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resumo O transporte de iões através da membrana celular é crucial para a manutenção da 

homeostasia celular e orgânica. Quando o transporte de iões está afectado, várias 

patologias podem surgir, tais como canalopatias. Durante a última década surgiram 

vários potenciais substitutos de origem sintética para os canais iónicos afectados, com 

a capacidade de mimetizarem as suas funções. Neste contexto, receptores sintéticos 

trípodes, incorporando grupos de reconhecimento tioureia, foram investigados 

experimentalmente como receptores de aniões e transportadores transmembranares. 

Os resultados obtidos demonstraram a capacidade destes carregadores para mediarem 

a difusão de cloreto através de vesículas lipídicas de POPC. Com base nestes indícios, 

realizaram-se estudos computacionais com duas moléculas desta série de receptores, 

em solução e numa membrana fosfolípidica, utilizando cálculos de mecânica molecular 

e simulações de dinâmica molecular, com recurso ao campo de forças GAFF. Nesta 

tese são apresentados e analisados os resultados obtidos. 

Os estudos efectuados em solução de dimetilsulfóxido/água mostram que as 

associações com cloreto são estabilizadas por múltiplas ligações de hidrogénio 

N-H•••Cl-. Por oposição, quando solvatados em água, os receptores perdem 

imediatamente o anião. Os comportamentos observados sugerem a utilização potencial 

destas moléculas como transportadores membranares. 

Antes da avaliação do comportamento das associações com cloreto no modelo de 

membrana, investigou-se o modelo de água e as cargas atómicas dos fosfolípidos, 

utilizados conjuntamente com o GAFF na descrição da bicamada fosfolípidica. 

Determinou-se que o melhor conjunto de parâmetros consiste no modelo de água 

SPC/E e cargas atómicas RESP não constrangidas. 

As duas associações com cloreto foram colocadas em duas posições iniciais 

alternativas num modelo de membrana super-hidratado: dentro da bicamada e na fase 

aquosa. Genericamente, observou-se a migração de ambos os receptores para a 

interface água/lípido. Adicionalmente, no primeiro cenário, a libertação do cloreto ocorre 

com a chegada receptores à interface, enquanto que, no segundo cenário, o cloreto é 

libertado na fase aquosa antes da internalização dos receptores. Na maioria dos casos, 

os receptores aninharam-se perto das cabeças dos fosfolípidos, afectando ligeiramente 

alguns dos parâmetros biofísicos da membrana. 





 

  

  

keywords anion recognition, anion transport, cystic fibrosis, membrane simulations, molecular 

dynamics, synthetic receptors, GAFF, POPC 

abstract Ion transport across cell membranes is crucial for the maintenance of cellular and 

organic homeostasis. When the ions transport is impaired, several disorders may arise, 

such as channelopathies. Over the last decade, potential synthetic substitutes for the 

impaired ion channels have been developed, with the ability to mimetic their functions. In 

this context, tripodal synthetic molecules incorporating thiourea binding groups were 

experimentally investigated as anion receptors and transmembranar transporters. The 

obtained results demonstrated the ability of these carrier molecules to mediate the 

chloride diffusion across POPC lipid vesicles. Inspired by these hints, computational 

studies with two molecules of this receptors’ set were undertaken in solution and in 

phospholipid membrane, using molecular mechanics calculations and molecular 

dynamics simulations, with the GAFF force field. This thesis reports and analyses the 

results obtained. 

The solution studies carried out in dimethyl sulfoxide/water solution show that the anion 

associations are stabilised by multiple N-H•••Cl- hydrogen bonds. In contrast, when 

solvated in water, the receptors promptly released the anion. The observed behaviours 

suggest the potential use of these carriers as membrane transporters. 

Before the evaluation of the chloride associations’ behaviour in the membrane model, 

the water model and phospholipid atomic charges to be utilized along with GAFF, 

describing the phospholipid bilayer, were investigated. The best set of parameters found 

is composed of SPC/E water model and unconstrained RESP atomic charges. 

The two chloride associations were placed in an overhydrated membrane model in two 

alternative starting positions: inside of the bilayer and in the water phase. Generally, the 

migration of the receptors to the water/lipid interface was observed. Moreover, in the first 

scenario, the chloride release occurs when the carrier reaches the interface, while in the 

second one, the chloride release happens in the water phase, before the receptors’ 

internalization. In most cases, the receptors have nested themselves near the lipid head 

groups, exerting little effect on the studied biophysical membrane parameters. 
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1 Introduction 

This chapter begins with a brief description of the cell membrane including its composition, 

and the structures responsible for the transport of substances between the media inside and 

outside the cell. Subsequently, channelopathies, i.e., diseases derived from the defective 

anion transmembrane transport through ionic channels, will be addressed, namely those 

related with the chloride transport. In this context, examples of the different synthetic receptors 

currently available to mediate the anion transport as well as the corresponding mechanisms 

will be focused. In the scope of this work, a particular attention will be dedicated to the 

synthetic carriers designed for the chloride transport. Thus, the single crystal X-ray diffraction 

structures of tren (tris(2-aminoethyl)amine) based carriers, as well as their associations with 

relevant biological anions will be described. The experimental anion transport results that 

support this thesis will also be described. 

To understand the modelling studies presented, a brief description of the basic concepts 

associated with Molecular Dynamics simulations based on classical force fields will also be 

given. 

 

1.1 Transmembranar transport and channelopathies 

1.1.1 Biomembranes: brief characterization 

 

The cell membrane surrounds the cell contents, controlling the in and out movement of 

substances, and maintaining the structural and physical properties of the cell, as well as the 

fundamental differences between the cytosol and the cell surroundings, as shown in Figure 

1.(1, 2) The cytosol has higher concentration of potassium and phosphate ions, while outside 

the cell, the ions with higher concentration are sodium, calcium and chloride, to attain the 

proper conditions for the normal functioning of the cell and its components.(3) 
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Figure 1 – Schematic representation of the cell membrane (blue). It surrounds the whole cell, separating its 

contents from the outer medium and maintaining its structural properties. 

 

The cell membrane is a semipermeable structure, allowing only some substances to pass 

through it and excluding others, being composed of a lipid bilayer and several proteins that act 

as receptors or sensors to changes in the interstitial fluid.(1, 4) The lipid bilayer is quite 

heterogeneous, being composed of phospholipids, sphingolipids (derivatives from sphingosine 

that contain a long-chain fatty acid attached to the sphingosine amino group) and steroids 

(cholesterol and its derivatives).(2) Phospholipids represented by the orange structures in 

Figure 2,(2, 4) are amphipathic molecules, whose nonpolar (hydrophobic) chains are directed 

towards the bilayer’s core, and whose polar (hydrophilic) heads are oriented towards the 

bilayer exterior and in contact with either the interstitial fluid or with the cytosol. Cholesterol is 

evenly distributed between leaflets and the remaining bilayer components are distributed 

asymmetrically, with a larger percentage of sphingolipids and phosphatidylcholine lipids in the 

outside layer, while the inside layer comprises most of the phosphatidylethanolamine lipids.(2, 

5) Some of the proteins associated with the membrane might present some motility, changing 

their position in the membrane like a cork floating on water, while other proteins have little or 

no motility due to their anchorage to the cell cytoskeleton or to an outer matrix. There are 

three types of proteins associated to the membrane: 

 

• Integral proteins (or intrinsic proteins), which are embedded in the membrane, 

spanning the bilayer from side-to-side. The segments that cross the width of the 
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membrane are commonly composed of amino-acids with nonpolar side-chains. This 

type of proteins is represented by the red structure in Figure 2;(3) 

• Peripheral proteins (or extrinsic proteins), which are in contact only with the surface of 

one of the bilayer’s leaflets, not penetrating it, facing either the cytosol or the interstitial 

fluid. Cyan and light green structures in Figure 2 represent, in this order, peripheral 

proteins present in the outside and in the inside leaflets of the cell membrane;(3) 

•••• Lipid-anchored membrane proteins, which are covalently bonded to a lipid inserted into 

the membrane. This lipid can be a phosphatidylinositol, a fatty acid, or a prenyl group. 

The peptide does not enter the phospholipid bilayer and is represented by the brown 

structure in Figure 2.(2, 6) 

 

 

Figure 2 – Schematics of the phospholipid bilayer structure of the cell membrane. 

 

In addition, most of these proteins present a carbohydrate molecule attached to the face 

exposed to the interstitial fluid and are, therefore, designated glycoproteins, shown as the blue 

structure in Figure 2.(3) 

The hydrophobic core of the membrane prevents the diffusion of water and hydrosoluble 

solutes and the van der Waals interactions help to keep the membrane’s structure and 

stability.(2) This way, the necessary molecules are unable to leave the cell, as they are 

needed for its normal functioning, and the unnecessary or harmful substances are kept 

outside.(3) 

Inside the cell, several organelles rely on membranes, such as the endomembrane system 

(nuclear envelope, endoplasmic reticulum, Golgi body, endosome and lysosomes or vacuoles) 

or mitochondria (not part of the endomembrane system), being bond by similar membranous 

structures.(6)  
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1.1.2 Transport across the membrane 

Passive Diffusion 

Small uncharged polar molecules (e.g., urea and ethanol), and gases such as O2 and CO2 can 

diffuse across cellular membranes without assistance. These movements occur without any 

energy expense, i.e., the species move spontaneously accordingly to the concentration 

gradient, and the rate of diffusion is proportional to the concentration gradient of that molecule. 

Also an important factor for the passive diffusion of a molecule across the membrane is its 

hydrophobicity, as a highly hydrophobic molecule diffuses faster across the cell membrane 

than a substance with low hydrophobicity.(2) 

Charged molecules have their movement across the membrane not only influenced by 

concentration gradients but also by membrane potential (derived from the different 

concentrations of anions and cations on both sides of the membrane). This electrochemical 

gradient only allows the movement of charged energetically favoured species.(2) 

 

 

Aided transport: Facilitated Diffusion, Active Transport and other 

mechanisms 

As stated above, charged molecules have little capability to cross the cellular membrane 

through passive diffusion. Instead, they rely on the existent proteins on the membrane. 

Additionally channels and transporters may exist for neutral species that can diffuse across 

the membrane, such as the family of five membranar proteins GLUT1-5 that increases the 

intake of glucose at greater rates than passive diffusion allows.(2, 6) 

One mechanism that relies on proteins present in the cell membrane is facilitated diffusion . 

