H�V �R�I �W�K�H �G�H�Q�G�U�L�P�H�U��
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