Indeed, channel-like proteins transport water and other substances accordingly to their 

electrochemical gradient. Units from these proteins form a hydrophilic channel across the 

membrane, allowing the rapid movement of multiple molecules at once. Ion channels may be 

open most of the time – nongated channels – or open or close in response to a certain 

electrochemical signal – gated channels.(2) 

The transport dependent of energy is designated as active transport  and requires energy 

obtained through hydrolysis of adenosine-5'-triphosphate (ATP) to move the species against 

their electrochemical gradient. The proteins that carry out this process are ATPases – 

enzymes which enhance the decomposition of ATP into adenosine-5'-(trihydrogen 
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diphosphate) (ADP) and a free phosphate ion, releasing the energy for subsequent chemical 

reactions, as in the sodium-potassium pump.(2, 7) 

Transport through the membrane can also be mediate by other natural cotransporters  which 

are classified in agreement with the transport mechanism employed, as follows: 

• Uniporters, which mediate the transport of only a type of species accordingly to its 

concentration gradient, via facilitated diffusion. Glucose, as previously mentioned, and 

amino acids are two kinds of substances that benefit from this mechanism;(2) 

• Symporters, which allow the transport of a solute in the same direction of an ion 

moving accordingly to its electrochemical gradient. This process is also known as 

cotransport;(3) 

• Antiporters, which allow the movement of a solute in the opposite direction of an ion 

which moves accordingly to its electrochemical gradient. This process is also 

designated as exchange.(3) 

These transporters are integral membrane proteins, with high specificity to the species they 

transport. Furthermore, symporters and antiporters cannot function without the ion that moves 

accordingly to its electrochemical gradient and supplies the energy necessary for the transport 

of the other species against its own electrochemical gradient. Sodium is one of the most 

common ions on which these transporters rely on, with the cotransport of sugar and amino 

acids in the small intestine and in the renal tubule, and with the exchange of H+ and Ca2+, for 

the cell internal pH control and to keep a low cytosolic calcium concentration, with a net 

charge movement.(3) 

Moreover, the movement of ions across cellular membranes also occurs throughout ion 

channels  composed of embedded membrane proteins occupying semi-static positions in the 

membrane and spanning it from side-to-side.(8) Alternatively, mobile molecules promote the 

facilitated diffusion of ionic guests and may diffuse themselves (like shuttles, moving outwards 

the cell, then inwards the cell, and repeating this movement) across the hydrophobic 

component of the membrane. Such molecules are small polypeptides, as the antibiotic 

valinomycin, and are designated as ion carriers. (7, 8) The different transport features related 

with those two natural ion transport mechanisms across the membrane are addressed in 

Table 1 and are discussed in more detail in the following section. Additionally, Table 2 

summarizes and compares the previously mentioned types of membranar transport for several 

species. 
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Table 1 – Differences between carrier and channel transporters.* 

Ion Carriers Ion Channels 

Transport ions with high selectivity  

Transport rate below limit of diffusion  

Usually monomeric 

Transport activity not gated 

Less selective in ion transport 

Transport rate approaches limit of diffusion 

Usually oligomers of identical subunits 

Transport activity often gated in response to cellular events 

*Adapted from Davis et al.(8) 

 

 

Table 2 – Mechanisms for transporting ions and small molecules across cell membranes.* 

Property  Requires specific 
molecule 

Solute transported 
against its gradient 

Coupled to ATP 
hydrolysis 

Driven by movement 
of a cotransported ion 
down its gradient 

Passive Diffusion No No No No 

Facilitated Diffusion Yes No No No 

Active Transport Yes Yes Yes No 

Cotransport Yes Yes No Yes 

*Adapted from Lodish et al.(2) 

 

 

1.1.3 Channelopathies 

 

Normal ion channels functioning 

As previously mentioned, ion channels are transmembrane proteins, spanning the cell 

membrane and carrying out more functions beyond the electric excitability of muscular and 

nervous cells, thus reflecting the importance of ions in the tasks presented in Table 3. 
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Table 3 – Functions of ion channels.* 

Level of task Task 

Cellular Level  

•••• Volume and cell pH regulation 

•••• Osmotic balance regulation 

•••• Ca2+ concentration regulation 

•••• Contractility (heart, skeletal muscle, smooth muscle) 

•••• Neuronal excitability 

•••• Cell proliferation 

•••• Sensory transduction 

Organism Level 

•••• Transepithelial transportation (gut, kidney, lung) 

•••• Hormone secretion (adrenals, gonads, pituitary, pancreas) 

•••• Bone metabolism 

•••• Learning and memory 

•••• Regulation of blood pressure 

*This table gathers information retrieved from refs. (8-11) 

 

Furthermore, ion channels incorporate several polypeptide subunits that form a hydrophilic 

channel, with a 3-5 Å diameter, through which ions can move from one side of the membrane 

to the other.(3, 11) In addition, integral membrane proteins can form different types of ion 

channels through which different species (not exclusively ions) may cross the cell membrane, 

as summarized and compared in Table 4. 

As pores have no gates, no conformational changes occur, while channels experiment 

conformational changes between open and closed gate states. When channels are open, both 

intracellular and extracellular media are communicable, allowing several ions to cross the 

membrane during that “opening” event*.(7) 

Carriers, on the other hand, are virtually never open on both sides, so an “opening” is not 

appropriate to describe the event that allows the movement of ions; a better expression to the 

opening and closing of the gates on each side of the carrier is “cycle of conformational 

changes”. The limitations of this cycle and the few binding sites in a carrier both reduce the 

number of particles that move from one side of the membrane to the other during an event.(7) 

 

  

                                                   
* The length of an “event” is variable between the several types of integral proteins 
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Table 4 – Types of passive, non-coupled transport through integral membrane proteins.* 

Pathway type Pore Channel Carrier† 

Description 
The protein subunits form a 
pore that is permanently open 

The membrane protein forms a 
channel with a movable gate (or 
barrier). The gate is able to open 
or close 

The protein forms a pathway 
with a tunnel that is a 
discontinuous transmembrane 
path, due to gates that are never 
open at the same time, with a 
compartment that can contain 
binding sites for the transported 
species 

Status 
Permanently open, without 
gates 

Intermittently open, with one 
gate 

Never open, with at least two 
gates 

Molecules 
transported  

Up to 2×109/s 106-108/s when open 200-50000/s 

Examples 

Porins in the outer 
membranes of mitochondria 
and aquaporins (water 
channels) 

Almost all ion channels that 
allow Na+, Cl-, K+, and Ca2+ to 
cross the membrane 

Carriers that move single 
solutes through the membrane 
via facilitated diffusion (eg: 
GLUT1) 

*Adapted from Boron et al.(7) 
†This is an integral protein, with little mobility in the membrane. It should not to be confused with the Ion Carrier definition 
previously presented, a mobile molecule that only transports ions as a shuttle. 

 

Gated ion channels consist of at least one polypeptide subunit, presenting α helical 

membrane-spanning segments and several functional segments – adapted from (7, 9): 

•••• Gate – determines if the channel is opened or closed (with different protein 

conformations); 

•••• Sensors  to respond to a specific signal from the following: 

a. Changes in membrane potential; 

b. Second messenger systems acting in the cytosolic face of the membrane 

protein; 

c. Ligands that bind to the extracellular face of the membrane protein; 

•••• Selectivity filter  – determines which type of ion (either anions or cations) or which 

specific ions can permeate the channel (e.g., Na+, Ca2+, Cl-) – cation channels often 

present negatively charged residues near these selectivity filters, attracting cations and 

repelling anions; 

•••• Open channel-pore  – During the open channel conformation, a continuous pathway 

across the membrane is established, allowing the passive flow of ions until the channel 

closes again. 

Regarding the most common ion channels, they are characterized in Table 5. 



 

 

Molecular Modelling of transmembranar transporters for Chloride 

University of Aveiro – Masters in Pharmaceutical Biomedicine 9 

 

Table 5 – Most common ions channels characterization.* 

Type of channel Ion Electrochemical potential 

difference 

Typical ion passive 

movement 

Function/Role 

Cation Channels 

Na+ Strongly negative Inward the cell 
Action potential generator in 
many excitable cells 

K+ 
Close to zero or somewhat 
positive 

At equilibrium or outward of 
the cell 

Resting membrane potential 
generator; action potentials 
terminator in excitable cells 

Ca2+ Strongly negative Inward the cell 

Transmembrane signalling in 
excitable and nonexcitable 
cells; action potentials 
generator in excitable cells 

Anion Channel Cl- Modestly positive Outward of the cell 
Transepithelial movement of 
Cl- in basolateral membranes 

*Adapted from Boron et al. (7) 

 

Ion channels have become a common target for diseases affecting tissues referred in Table 3. 

Based on the rationale that ion channels are responsible for some diseases, the following 

types of drugs have ion channels as therapeutic targets: antiepileptic drugs, local 

anaesthetics, migraine treatments, antipsychotics and mood stabilizers, antiarrhythmics, 

antihypertensives, and oral hypoglycaemic agents.(11) 

 

 

Ion channels dysfunctioning 

Channel dysfunctioning (i.e., channelopathy) may be attributed to several causes: 

•••• Mutations in the promoter region of the ion channel gene may change its expression: 

diminishing or augmenting it;(9) 

•••• Mutations in the coding region of the ion channel gene may lead to the gain or loss of 

channel functions, both with harmful effects;(9) 

•••• Some channelopathies result from inappropriate regulation of channel activity by intra 

or extracellular signals (ligands or modulators), due to defects in their encoding genes 

or in their production pathways;(9) 

•••• Autoantibodies to the channel protein may enhance or decrease its functioning, 

leading to autoimmune diseases. These autoantibodies bind to specific extracellular 

epitopes on glycoprotein ion channels;(9, 11) 
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•••• When secreted by cells and after inclusion in another cell’s membrane, ion channels 

may act as lethal agents, acting as non-selective pores that lead to the lysis and death 

of the latter cell (the haemolytic toxin produced by Staphylococcus aureus is an 

example of this type of ion channel);(9) 

•••• Ion channels function as targets for venoms or toxins that function as enhancers or ion 

channels blockers, modulating their functions. These malfunctions are examples of the 

first channelopathies detected, and were the motto for the development of therapeutic 

drugs.(9, 11) 

 

 

Genetic origin 

Recently, a connection between heritable defects in ion channels coding genes and 

channelopathies has been established.(12) The genetic coding of the major α subunit of 

human muscle sodium channel, in chromosome 17q, was shown to be linked to hyperkalemic 

periodic paralysis, a disorder of skeletal muscle excitability.(12) During the last two decades, 

the list of channelopathies has increased and currently includes over 40 diseases. These 

disorders are associated with mutations of all the major classes of voltage-gated ion channels 

(Na+, K+, Ca2+, Cl-), several fast ligand-gated receptors or channels (nicotinic acetylcholine 

receptor, glycine receptor, Gamma-Amino Butyric Acid (GABA) receptor), intracellular 

channels (ryanodine receptor, Ca2+ release channel), and intercellular channels 

(connexins).(11, 13) In spite of the genetic origin of these disorders, the working mechanisms 

of different ion transporters should not be overlooked, whether they are passive channels, or 

ATP dependent pumps, or if they function as simple channels via uniport mechanism or are 

based in symport or antiport mechanisms.(10, 11) 

When approaching a channelopathy, one must consider that the disorder presentation may be 

due to a single mutation or may be related to several possible mutations. The two following 

concepts are important: 

•••• Phenotypic heterogeneity  – different mutations in the same gene can cause different 

diseases (e.g., mutations in voltage-gated Ca2+ channel, CACNL1A4, result in episodic 

ataxia type 2, familial hemiplegic migraine, and spinocerebellar ataxia type 6);(9, 13) 

•••• Genetic heterogeneity  – mutations in different genes can result in the same clinically 

apparent disease phenotype (e.g., three independent mutations in three different 

genes all result in long QT syndrome, a rare cardiac disorder that causes sudden 

death from ventricular arrhythmia in young people).(9, 13) 
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Channelopathies are commonly recognized after a trigger that results in an attack. This trigger 

might be the rest after an intense physical activity, hormones, stress or specific types of food. 

These attacks may last from some minutes to some days, presenting spontaneous and 

complete remission afterwards, with a special onset during the first two decades of life and 

improving by the fifth decade of life and not showing chronic progression.(14) 

 

 

Channelopathies associated with chloride transport 

The chloride anion is critical for the maintenance of the membrane potential and is the most 

abundant of the three most common physiological anions, along with phosphate and 

bicarbonate. Furthermore, among these inorganic ions, chloride is the most lipophilic one.(15) 

Chloride channels play an important role in membrane excitability, transepithelial transport, 

cell volume and intracellular pH regulation. Additionally, inside the cell, chloride ion channels 

provide an electrical shunt pathway which facilitates the acidification of organelles. The best 

well-characterized chloride ion channels are the voltage-gated chloride channels, the cystic 

fibrosis transmembrane conductance regulator (CFTR) and related channels, and the ligand-

gated chloride channels opened by GABA and glycine.(9) 

Many channelopathies associated with chloride ion channels were discovered during the last 

fifteen years. Some diseases associated to these channels are epilepsy, startle disease 

(neurologic disorder), deafness, blindness, lysosomal storage and degradation, Bartter 

syndrome type III (severe renal salt loss), Dent’s disease, some forms of myotonia (muscle 

stiffness), osteopetrosis (bone disease), pulmonary infections and fibrosis (cystic fibrosis), 

male infertility, and renal stones development. This plethora of diseases shows the importance 

of chloride transmembrane transport for the human health.(8-10) 

Cystic fibrosis is one of the most frequent hereditary diseases, with one case in 2000 to 4000 

births. Patients suffering from this condition have a mean life expectancy between 20 to 40 

years, most of them fighting chronic pulmonary infections (which result in lung destruction, 

right heart insufficiency, and heart failure).(14) 

The CFTR gene codes the CFTR protein, which acts as the chloride channel as well as the 

regulator for other ion channels. When CFTR is mutated, the NaCl and water secretion in the 

airways is reduced, with simultaneous NaCl absorption enhancement. This combination of 

events precludes the airway cleaning process, allowing pathogenic bacteria to colonize the 

airways, infecting and destroying them.(14) 
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1.2 Synthetic ionophores 

1.2.1 Overview 

Along the last decade, inspired by the natural ionophores, the supramolecular chemists have 

devoted a particular attention to the design and development of synthetic receptors with 

potential for ion transmembranar transport,(16, 17) i.e., to act as ionophores. An ionophore is 

commonly defined as A compound which can carry specific ions through membranes of cells 

or organelles.(18) In a deeper definition, this is a class of Chemical agents that increase the 

permeability of biological or artificial lipid membranes to specific ions. Most ionophores are 

relatively small organic molecules that act as mobile carriers within membranes or coalesce to 

form ion permeable channels across membranes. Many are antibiotics, and many act as 

uncoupling agents by short-circuiting the proton gradient across mitochondrial 

membranes.(19) 

Therefore, ionophores are typically considered as small molecules, capable of carrying ions or 

of facilitating their diffusion through a biomembrane, using a wide range of mechanisms. 

These compounds are naturally occurring as peptides, cyclic depsipeptides, macrotetrolides, 

and polyether antibiotics,(20) but can also be prepared in laboratory, being labelled as 

synthetic ionophores .(20, 21) 

However, unlike the common natural occurring cation ionophores (e.g., valinomycin and 

gramicidin A for K+),(15) the natural occurring anion ionophores are not abundant. Some 

examples of natural anion receptors  include pamamycins, macrodiolides with antibiotic 

activity;(22) duramycins, peptides that form weak selective anion channels;(23) and 

prodigiosins, which act as H+/Cl- symporters without ATP hydrolysis.(24) The prodigiosin 

receptors are both anion and cation ionophores.(15, 25) The basic structural units of these 

anion receptors are sketched in Scheme 1. 
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Scheme 1 

 

Nowadays, the reduced number of natural anionophores available is a strong driving force in 

the development of synthetic anion receptors, especially the amphiphilic receptors, which may 

be utilized in the transport of anions through the phospholipid bilayer, as not every anion 

receptor has the potential to become a membrane transporter.(8) 

These synthetic ionophores share some structural characteristics with the natural occurring 

ion channels,(15) bringing some enlightenment to the ion transport process across the 

membrane, and might even be applied as therapeutics in some channelopathies.(8) In cystic 

fibrosis, the replacement of the malfunctioning ion channels with peptide based ionophores 

has recently been proposed,(26) but it must be taken in account that, to develop a potential 

pharmaceutical application with an anionophore, the methods for medicine administration 

have to be considered: an anionophore applied to cystic fibrosis therapy should be 

amphiphilic, with sufficiently hydrophilicity for delivery in the lungs, and lipophilicity enough to 

be internalized in the epithelial target biomembranes, where the residence time should be 

adequate.(15, 27) And, of course, if these ionophores are to be applied as therapeutics, 

several factors should be looked at, such as the pharmacokinetics and safety profiles.(28) 

Noteworthy, is the need of these ionophores to be able not only to separate the anion from 

water, but also from their (if existent) cation partner – ability shown, so far, only by 

cholapods,(15) whose study has been deepen to demonstrate that increased lipophilicity has 
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no real advantage for these receptors and that the pre-organized structure of cholapods really 

is beneficial.(29) 

The historical hallmarks of research in the field of synthetic ionophores are addressed in Table 

6. Initially, the development of synthetic ionophores was based on the structural modification 

of natural transporters, aiming to improve their affinity with anionic guests or their solubility 

properties.(15) Progress in this area was, and still is, sought through the synthesis of 

anionophores from scratch, with no natural components.(15) 

 

Table 6 – Summary of advances in synthetic ionophores. 

Year Hallmark Refs. 

1967 Synthesis of the first synthetic ion-carrier (30) 

1968 First report of anion (Cl-) recognition and complexation by Macrobicyclic Amines (31) 

1978 First attempts to synthesize an ionophore (32, 33) 

1982 First reports of man-made ionophore synthesis (34, 35) 

1998 First report of a crystal structure of a biological ion channel (36) 

2005 Understanding of conductivity and selectivity based on architecture and chemistry of pathways (37) 

 

 

1.2.2 An outlook on the development of synthetic an ionophores 

This section presents some examples of synthetic receptors successfully tested as anions 

transmembrane transporters, which are appointed as good examples to illustrate the existent 

mechanisms in anion transport across biomembranes. Therefore this section is not intended to 

provide an exhaustive review on the subject. Comprehensive reviews on the recent advances 

in synthetic transmembranar anion transporters can be found on refs. (8, 21, 38-47) Also, in 

these reviews, beyond ionophores, other receptors are presented, with the potential to be 

applied as health related applications. 

Two of the mechanisms for the transport of ions that employed by synthetic ionophores also 

mimic natural mechanisms of ion carriers and ion channels, as depicted in Figure 3. 
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Figure 3 – Schematic representation of the carriers and channel mechanisms employed by the synthetic 

transporters. 

 

Molecules that form receptor-ion complexes, shuttling in and out of the cell and wrapping the 

ion are designated as carriers.  The exterior of a carrier is typically hydrophobic and this 

mechanism presents high selectivity.(15, 20) With less mobility, channels  insert and span the 

biomembrane, forming static polar channels that allow the in or out movement of anions as 

well as some cations.(15, 20) These channels may rely on one unit or on several subunits.(48) 

Some examples of synthetic ionophores that rely on such mechanisms are described below: 

Glycine-based polymeric receptors for chloride transport were developed by Gokel’s 

workgroup. These peptides form self-assembled pores that span the liposomal membranes, 

thus allowing the movement of chloride across the membrane.(49, 50) 

A remarkable contribution to the anion transport arena was given by Matile’s workgroup, with 

the synthesis of oligonaphthalenediimide rods, which form anion–π slides that span the 

membrane and anions are transported via a multi-ion hopping system (several receptors are 

present in a cluster that spans the membrane: as an anion binds to a receptor, the previously 

bond anion is pushed to the next receptor, hopping its way through the membrane).(51) 

Tubular architectures based in aligned macrocycles that transport anions in a mechanism 

resembling a ladder, were also developed by this group.(52) 

Calixarenes, cyclodextrins and calixpyrroles have been employed in the design of a wide 

group of functionalized anion transporters.(8, 53) The first two macrocyclic classes operate as 

channels. In the case of the calixarenes, the channel is a calix-tube spanning the membrane 

or alternatively it is derived from the self-assembly of several calixarene units inside the 

phospholipid bilayer, as observed for gramicidin polypeptide (see Figure 3, above).(53) In 

contrast, the calixpyrroles mediate the anion transport as carriers.(48) 

Davis and co-workers developed cholapods, receptors based on cholic acid. In this rigid 

steroid platform it is possible to anchor amines that can be modified to urea or thiourea 

groups. The ability of urea-substituted cholapods to transport chloride as carriers was 

demonstrated by his workgroup, Furthermore, beyond its synthetic versatility, cholic acid is 

widely available and at low cost.(44) 
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Other receptors exist that cannot be classified as ion carriers or channels, which operate via a 

relay mechanism.  Receptor molecules are aggregated inside the membrane and the anion 

transport occurs as depicted in Figure 4. For instance, Smith et al. developed a phospholipid 

derivative incorporating urea binding group (see Scheme 2). Such receptor uses this relay 

mechanism. The structural similarity between this receptor and the phospholipids in the 

membrane is obvious, and consequently is compatible with the membrane structural 

environment.(27) 

 

Relay mechanism  

Figure 4 – Representation of the relay mechanism proposed by Smith and co-workers for these derivatives 

showing the active two molecules aggregate dependent of the membrane thickness. 

 

 

Scheme 2 

 

In all cases reported in this section the anion is recognised by multiple hydrogen bonds and 

electrostatic interactions. Furthermore, the strength of the binding association determines the 

use of a receptor as a transmembranar transporter.(48, 54) In other words, a strong binding 

constant precludes the anion release to the surrounding membranar aqueous environment, 

while a weak binding constant will prevent the uptake of the anion from the aqueous medium. 
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Concluding this section, two notes are important: 

• High concentrations of receptors are able to disrupt biomembranes in a detergent-like 

fashion,(55) probably due to structural and dynamic changes in the bilayer. 

• For chloride there are already available a significant number of synthetic transporters. 

However, a literature search revealed that this is not the case for other biological 

relevant anions such as bicarbonate, organic carboxylates, organic phosphates, and 

sulphates. In other words, the development of synthetic transporters for these 

polyatomic anions is still a challenge.(25) 

 

 

1.3 Application of the tren unit in the design of anion 

receptors 

Tris(2-aminoethyl)amine (tren), sketched in Scheme 3, is a common scaffold utilized in the 

molecular design of synthetic receptors for anion recognition. (8, 38-43, 56, 57) This structural 

unit can be functionalised with several binding groups. In a search performed on the 

Cambridge Structural Database (CSD),(58) carried out using the tren framework as query, 

several crystal structures of tren derivatives were found, with a wide range of functional groups 

such as ureas, thioureas, amides and amines. The results obtained are summarized in Table 

7 for the anion receptors incorporating urea and thiourea functional groups. The structures of 

the receptors are represented in Scheme 4. 

 

 

Scheme 3 
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Table 7 – Summary of the crystal structures of the associations between tren dericatives and inorganic anions 

with physiological relevance. 

Receptor Formula* CSD REFCODE Refs. 

L4 

L4
2⊂(H2PO4)2•(DMF)2 CITYOU (59) 

L4
2⊂SO4 XUFFIO (60) 

L4⊂F XUFFEK (60) 

L4
2⊂CO3 PUSTIH (61) 

L5 

L5
2⊂SO4 DIXWOX, GIYCAT, GIYCUN, GIYDAU, GIYDEY, HOXGIL (62-64) 

L5
2⊂CO3 GIYCIB (63) 

L5⊂SO4 BULLAW, BULKUP, BULLEA (65) 

L6 L6
2⊂SO4(µ-H2O)3SO4 HIJGAJ (66) 

L7 L7
2⊂SO4 KECHAC (67) 

L8 L8
2⊂CO3 FUXYED (68) 

L9 L9
2⊂SO4 FUXYIH (68) 

*The total negative charge of the associations is omitted as well as the counter ions. 

 

 

Scheme 4 
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The data listed in the Table 7 indicate that the polyatomic anions SO4
2- and CO3

2- form with 

receptors L4 to L9 binding associations with a receptor:anion stoichiometry 2:1. The structure 

of these associations is illustrated in Figure 5 with the crystal structure of L8
2⊂CO3.

 The 

carbonate anion is surrounded by two L8 receptors with the oxygen atoms establishing twelve 

N-H•••O hydrogen bonds with the six thiourea groups leading to N•••O distances between 2.82 

and 3.07 Å. However, this family of receptors is also able to recognise simultaneously two 

polyatomic anions yielding associations with a receptor:anion stoichiometry 2:2. This is the 

case of L4
2⊂(H2PO4)2•(DMF)2 (see Figure 6), and L6

2⊂SO4(µ-H2O)3SO4 (see Figure 7) 

associations. In the first one, a structural entity composed of two self-assembled phosphate 

anions and two dimethylformamide (DMF) solvent crystallisation molecules are hydrogen 

bonded to the urea groups of two L6 molecules. The N-H•••O distances between the N-H 

binding sites and the oxygen atoms from the phosphate anions range from 2.75 to 2.98 Å. An 

equivalent binding arrangement was found for L6
2⊂SO4(µ-H2O)3SO4, but here the anion unit is 

composed of two sulphate anions bridged by three water molecules ( {SO4(µ-H2O)3SO4}
4- ). 

This large dimeric entity is wrapped by two L6 receptors through the multiple N-H•••O 

hydrogen bonds with O•••N distances ranging from 2.87 to 2.90 Å. In contrast, the fluoride, in 

the association L4⊂F represented in Figure 8, the smallest halogen anion is encapsulated by a 

single L4 molecule, forming six strong hydrogen bonds with the three urea binding units, with 

distances between 2.70 and 2.88 Å. These receptors are able to bind different anions, in 

different stoichiometries, depending on the anion size species and crystallisation conditions. 

 

      

Figure 5 – Crystal structure of L8
2⊂CO3 shown in two alternative views. The left representation is a space 

filling model, displaying the anion encapsulated by two L8 molecules. In the right view, L8 is represented in 

sticks fashion, showing the N-H•••O hydrogen bonds drawn as light blue dashed lines. 
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Figure 6 – Crystal structure of L4
2⊂(H2PO4)2•(DMF)2 shown in two views: in the left view, L4 is shown in space 

filling model, emphasising the encapsulation of two H2PO4
-
 anions. The right view, where L4 is shown in sticks 

fashion, illustrates the N-H•••O hydrogen bonds, drawn as light blue dashed lines. 

 

      

Figure 7 – Crystal structures of L6
2⊂SO4(µ-H2O)2SO4 shown in two views: In left, L6 is represented in space 

filling model, showing the anions’ encapsulation, while the right view, with L6 in sticks model, illustrates the 

N-H•••O and O-H•••O hydrogen bonds drawn as light blue dashed lines. 
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Figure 8 – Crystal structure of L4⊂F association, with L4 represented as sticks and fluoride as a green sphere. 

Remaining details are given in Figure 5. 

 

Besides the receptors previously shown, the ligands depicted in Scheme 5 also have the 

ability to transport anions (Cl- when coupled with H+ as HCl) across a dichloromethane 

phase.(69) This ability was demonstrated in the following experiment: receptors L10-L17 were 

dissolved in the organic phase and placed at the base of the U-tube, between one arm with 

aqueous HCl [pH=0.9] and other arm with deionised water. This experiment clearly shows the 

transport of HCl across the organic phase when a receptor is present, while no HCl transport 

was verified in the absence of the mentioned receptors.(69) Davis and co-workers reported 

tren derivatives incorporating two catechol binding units (see Scheme 6) able to transport 

anions (Cl-, Br-, NO3
-, I-, ClO4

-) across egg-yolk phosphatidylcholine (EYPC) liposomal 

membranes, with the anion transport rates diminishing in the order Cl- > Br- > NO3
- > I- > ClO4

- 

a sequence similar to the Hofmeister series.(70) Other recent applications of this scaffold 

include encapsulation of sulphate,(62, 65) and of fluoride, due to the potential use of this anion 

in medical and biological fields.(60) 
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Scheme 6 

 

Gale et al. developed two sets of tris-urea (L24 and L25) and tris-thiourea (L26 and L8) receptors, 

which are easily synthetized from the tren unit.(68) These receptors are shown in Scheme 4 

and in Scheme 7. 

 

 

Scheme 7 

 

The binding affinity of these receptors for sulphate, bicarbonate or chloride anions as 

tetrabutylamonium salts was experimentally evaluated in a deuterated dimethyl sulfoxide/0.5% 

water (DMSO-d6/0.5% water) solution through 1H NMR spectroscopy. The experimental 

stability constants of chloride associations measured for L24, L25, L26 and L8 were 658, 830, 

447 and 191 M-1, in this order. The chloride forms associations with a stoichiometry 

receptor:anion 1:1, as observed in the solid state structure for L4⊂F (see Figure 8), whereas 

the polyatomic anions preferentially establish associations with the receptor:anion 
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stoichiometry 2:1 eventually adopting an equivalent binding arrangement to that found in the 

crystal structure of L8
2CO3 (see Figure 5). These two  structures, if assumed in solution, would 

protect the anion from the solvent medium.(68) This particular feature is investigated in 

Chapter 2 for chloride associations L26⊂Cl- and L8⊂Cl-. 

 

To study the ability of these four receptors to transport chloride across a model membrane, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) unilamellar vesicles were prepared, 

loaded with a solution of sodium chloride and suspended in sodium nitrate solution as 

described in ref. (68). This experiment showed that L24 and L25, incorporating urea binding 

groups, were less effective, when compared to L26 and L8, with thiourea, to promote chloride 

transmembranar transport. In addition, when the experiment was run with KCl salt instead of 

NaCl, to test the cotransport of Na+/Cl-, no change in the chloride transport rate was observed, 

excluding a possible Na+/Cl- cotransport mechanism.(68) 

On the other hand, equivalent experiments carried out in cholesterol rich vesicles (70% POPC 

and 30% cholesterol) led to a significant decrease of chloride transport rate. This result 

indicates that L24, L25, L26 and L8 function as ion carriers (shuttling back and forth within the 

bilayer), instead of channels. The cholesterol makes the membrane more ordered, i.e., less 

flexible and fluid,(71) and difficults the in- and out-movement of a carrier. In contrast, a 

channel would remain at a defined position and consequently the anion transport would be 

unaffected by the presence of cholesterol.(68) 

The transport ability of these receptors for bicarbonate through the POPC bilayer was 

evaluated thought 13C NMR spectroscopy, following the experimental procedure described in 

ref. (68). With the addition of sodium bicarbonate, the release of chloride from the vesicles 

was observed for L25, which was concomitantly accompanied by a moderate 

chloride/bicarbonate exchange. This activity was significantly enhanced for L26 and L8. In 

contrast L24 showed no activity as chloride/bicarbonate exchanger. 

This set of results demonstrate that L26 and L8 promote the release of chloride from POPC 

vesicles and are effective Cl-/HCO3
- exchangers, and they are the rationale for the theoretical 

investigations (molecular mechanics calculations and molecular dynamics simulations) 

reported in this thesis. Indeed this work is part of a collaboration project on the research of 

transmembrane anion transport, between the Gale’s group and the Felix’s group, and the work 

presented in thesis is part of this collaboration.  
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1.4 Molecular Dynamics Simulations of Biomembranes 

In this section, the lipid structures commonly utilized in molecular dynamics (MD) simulations 

to mimic cell membranes are presented together with the typical force fields applied in these 

simulations. Subsequently, selected examples of the unassisted movement of ions across 

membranes investigated by MD simulations and reported in the literature are briefly described. 

 

1.4.1 MD simulations of membrane models 

The majority of the membrane MD simulations are frequently carried using one of the following 

types of lipid: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),(72) 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC),(73) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC),(74) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC).(75) These lipids are 

depicted in Scheme 8. All of them are composed of a phosphatidylcholine head, sn-3 (76) and 

two acyl chains differing in the length and degree of unsaturation. For instance, POPC 

presents one saturated acyl chain (sn-1, 16:0) and one monounsaturated acyl chain (sn-2, 

18:1),(77) as seen in Scheme 8. 

 

 

Scheme 8 

 

One major aspect concerning all MD simulations is the employed force field (also known as 

specific potential function), that represents the interactions between atoms in the simulation 

system.(78) Several force fields exist,(79) and some are open and have been ported between 

several simulation software suites. All of them, nonetheless, have advantages and 

weaknesses, due to the empirical origin of the encoded parameters,(78) and a careful 

selection of the force field for a specific type of simulation is necessary. 

Three types of force fields exist: all-atom; united atom, and coarse-grained. They are 

distinguished as follows: all-atom  force fields represent all atoms in the system, including 
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nonpolar hydrogen atoms. On the other hand, united atom  force fields explicitly represent 

polar hydrogen atoms with potential for hydrogen bonding, while nonpolar hydrogen atoms are 

considered as part of the heavy atoms they are bonded to, resulting in computational 

performance gains.(80, 81) Likewise, coarse-grained  force fields do not represent all the 

atoms in a system, but use coarse particles to represent elements (functional groups or other 

groups of atoms) of the system. This type of representation is useful in larger systems and/or 

long simulations, although it yields less detail than the previous types of force fields.(82) 

Regarding simulations of systems containing lipid molecules, several force fields have been 

recently developed. Some of the most preeminent examples are summarized in Table 8. 

 

Table 8 – Examples of the MD simulations with different types of phospholipids and force fields. 

Type of force field Force field Phospholipids and corresponding refs. 

All-atom 

GAFF 

POPC (83) 

DMPC, DOPC (84) 

DOPC (85) 

CHARMM36 
POPC, POPG (86) 

DPPC, DMPC, DLPC, DOPC, POPC, POPE (87) 

United atom 
G43A1-S3 DPPC, DMPC, DOPC, DLPC (88) 

G53A6L DLPC, DMPC, DPPC, DOPC, POPC (89) 

Coarse-grained MARTINI DPPC, DOPC, DPPE, DOPE (90) 

GAFF – General AMBER Force Field 
CHARMM – Chemistry at HARvard Molecular Mechanics 
MARTINI – MARrink Toolkit INItiative 
POPG – 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (91) 
DLPC – 1,2-didodecanoyl-sn-glycero-3-phosphocholine (92) 
POPE – 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (93) 
DPPE – 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (94) 
DOPE – 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (95) 

 

 

GAFF (General AMBER Force Field) in particular is an all-atom force field and was developed 

to be employed with the most diversified types of molecules.(84) GAFF has been tested in the 

MD simulations of bilayers of DOPC, DMPC and POPC lipids (see Table 8). When compared 

with previous results of PARM94,(84) CHARMM27 force fields and the force field of Berger, in 

the simulations of DOPC and POPC bilayers,(85) GAFF is able to reproduce most properties 

of bilayers, including structural and dynamic properties, even when considering the different 
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lengths and saturations and other properties experimentally verifiable,(84, 85) such as area 

per lipid.(84) Also, due to its compatibility with protein force fields, GAFF allows the simulation 

of proteins and other organic molecules embedded in membranes, thus expanding its 

application.(84, 85) Concerning the simulation of phospholipid bilayers with GAFF, the most 

prominent limitation is the need for imposition and selection of a suitable surface tension 

parameter when simulating the fluid phases of such bilayers.(85) In contrast, other force fields 

(e.g., CHARMM36(87) and G53A6L,(89)) do not require such artifice to accurately reproduce 

lipid experimental parameters like area per lipid. 

 

Having in mind the experimental work performed by Gale et al.(68) information regarding 

simulations with the POPC lipid was searched. Two relevant works were found: 

In 1992, Heller and co-workers have simulated for the first time a membrane-water system 

composed of 200 POPC lipid molecules and 5483 Transferable Intermolecular Potential 3 

Point (TIPS3P) water molecules†, using the CHARMM force field.(98) They have simulated 

both an ordered gel phase and a less ordered liquid-crystal phase that has a closer 

resemblance with the structure of cell membranes. The area per lipid (one easy and reliable 

parameter to evaluate) for the liquid-crystal phase simulation was of 65.50 ± 0.04 Å. The 

authors deemed this value as a good result, because at the time, with no experimental 

parameters of POPC to use as reference, that result could only be compared with the data 

available for two other structurally close lipids: DPPC (area comprehended between 57.60-

70.90 Å 2) and DOPC (area of 60.00 Å 2).(98) 

 

More recently, Martinek and Jójárt have tested GAFF applied to a system with 128 POPC lipid 

molecules and 2985 Transferable Intermolecular Potential 3 Point (TIP3P) water 

molecules†.(83) The capacity of this force field was evaluated in several characteristics of the 

system, such as area per lipid, order parameter, lateral diffusion coefficients, electron density 

profile, and bond water at the lipid/water interface. When surface tension was applied, the 

simulation outputs were in general agreement with available experimental data (e.g., they 

obtained an area per lipid of 66.8 ± 0.9 Å2, close to the experimental reference 68.3 ± 1.5 Å2), 

thus assuring that this force field was suitable for use with this type of lipid.(83) 

 

                                                   
†
 Although the expression is the same, TIPS3P and TIP3P water models present different geometry and parameters for 

potential functions (see section II. Transferable Intermolecular Potential Functions, subsection A.  Form and Parameters in 

ref. (96) for TIPS3P and Table I of ref. (97) for TIP3P). 
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The work presented in this thesis differentiates from the above simulations in the following 

features: use of a different water model (extended single point charge – SPC/E), in a system 

with less lipid molecules,(72) although with higher water:lipid ratios, 31.14 and 68.81, creating 

the conditions to attempt the reproduction of experimental results by Gale et al.(68) 

 

 

1.4.2 Other applications in the movement of ions an d other molecules 

across biomembranes 

The unassisted movement of anions and cations through membranes has also been studied 

with resort to MD simulations, by Pohorille and Wilson,(99) Gurtovenko and Vattulainen (100) 

and Wei and Pohorille.(101) 

 

Pohorille and Wilson, in 1996, carried out MD simulations with free sodium and chloride ions in 

a system using 72 molecules of glycerol 1-monooleate as the lipid in a single bilayer 

membrane model and 2304 Transferable Intermolecular Potential 4 Point (TIP4P) water 

molecules, with a modified version of Optimized Potentials for Liquid Simulations (OPLS) force 

field. Those simulations demonstrated that, while on the aqueous phase, these anions do not 

cause any perturbation to the properties of the bilayer. On the other hand, as a single ion 

approaches and enters the membrane, some water molecules and surrounding lipid head 

groups accompany this movement of the ion. When the ion is in the middle of the bilayer, the 

opposite phospholipid heads turn to the hydrophobic core, to facilitate the remaining path of 

the ion and water molecules.(99) These ions have a natural poor permeation (about 8 to 10 

orders of magnitude smaller when compared with small neutral molecules), however the 

understanding of this process is still biologically important.(102) 

 

Gurtovenko and Vattulainen, in 2005, differentiated from the method employed by Phorille and 

Wilson: the system was setup with a double bilayer of DMPC lipids (256 total), ~10200 Single 

Point Charge (SPC) water molecules and 40 chloride and 40 sodium ions, with the sodium 

ions unevenly distributed between the two virtual spaces. These simulations were carried out 

using the Berger force field. As the MD simulation progressed, a transient water pore formed 

in one of the bilayers, while the other bilayer was structurally intact. With the pore formation, 

some water molecules were transported to the other side of the bilayer, as well as Na+ ions, 

accordingly to the concentration gradient. It is worth notice that with bigger concentration 

differences, the diffusion velocity and size of the pore were also increased, diminishing 
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through time, as equilibrium between the two sides of the membranes was closer of being 

achieved.(100) 

 

Recently, Wei and Pohorille have attempted the simulation of the permeation of adenine 

nucleosides through a 142 POPC lipid model bilayer, in a system with 5903 TIP3P water 

molecules, using the CHARMM force field. During the course of the MD simulations the 

nucleoside flipping movement while inside the bilayer was observed, to attain favourable 

positioning to carry on the permeation, as the entry orientation was different from the exit 

orientation. The authors believe that this mechanism can also explain the permeation 

behaviour of other large molecules, such as drugs,(101) and might eventually be followed by 

the synthetic receptors studied in this thesis.  
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1.5 Aims/Objectives 

Considering what has been previously presented, both in the matters of the importance of the 

development and study of new synthetic transmembranar transporters, as well as the 

important role of the MD simulations as a tool to better understand these processes at the 

molecular level, the following major objectives, as well as their sub-objectives, are proposed 

be accomplished in this work: 

 

1 Evaluate the binding ability of tren-derivative r eceptors for chloride, using 

unconstrained molecular dynamics simulations: 

1.1 Evaluate the receptor binding preferences towards chloride in gas phase; 

1.2 Perform the molecular dynamics simulation of the tren-derivative receptors both in 

DMSO/water and water solutions and compare the results with previous structural and 

experimental binding data. 

 

2 Evaluate and compare the structural and dynamic p roperties of POPC bilayer 

membrane model using molecular dynamics simulations  with experimental and 

computational data available: 

2.1 Perform the molecular dynamics simulation of free POPC model membrane composed 

of 72 lipids with GAFF force field, to compare with published results. 

 

3 Evaluate the impact of tren-derivative anion rece ptors in the structural and 

dynamic properties of the POPC bilayer membrane mod el using molecular 

dynamics simulations: 

3.1 Perform the molecular dynamics simulation of every receptor, starting inside the 

bilayer and in the aqueous phase. 
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2 Structural preferences of the thiourea receptors 

This chapter describes the molecular modelling studies performed on L26 and L8 in the gas 

phase as well as in DMSO and water solution. 

 

2.1 Association between the receptors and chloride in gas 

phase 

2.1.1 Conformational analysis of the free receptors  

 

Methodology 

The molecular mechanics (MM) calculations and MD simulations were carried out with force 

field parameters taken from the GAFF,(103) within the AMBER (Assisted Model Building and 

Energy Refinement) software suite,(104) with restrained electrostatic potential (RESP) atomic 

charges (105) for L26 and L8. 

 

The atomic coordinates of L8 were obtained directly from the X-ray single crystal structure of 

carbonate association, deposited at the CSD database (refcode FUXYED, see Table 7 and 

Figure 5 above). The starting geometry of L26 was generated from L8 by the replacement of 

the three phenyl substituents by butyl ones. 

Subsequently, the Avogadro program (106) was utilized to prepare the inputs for the 

subsequent structure optimizations in gas phase with Gaussian 03 (107). The structures were 

energy minimized at HF/6-31G(d), followed by a Single Point calculation of the Electrostatic 

Potential (ESP) at the same theory level and using 4 concentric layers for each atom and 6 

density points in each layer (using the Gaussian internal options: Pop=MK IOp(6/33=2, 

6/41=4, 6/42=6)), for consistency with the GAFF.(103) Subsequently, the atomic charges were 

calculated by RESP fitting in the antechamber (103, 108) tool as described below. 

The Gaussian 03 output of each receptor was utilized as input in antechamber to automatically 

generate a Tripos Mol2 (mol2) file comprising the atomic coordinates, GAFF atom types and 

RESP charges. The atom types were obviously assigned taking into account the atomic 

connectivities within the molecule. Additionally, a force field modification (frcmod) file was 

created with the missing force field parameters, using the program parmchk.(103, 108) At this 

stage, for each receptor the corresponding frcmod file together with GAFF parameter and 
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mol2 files were loaded into xLEaP and the topology and coordinate files required for the 

subsequent gas phase calculations were generated. 

The GAFF is compatible with either the use of RESP (105) or AM1BCC (109, 110) atomic 

charges. As the majority of the atomic charge models commonly utilized in molecular 

mechanics and dynamics simulations, these are dependent of the molecular conformation. In 

this context, with the main goal to obtain atomic charges less dependent of the molecular 

conformation or orientation, the calculation of the final RESP charges applied in the MD 

simulations were preceded by conformational analyses on L26 and L8, as follows:  

The MM energy minimised structure with the initial set of RESP charges was heated in gas 

phase at 1000 K for 50 ps followed by a collection run of 1 ns, using a time step of 1 fs. The 

use of this high temperature enables the stochastic search of the conformational space since 

the energetic barriers are easily surmounted.(111) Frames were saved every 0.1 ps leading to 

a trajectory file containing 10000 structures. Subsequently, all of these structures were 

minimised by molecular mechanics using a steepest descendent gradient followed by the 

conjugate gradient algorithm, until convergence criteria of 0.0001 kcal mol-1 Å-1 was attained. 

Afterwards, the frames were energy sorted and the five lowest energy structures with 

markedly different conformations were appointed for new geometry optimizations and charge 

calculations as described above. The individual ESP data was directly extracted from the 

corresponding Gaussian 03 outputs with espgen, and then the ESP data of the five 

conformations were merged and utilized to generate the input files for the two-stage 

Restrained Electrostatic Potential fitting with the resp program of the AMBER package. This 

procedure enabled the calculation of RESP charges considering five different conformations 

for each receptor. The atomic charges for L26 and L8, together with the employed atom types, 

are presented in Table 9 and Table 10, respectively, and the atomic numbering scheme is 

shown in Scheme 9. 
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Scheme 9 

 

Table 9 – Atom types and RESP charges employed for L26. 

IDa ATb Charge IDa ATb Charge IDa ATb Charge IDa ATb Charge 

S1 s -0.49345 C10 c3 0.18171 H8 h1 0.06362 H27 hc 0.03847 

S2 s -0.49345 C11 c3 -0.17397 H9 h1 0.06362 H28 hc 0.03847 

S3 s -0.49345 C12 c 0.24068 H10 h1 0.04365 H29 hc 0.03847 

N1 n -0.28252 C13 c3 0.07889 H11 h1 0.04365 H30 hc 0.03847 

N2 n -0.34331 C14 c3 -0.02416 H12 h1 0.06362 H31 hc 0.03847 

N3 n -0.28252 C15 c3 0.09910 H13 h1 0.06362 H32 hc -0.03705 

N4 n -0.34331 C16 c3 -0.17397 H14 hn 0.21989 H33 hc -0.03705 

N5 n -0.28252 C17 c3 0.18171 H15 hn 0.32454 H34 h1 0.02323 

N6 n -0.34331 C18 c3 -0.03622 H16 hn 0.21989 H35 h1 0.02323 

N7 n3 -0.34182 C19 c 0.24068 H17 hn 0.32454 H36 hc 0.01023 

C1 c3 0.09910 C20 c3 0.07889 H18 hn 0.21989 H37 hc 0.01023 

C2 c3 -0.17397 C21 c3 -0.02416 H19 hn 0.32454 H38 h1 0.02323 

C3 c3 0.18171 H1 hc 0.03847 H20 h1 0.02323 H39 h1 0.02323 

C4 c3 -0.03622 H2 h1 0.04365 H21 h1 0.02323 H40 hc 0.01023 

C5 c 0.24068 H3 h1 0.04365 H22 hc 0.03847 H41 hc 0.01023 

C6 c3 0.07889 H4 h1 0.06362 H23 hc 0.03847 H42 hc -0.03705 

C7 c3 -0.02416 H5 h1 0.06362 H24 hc -0.03705 H43 hc -0.03705 

C8 c3 0.09910 H6 h1 0.04365 H25 hc -0.03705 H44 hc 0.01023 

C9 c3 -0.03622 H7 h1 0.04365 H26 hc 0.03847 H45 hc 0.01023 

a ID corresponds to the atom number shown in Scheme 9. 
b AT is the atom type according to GAFF. 
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Table 10 – Atom types and RESP charges employed for L8. 

IDa ATb Charge IDa ATb Charge IDa ATb Charge IDa ATb Charge 

S1 s -0.47250 C9 c3 0.05509 C27 c3 0.05509 H18 h1 0.05843 

S2 s -0.47250 C10 ca 0.45646 H1 ha 0.20018 H19 h1 0.05843 

S3 s -0.47250 C11 ca -0.36225 H2 ha 0.13548 H20 h1 0.06071 

N1 n -0.44863 C12 ca -0.05168 H3 ha 0.15515 H21 h1 0.06071 

N2 n -0.24081 C13 ca -0.21685 H4 ha 0.13548 H22 h1 0.05843 

N3 n -0.44863 C14 ca -0.05168 H5 ha 0.20018 H23 h1 0.05843 

N4 n -0.24081 C15 ca -0.36225 H6 ha 0.20018 H24 h1 0.06071 

N5 n -0.44863 C16 c 0.22678 H7 ha 0.13548 H25 h1 0.06071 

N6 n -0.24081 C17 c3 -0.00402 H8 ha 0.15515 H26 h1 0.05843 

N7 n3 -0.51688 C18 c3 0.05509 H9 ha 0.13548 H27 h1 0.05843 

C1 ca 0.45646 C19 ca 0.45646 H10 ha 0.20018 H28 hn 0.28094 

C2 ca -0.36225 C20 ca -0.36225 H11 ha 0.20018 H29 hn 0.29894 

C3 ca -0.05168 C21 ca -0.05168 H12 ha 0.13548 H30 hn 0.28094 

C4 ca -0.21685 C22 ca -0.21685 H13 ha 0.15515 H31 hn 0.29894 

C5 ca -0.05168 C23 ca -0.05168 H14 ha 0.13548 H32 hn 0.28094 

C6 ca -0.36225 C24 ca -0.36225 H15 ha 0.20018 H33 hn 0.29894 

C7 c 0.22678 C25 c 0.22678 H16 h1 0.06071 
   

C8 c3 -0.00402 C26 c3 -0.00402 H17 h1 0.06071 
   

a ID corresponds to the atom number shown in Scheme 9. 
b AT is the atom type according to GAFF. 

 

The final results of those charge calculations with resp program were utilized to replace the 

charges automatically attributed by antechamber in each lowest-energy receptor mol2 file. 

Those mol2 files were later employed as inputs in LEaP to generate the proper AMBER 

topology and coordinate files for all MM calculations and MD simulations reported in this 

chapter. The described process is illustrated in the flow chart present in Figure 9: 
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Figure 9 – Diagram for the receptor preparation before MM calculations and MD simulations. 

 

Results and discussion 

The conformational analysis of the free and chloride associated receptors (see below) relied 

on the assessment of the torsion angles defined in Scheme 10. The first four torsion angles (θ, 

κ, λ and µ) are defined by consecutive sets of three bonds, starting in tertiary nitrogen atom 

and finishing in the first carbon atom after the thiourea group. Each chain starting at the 

tertiary nitrogen atom is identified as 1, 2 or 3. Hence, the identification of a certain torsion 

angle is given by, e.g., κ2 for angle κ in chain 2. In addition, a fifth torsion angle φ, defined by 

the atoms H-N•••N-H, is utilized to characterise the configuration adopted by the thiourea 

binding units, taking values close of ±180º and 0º for anti and syn configurations, respectively. 
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Scheme 10 

 

The conformational analysis of L26 by quenched dynamics yielded 10000 conformations in a 

wide energy range of 38.83 kcal/mol, as consequence of the conformational flexibility 

exhibited by the three tren thiourea substituents. Five low energy conformations labelled from 

(a) to (e) with markedly different structures were selected for the subsequent analysis. These 

conformations are presented in Figure 10, while their relative energies along with the 

corresponding torsion angles are listed in Table 11, showing that those are substantially 

different. 

 

 

Figure 10 – Five lowest energy conformations found in conformational analysis of L26. The N-H•••S hydrogen 

bonds are drawn as blue dashed lines. 
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The lowest energy conformation (a) presents a tren organized architecture, with the three 

thiourea substituents displaying comparable torsion angles. This conformation is stabilized by 

six intramolecular N-H•••S hydrogen bonds derived from the synergetic interaction between 

adjacent syn thiourea binding groups (see Figure 10 a). The next low energy conformation (b) 

is only 0.14 kcal/mol above, with one thiourea group changing from syn to anti configuration 

and only four hydrogen bonds are observed, but the tripodal shape is still conserved. The next 

low conformation (c) has two anti thiourea groups and the number of N-H•••S bonding 

interactions is reduced to three, being this structure energetically disfavoured by 3.50 kcal/mol. 

In conformation (d) all of the three thiourea groups are anti, leading to the formation of a single 

hydrogen bond. The conformation (e) exhibits three thiourea groups in anti configuration and 

is disfavoured by 20.56 kcal/mol being, therefore, very unlikely. Indeed, in this conformation 

the three chains are not involved in any intramolecular stabilising bonding interactions. The 

dimensions of the intramolecular hydrogen bonds are given in Table 12. 

 

Table 12 – Number and dimensions of N-H•••S hydrogen bonds found in conformations of L26 and L8. 

Receptor Conformation Number of 
hydrogen bonds 

Distance N•••S (Å) Angle N-H•••S (º) 

Min Max Min Max 

L26 

a 6 3.20 3.60 136 159 

b 4 3.20 3.30 143 162 

c 3 3.20 3.60 146 176 

d 1 3.60 3.60 165 165 

e 2 3.40 3.50 128 138 

L8 

a 6 3.30 3.40 146 149 

b 4 3.20 3.40 149 159 

c 3 3.20 3.40 152 165 

d 2 3.30 3.60 148 154 

e 1 3.60 3.60 132 132 

 

The conformations of L8 accessed by the conformational analysis were in the wide energy 

range of 37.78 kcal/mol. The five lowest energy conformations with notable structural 

differences were appointed for the current discussion and are also labelled from (a) to (e) in 

Figure 11. Table 13 lists their MM relative energies with selected torsion angles for the three 

tren bond chains, which show that these conformations are markedly different. The lowest 
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energy conformation (a) displays an organised structure stabilised by six intramolecular 

N-H•••S hydrogen bonds between immediate thiourea binding groups. The next conformation 

(b) in energy occurs 1.40 kcal/mol above, with two aromatic rings exhibiting an almost parallel 

arrangement at an interplanar distance of 3.95 Å, suggesting the existence of favourable π-π 

stacking interactions. In this conformation (b), with one anti thiourea group, the number of N-

H•••S hydrogen bonds formed is four. Similar to L26, the third conformation (c) with a relative 

energy of 2.56 kcal/mol, displays a single syn thiourea, forming three N-H•••S hydrogen 

bonds. The following energy conformation (d) exhibits three anti thioureas and two hydrogen 

bonds. The last presented conformation (e) also has three anti thioureas, but only a single 

weak hydrogen bond is formed, with a N•••S distance of 3.6 Å and an N-H•••S angle of 132º. 

In addition, this structure is energetically disfavoured by 19.9 kcal/mol. The hydrogen bonds 

dimensions for all five conformations are collected in Table 12. 

Both lowest energy conformations of L26 and L8 were subsequently applied in conformational 

analysis of the L26⊂Cl- and L8⊂Cl- associations. 

 

 

Figure 11 – Five lowest energy conformations found in conformational analysis of L8. The N-H•••S hydrogen 

bonds are drawn as blue dashed lines. 
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2.1.2 Conformational analysis of chloride associati ons 

Methodology 

The conformational analysis on the L26 and L8 chloride associations were performed using the 

quenched dynamics approach described in the previous section for the free receptors. The 

chloride charge was set to -1, and was described with the van der Waals parameters 

developed to be employed with the SPC/E water model.(112) The interactions between the 

receptors and the anion were described by electrostatic and van der Walls interactions. 

 

Results and discussion 

As with the free receptors, 10000 conformations were generated for each anion association, 

thus ensuring a random and comprehensive search of the conformational space. 

The five lowest energy structures found in conformational analysis carried with L26 chloride 

association are depicted in Figure 11 while the corresponding selected torsion angles together 

with their relative MM energies are presented in Table 14. Dimensions of hydrogen bonds 

between L26 and the anion are listed in Table 15. In the lowest energy conformation, the L26 

wraps the chloride anion which is tightly bonded via six N-H•••Cl- hydrogen bonds to the three 

syn thiourea groups. The second lowest-energy conformation (b) in the energy ranking, 

disfavoured by 4.17 kcal/mol, presents the three thiourea chains organised around the 

chloride as observed in conformation a. However one thiourea adopts an anti configuration 

and the anion is bonded by five N-H•••Cl- hydrogen bonds only. The third conformation (c) 

occurs in the energy ranking only at 11.93 kcal/mol with two thiourea binding groups exhibiting 

an anti configuration and consequently the number of hydrogen bonds favouring this binding 

arrangement is reduced to three. In the last two conformations (d) and (e), the three thiourea 

groups are anti, differing mainly in the conformational disposition of individual chains. In both 

cases, the chloride is hydrogen bonded to L26 by two N-H•••Cl- bonding interactions. These 

conformations present relative energies of 20.97 kcal/mol for (d) and 25.09 kcal/mol for (e), 

and are very unlikely. 
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Table 15 – Number and dimensions of N-H•••Cl- hydrogen bonds found in conformations of L26 and L8 chloride 

associations. 

Associtaion Conformation Number of 
hydrogen bonds 

Distance N•••Cl- (Å) Angle N-H•••Cl- (º) 

Min Max Min Max 

L26⊂⊂⊂⊂Cl - 

a 6 3.40 3.40 159 163 

b 5 3.30 3.50 157 163 

c 3 3.30 3.40 158 160 

d 2 3.40 3.60 162 168 

e 2 3.40 3.40 154 157 

L8⊂⊂⊂⊂Cl - 

a 6 3.30 3.80 151 173 

b 5 3.40 3.60 141 173 

c 3 3.40 3.50 138 161 

d 2 3.30 3.40 159 167 

 

 

Figure 12 – Five lowest energy conformations found in conformational analysis of L26⊂Cl- showing remarkable 

structural differences. The N-H•••Cl- hydrogen bonds are drawn as blue dashed lines.  
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The lowest energy conformations found for L8⊂Cl- in conformational analysis are shown in 

Figure 13. Table 16 lists their relative energies as well the selected torsion angles utilized to 

describe these conformations. In the lowest energy conformation, similar to observations for 

L26, the three syn thiourea units surround the chloride, with the six N-H binding sites forming 

six hydrogen bonds with the anion. The dimensions of these bonding interactions are also 

listed in Table 15. This binding arrangement is comparable to that found in the crystal 

structure of the association between fluoride and related receptor L4⊂F (see Application of the 

tren unit in the design of anion receptors), in which the smallest halogen anion is 

encapsulated. The next low energy conformation (b) with a relative energy of 4.76 kcal/mol 

has one anti thiourea binding unit, leading to five independent N-H•••Cl- hydrogen bonds. The 

third and fourth conformations in the energy ranking present a single syn thiourea 

configuration and L8 is able to form with chloride only three N-H•••Cl- hydrogen bonds in c and 

two in (d). In these circumstances, the organized structure of L8 around the anion is lost as 

evident in Figure 13 (c) and (d). These two conformations are largely disfavoured in MM 

energy (see Table 16) and have different conformational shapes: L8 is folded in (c), while in (d) 

it adopts an open conformation. Chloride associations with three thiourea groups assuming 

anti configurations were not observed in the conformational analysis. 

 

 

The lowest energy conformations found for L26 and L8 chloride associations were employed in 

the subsequent DMSO/water and water simulations, as well as in the simulations with 

membrane setups later. 
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Figure 13 – Four lowest energy conformations found in conformational analysis of L8⊂Cl- showing remarkable 

structural differences. The N-H•••Cl- hydrogen bonds are drawn as blue dashed lines. 
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2.2 Molecular Dynamics Simulations in solution 

The binding affinity of L26 and L8 for chloride as tetrabutylamonium (TBA) salt was 

experimentally evaluated in DMSO/water solution (v/v 99.5:0.5 solvent mixture ratio) by NMR 

titrations.(68) Therefore, the dynamic behaviour of chloride associations was investigated by 

means of unconstrained MD in DMSO/water solution consistent with the experimental 

conditions and in water. 

Methodology 

The L26⊂Cl- and L8⊂Cl- associations were solvated in Packmol (113) with 757 DMSO 

molecules and 15 SPC/E water molecules, to reproduce as well as possible the solvent 

medium utilized in the experimental binding studies. Chloride charge was set to -1 and the 

charge neutrality of both cubic boxes was achieved by the subsequent addition of one TBA 

cation with a total charge of +1. The force field parameters and atomic charges for DMSO 

were taken from ref. (114). The TBA was described with the GAFF parameters and RESP 

charges, as in a previous work of the group.(115) The AMBER force fields were originally 

developed considering a TIP3P water molecule.(116) This is the historical reason why most of 

the standard simulations reported in literature, carried out with AMBER, use this water model. 

The SPC/E water model was appointed in this work for consistency reasons with simulations 

performed with the phospholipid bilayer membrane model of employed in the MD 

investigations reported in Chapter 3. 

The associations between L26 and L8 and chloride anion were described by electrostatic and 

van der Waals interactions with parameters for the anion developed to be utilized along with 

the SPC/E water model, taken from the ref. (112), as implemented in AMBER11. 

Afterwards, each solvated system was equilibrated under periodic boundary conditions using 

the following multi-stage protocol: The equilibration process starts with minimization of the 

solvent molecules by molecular mechanics keeping the chloride association and the TBA 

counter ion fixed by the application of a positional restrain of 500 kcal mol-1 Å-2
. In this step, the 

eventual bad contacts between the solute and solvent molecules were removed. Subsequently 

the entire system was relaxed minimizing the energy by molecular mechanics after removal of 

the positional restrain. The system was then heated at 300 K for 50 ps using a NVT ensemble 

and a weak positional restraint of 10 kcal mol-1 Å-2 on the solute. The positional restrain was 

removed and then equilibration process proceeded in a NPT ensemble for 300 ps at 300 K. At 

this stage, the density of each system was 1.12 g/cm3 for both systems during the last 200 ps, 

remaining constant until the end of this run in close agreement with experimental value for 

DMSO solution (1.10 g/cm3). The equilibrated cubic boxes with an edge of 44.76 and 44.66 Å  
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were obtained for L26 and L8 systems respectively. NPT data production run (300 K, 1 atm) 

was carried for each system, during 15 ns. The bath temperature was maintained with 

Langevin thermostat.(117) The covalent bonds to the hydrogen atoms were constrained with 

SHAKE algorithm (118) permitting the use of 2 fs time step. The Particle Mesh Ewald (PME) 

method (119) was utilized to treat the long-range electrostatic interactions and the non-bonded 

van der Waals interactions were truncated with a 12 Å cut-off. 

For water simulations, a cubic box composed of L26⊂Cl- or L8⊂Cl- together with TBA counter 

ion was solvated with 3970 SPC/E model water molecules, and then were submitted to a 

multi-stage equilibration protocol identical to the previously described for the simulations 

carried out in DMSO/water solution. At the end of the equilibration process the value density 

for both systems was 1.00 g/cm3, a value within the experimental density for a water solution 

(1.00 g/cm3). At the end of equilibration, each cubic box had an edge of 49.31 and 49.36 Å, for 

the systems where L26 and L8 were solvated, in this order. NPT data collection runs of 15 ns 

were carried out for both systems.  

 

For all systems, resulting frames were saved every 0.2 ps, leading to a trajectory file with 

75000 frames. The collected data were analysed with the ptraj module as implemented in the 

AMBER11 software package.(104) The molecular diagrams were drawn with PyMOL.(120) 

 

 

Results and discussion 

The dynamic structural behaviour of L26 and L8 chloride associations were investigated in 

DMSO solution by molecular dynamics simulations for 15 ns. The evolution of the distance 

between the chloride anion and the centre of mass of the receptor (Cl-•••Nc), defined by the 

atomic coordinates of the six thiourea nitrogen atoms, throughout the course of the MD 

simulation is plotted in Figure 14 for the two anion associations. In both cases, during most of 

the simulation time, the chloride is kept inside the receptor binding pocket, leading to Cl-•••Nc 

average distances of 1.35 ± 0.17 and 1.40± 0.16 Å for L26 and L8 associations, respectively. 

This feature is clearly illustrated in Figure 15, which represents the 3D histogram built with the 

atomic positions occupied by the chloride anion throughout the course of the MD simulations 

carried out with L26⊂Cl- and L8⊂Cl-. 
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Figure 14 – Evolution of the Cl-•••Nc distance of L26 (left) and L8 (right) for 15 ns of the MD simulation carried 

out in DMSO solution. Data was smoothed with Bézier curves. 

 

          

Figure 15 – Histograms built with all positions occupied by the chloride anion when associated with receptors 

L26 (left view) and L8 (right view) for 15 ns. The receptor structure presented corresponds to the starting 

binding arrangement. 

 

A further structural insight into anion associations in solution is given by the analysis of the 

hydrogen bond parameters, which are given in Table 17.  
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Table 17 – Dimensions of the parameters of N-H•••Cl- hydrogen bonds with the standard deviations for L26 

and L8 chloride associations in DMSO. 

Dimension Binding site 

L26 L8 

Min (Å) Max (Å) Mean ± Std Dev (Å) Min (Å) Max (Å) Mean ± Std Dev (Å) 

Distance 

N1•••Cl- 3.03 4.43 3.46 ± 0.15 2.98 4.48 3.40 ± 0.14 

N2•••Cl- 2.99 4.59 3.42 ± 0.14 3.02 4.67 3.46 ± 0.15 

N3•••Cl- 3.01 4.81 3.46 ± 0.15 3.01 4.80 3.39 ± 0.13 

N4•••Cl- 3.01 4.61 3.42 ± 0.14 3.02 4.74 3.46 ± 0.15 

N5•••Cl- 3.03 4.60 3.46 ± 0.15 3.01 4.35 3.39 ± 0.13 

N6•••Cl- 2.99 4.49 3.42 ± 0.14 3.00 4.51 3.45 ± 0.14 

Angle 

N1-H•••Cl- 109 180 156 ± 8 116 180 160 ± 8 

N2-H•••Cl- 113 180 159 ± 7 111 180 156 ± 7 

N3-H•••Cl- 111 180 156 ± 8 110 180 160 ± 8 

N4-H•••Cl- 114 180 159 ± 7 116 180 156 ± 7 

N5-H•••Cl- 113 180 156 ± 8 115 180 160 ± 8 

N6-H•••Cl- 116 180 159 ± 7 112 180 156 ± 7 

These values are based on 75000 observations for each system. 

 

 

The N•••Cl- distances and N-H•••Cl- angles show that the chloride is hydrogen bonded to the 

three thiourea groups of both receptors in DMSO/water solution. Furthermore, the maximum 

values of N•••Cl-, typically above 4.0 Å, indicate that some of these cooperative hydrogen 

bonds are occasionally interrupted, as clearly indicated by the individual occupancies above 

60%, as can be seen in Table 18. Really, the small standard deviations values found for 

N•••Cl- distances show that during most of the simulation time the chloride anion is firmly 

bonded to all six N-H thioureas binding sites, shielded by the receptor from DMSO solvent 

molecules as illustrated in Figure 15 for L26 and L8. 
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Table 18 – Hydrogen bond occupancy for receptors L26 and L8. 

Binding site 
Occupancy (%)* 

L26 L8 

N1-H•••Cl- 64.6 80.0 

N2-H•••Cl- 74.6 65.2 

N3-H•••Cl- 65.1 81.0 

N4-H•••Cl- 74.3 64.0 

N5-H•••Cl- 64.5 80.7 

N6-H•••Cl- 74.2 66.4 

* The percentage of time the hydrogen bond is formed 
over the trajectory of the MD simulation, with a cut-off for 
N•••Cl- distance and N-H•••Cl- angles of 3.5 Å and 120º, 
respectively. 

 

 

The evolution of Cl-•••Nc distances for simulations carried in water solution with L26 and L8 is 

plotted in Figure 16, showing that the chloride anion leaves the receptor binding pocket at 

about 90 ps of production run until the end of the simulation time in the system with L8, while in 

the system with L26 this event occurs even during the equilibration stage. These two scenarios 

are illustrated with the selected snapshots shown in Figure 17 for L26 and in Figure 18 for L8. 

Furthermore, two additional replicas were carried out for both systems using different initial 

velocities and starting coordinates and equivalent results were obtained. Hence, as the 

distance between the considered reference point and Cl-, on average, is beyond the distance 

within hydrogen bonds are possible, no further analysis of these bonding interactions is 

performed. 

 

 

Figure 16 – Evolution of the Cl-•••Nc distance during the entire time of the MD simulation for L26⊂Cl- (left) and 

L8⊂Cl- (right) associations in water. Data was smoothed with Bézier curves. 
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Figure 17 – Snapshot taken at 240 ps of equilibration, showing the chloride anion away from the L26 and 

surrounded by water molecules. Only water molecules within 5.0 Å radius from L26 are shown. 

 

     

Figure 18 – Snapshots illustrating the release of chloride anion from L8 taken at 80 and 100 ps of the MD 

simulation, from left to right. Only water molecules within 5.0 Å radius from L8 are shown. 

 

 

The structural results obtained in water were expected, taking into account that the chloride 

affinity for both receptors in DMSO/water solution, a less polar solvent, is low, as shown by the 

experimental binding constants of 447 and 191 M-1 for receptors L26 and L8 respectively.(68) 

However, the molecular dynamics simulations also show that L26 and L8 are able to release 

the chloride in water, in the opposition behaviour found in DMSO/water solution. These two 

insights together suggest that they are good candidates to promote the chloride transport 

across membranes. This is the matter of the next chapter. 
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Having analysed the chloride affinity of L26 and L8 in water and DMSO/water solution 

separately, the solvation of these systems is now evaluated using the radial distribution 

functions (RDF), calculated for receptors and chloride in the two solvent media. In addition, for 

comparison purposes, the RDF for an isolated chloride in pure DMSO solution and water 

solution was also considered in the subsequent discussion. 

 

The solvation structure of DMSO around the chloride associations is presented in Figure 19 

for L26 (left) and L8 (right). Both receptors (the centre of mass) show two smooth solvent shells 

(red line) with the first one occurring between 6 and 8 Å and the second one at about 12 Å in 

the solvent bulk. This result shows that the binding pocket provided by these receptors is free 

of DMSO solvent molecules. The chloride anion, while hydrogen bonded to either L26 or L8, 

shows four well defined solvent shells (green line) with the first solvation centred at 6.2 Å from 

this anion. In contrast, the DMSO structure around an isolated chloride (blue line) is 

characterised by a strong solvation shell located at a shorter distance of 5.9 Å, which is 

agreement with value of 6.0 Å previously obtained by MD dynamics using a DMSO full atoms 

model,(121) and closer to the experimentally assessed value of 5.4 Å.(122) Therefore, this 

comparison confirms that the chloride is surrounded only by either L26 or L8, while the 

association is prominently solvated by DMSO and water molecules, as seen in Figure 19. 

 

The radial distribution functions for the systems where chloride with L26 and L8 were solvated 

in water, presented in Figure 20, left and right respectively, differ greatly from the results 

observed in DMSO solution. When considering the hydration of both receptors (the centre of 

mass), a shoulder corresponding to the first solvation shell occurs at 3.0 Å suggesting that no 

solvent molecules are present within the binding pockets while L26 and L8 retained the tripodal 

conformational shape. 

On the other hand, the chloride in presence of L26 and L8 exhibits three water shells with the 

first one occurring as a strong and sharp peak at 3.1 Å. The second and third solvation shells 

were observed at 4.9 and 7.2 Å from the chloride. As the chloride is away of the receptor and 

completely surrounded by water molecules, this radial hydration structure is similar to that 

observed for the isolated chloride. This last RDF (blue line in left and right plots) reproduces 

the RDF of the water molecules around the chloride previously calculated with anion van der 

Walls parameters and SPC/E water model employed in this work,(112) and matches the 

experimental value of 3.12 Å (refs. (123, 124) cited in (112)). 
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Figure 19 – RDF, g(r), of the DMSO molecules around the receptor (red line) and chloride (green line) and 

water molecules around the chloride (magenta line) in the associations with L26 (left) and L8 (right). For 

comparison purposes, the radial solvation structure of the isolated chloride (blue) is also shown. 

 

 

  

Figure 20 – Radial hydration structure of the receptor (red) and chloride anion (green) in the presence of L26 

(left) and L8 (right) for the SPC/E water model. For comparison purposes, the RDF of the water molecules 

around an isolated chloride (blue) is also shown. 
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2.3 Summing Up 

In conclusion, the MD simulation structural data show that the chloride association with both 

receptors is retained in DMSO/water solution, while in water the chloride anion is quickly 

solvated by water molecules, leaving the binding pocket of each receptor. This is in line with 

the expect behaviour of a potential transporter, that should be able to bind the anion while 

inside a phospholipid bilayer, here surrogated by the DMSO solution, but should also be able 

to free chloride when reaching the outside of such bilayer (the water solution) and, for 

instances, to be able to grab it in the water solution, to facilitate its transport across the bilayer. 

Thus, the main goal outlined for this second chapter, the evaluation of the binding ability for 

chloride anion, was almost accomplished up to this part of the text. Both receptors, L26 and L8, 

were successfully described with the GAFF and RESP charges. Also, all MD simulations 

performed in gas-phase and solution yielded results that allowed an extensive structural 

characterization of L26 and L8 and their binding associations. Unfortunately, the comparison 

with experimental data in energetic terms was limited. Indeed, the estimative of the absolute 

and relative binding free energies of L26 and L8 towards chloride was intended by means of 

thermodynamic integration methods. The estimated binding free energies were inconsistent 

with those obtained from the experimental association constants. This drawback was, 

perhaps, due to the small values of the chloride association constants for both receptors, 

leading to a small difference in the free energy of 2.11 kJ mol-1. Furthermore other well-

established methods widely applied in the free energy calculations using MD data in water 

solution, such as Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA), are not 

parameterized to be utilized with organic solvents, for instance DMSO. 
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3 Chloride transport across a phospholipid bilayer 

membrane assisted by tripodal receptors 

 

This chapter reports the molecular dynamics investigation carried out on the chloride 

transmembranar transport across a bilayer membrane model, mediated by the tripodal 

thioureas L26 and L8 (see Scheme 4 and Scheme 7, Chapter 1). The bilayer is composed of 

POPC phospholipids (see Scheme 8, also in Chapter 1) in agreement with the composition of 

the vesicle utilized in the experimental studies, as stated in Chapter 1.(68) 

Over the last year, two significant studies reporting molecular dynamics simulations of pure 

POPC membranes with specific force field parameterisation for phospholipids were published: 

Poger et al. simulated a membrane composed of 128 POPC lipids and hydrated with 5940 

SPC model water molecules in two slabs, using the GROMOS G53A6L united atom force 

field;(89) Pastor, MacKerell and co-workers simulated a membrane formed by 72 lipids and 

2242 TIP3P water molecules with CHARMM36 all-atom force field.(87) The versions of these 

two force fields have reproduced well the structural and dynamic membrane parameters, viz. 

the area per lipid, without the imposition of artificial surface tension. 

The first DMPC and DOPC lipid model membrane simulations using the GAFF together with 

the AMBER software package were reported by Gould and Rosso. These simulations were 

carried out without the imposition of surface tension, resulting in values of area per lipid below 

the experimental value (65.0 Å2 for DOPC and 55.8 Å2 for DMPC, vs. experimental values of 

72.1 Å2 for DOPC and between 59.6 to 62.2 Å2 for DMPC).(84) Afterwards, Böckmann and co-

workers found a better match between the estimated and experimental liquid phase 

properties, simulating a DOPC pure membrane model of 72 lipids and 2727 water molecules 

with a surface tension of 22 dyn/cm per monolayer.(85) Martinek and Jójárt have simulated a 

system with 128 POPC lipid membrane with GAFF and two slim hydration slabs with a total of 

2985 TIP3P water molecules, fitting the experimental area per lipid (68.3 ± 1.5 Å2) using a 

surface tension of 60 dyn/cm for the whole system.(83) The latter membrane simulations of 

the DOPC lipid bilayers were carried out with GROMACS (Groningen MAchine for Chemical 

Simulation) and the POPC with NAMD (Not (just) Another Molecular Dynamics program), 

because the AMBER11 suite does not feature the possibility to impose surface tension to a 

surface parallel to the x-y plane. The simulation conditions employed for the POPC 

independent studies mentioned above are summarised in the Table 19.  
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Table 19 – Summary of recent molecular dynamics simulations carried out with a pure POPC bilayer. 

Membrane Number of molecules Water:lipid 
ratio 

Surface tension 
(dyn/cm) 

Temperature (K) Ref. 

POPC Water (model) 

I 128 5941 (SPC) 46.4:1 - 303 (89) 

II 72 2242 (TIP3P) 31.1:1 - 303 (87) 

III 128 2985 (TIP3P) 23.3:1 60 303 / 310* (83) 

 

 

Model III has a deficient number of waters per lipid (23.3:1) when compared with the models I 

and II, with water:lipid ratios above the necessary minimum, commonly ca. 30 water molecules 

per lipid molecule, corresponding to fully hydrated membrane models.(89, 125, 126) Therefore 

model II, corresponding to a fully hydrated lipid bilayer, was selected (see below), and tested 

with the TIP3P and SPC/E water models (simulations A to D below), as done by Böckmann et 

al. in the simulation of a DOPC bilayer membrane.(85) Additionally, an overhydrated 

membrane model containing 4954 water molecules, able to accommodate L26 and L8 in the 

water slabs, was built (model IV), as described below. 

 

This chapter is organised as follows: in the first part, the simulations performed in the fully and 

overhydrated pure membrane models are described. The results obtained are compared with 

the literature. The impact of water excess in the structural properties of the phospholipid 

bilayer presented in model IV is also evaluated. The second part deals with structural and 

dynamic features associated with transmembranar permeation of L26 and L8 when their 

chloride associations are placed in the water slab or within the phospholipid bilayer of the 

overhydrated membrane model. All unconstrained molecular dynamics simulations were 

carried out using GAFF with the GROMACS package. While most of the analysis of the 

structural and dynamic parameters were performed with tools from the GROMACS 

package,(127) the order parameters were analysed with the dcd2dorder tool from the MOLDY 

Tools package.(128) All renderings were made with PyMOL.(120) 
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3.1 Pure Membranes 

3.1.1 Fully Hydrated free membrane simulation 

The first studies were performed to find out the best simulation conditions that consistently 

reproduced most of the experimental parameters available. This was done using the pre-

equilibrated POPC bilayer (model II), available at the website of the Laboratory of Molecular & 

Thermodynamic Modeling of the University of Maryland,(129) conjugated with two water 

models (SPC/E and TIP3P) and two sets of atomic RESP charges (see below). Thus, four 

independent systems listed in Table 20 were obtained and were simulated at the physiological 

temperature of 310 K. 

 

Table 20 – Summary of simulations conditions employed to simulate the membrane model II. 

System ID Water Model Charge Set 

A SPC/E 

Unconstrained RESP charges 
B TIP3P 

C SPC/E 
RESP charges taken from ref. (83) 

D TIP3P 

 

 

Methodology 

POPC charge determination and conversion of AMBER files 

From the pre-equilibrated POPC bilayer (model II), thirteen different conformations of the 

POPC lipid were extracted and optimized in Gaussian 03 at the HF/6-31G* level of theory. 

Atomic charges were then calculated via a multiconformational RESP fitting using all these 

optimised conformations and following the methodology previously described for L26 and L8. 

The POPC molecules were described with default parameters taken from the GAFF and the 

water molecules using SPC/E or TIP3P water models as implemented in AMBER11. The 

atomic charges for POPC, together with the atom types employed, are presented in Table 23, 

while the corresponding atomic numbering scheme for a single POPC molecule is shown in 

Scheme 11. 

The atomic coordinates of a single POPC molecule together with multiRESP atomic charges 

as well as a corresponding frcmod file, were loaded in xLEaP to generate the AMBER 
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topology and coordinate files. These two files, along with topology and atomic coordinate files 

for a single SPC/E or TIP3P water model molecules were then converted with acpype.py (130, 

131) into GROMACS topology files for the systems A to D (see Table 20). 

 

Table 21 – Atom types and unconstrained RESP charges employed for the systems A and B. 

IDa ATb Charge IDa ATb Charge IDa ATb Charge IDa ATb Charge 

N1 n4 0.05325 H18 hc 0.03824 H38 hc -0.01203 H61 hc -0.02641 

C1 c3 0.08104 C10 c3 -0.05392 C22 c3 0.02431 C33 c3 -0.00796 

C2 c3 -0.21377 H19 h1 0.09508 H39 hc -0.00914 H62 hc -0.00429 

C3 c3 -0.21377 H20 h1 0.09508 H40 hc -0.00914 H63 hc -0.00429 

C4 c3 -0.21377 O7 os -0.41283 C23 c3 0.02762 C34 c3 0.00544 

H1 hx 0.05800 C11 c 0.89042 H41 hc -0.01239 H64 hc -0.00782 

H2 hx 0.05800 O8 o -0.61260 H42 hc -0.01239 H65 hc -0.00782 

H3 hx 0.12795 C12 c3 -0.38849 C24 c3 0.01149 C35 c3 0.02685 

H4 hx 0.12795 H21 hc 0.08987 H43 hc -0.00730 H66 hc -0.00739 

H5 hx 0.12795 H22 hc 0.08987 H44 hc -0.00730 H67 hc -0.00739 

H6 hx 0.12795 C13 c3 0.05948 C25 c3 0.00212 C36 c3 0.02223 

H7 hx 0.12795 H23 hc -0.01022 H45 hc -0.00371 H68 hc -0.00887 

H8 hx 0.12795 H24 hc -0.01022 H46 hc -0.00371 H69 hc -0.00887 

H9 hx 0.12795 C14 c3 0.01051 C26 c3 -0.00805 C37 c3 0.00291 

H10 hx 0.12795 H25 hc -0.00185 H47 hc -0.00236 H70 hc -0.00878 

H11 hx 0.12795 H26 hc -0.00185 H48 hc -0.00236 H71 hc -0.00878 

C5 c3 0.08010 C15 c3 0.01933 C27 c3 0.14052 C38 c3 0.03461 

H12 h1 0.05395 H27 hc -0.00314 H49 hc -0.03056 H72 hc -0.01300 

H13 h1 0.05395 H28 hc -0.00314 H50 hc -0.03056 H73 hc -0.01300 

P1 p5 1.09860 C16 c3 0.01678 C28 c3 -0.16932 C39 c3 0.02002 

O1 o -0.68892 H29 hc -0.01514 H51 hc 0.03476 H74 hc -0.00933 

O2 o -0.68892 H30 hc -0.01514 H52 hc 0.03476 H75 hc -0.00933 

O3 os -0.41491 C17 c3 0.06219 H53 hc 0.03476 C40 c3 -0.01804 

O4 os -0.43193 H31 hc -0.02897 C29 c3 0.19448 H76 hc -0.00357 

C6 c3 0.09333 H32 hc -0.02897 H54 hc -0.01597 H77 hc -0.00357 

H14 h1 0.05060 C18 c3 0.18218 H55 hc -0.01597 C41 c3 0.16253 

H15 h1 0.05060 H33 hc -0.02013 C30 c3 -0.02362 H78 hc -0.03591 

C7 c3 0.25590 H34 hc -0.02013 H56 hc 0.00208 H79 hc -0.03591 

H16 h1 0.04544 C19 c2 -0.26060 H57 hc 0.00208 C42 c3 -0.17712 

O5 os -0.39444 H35 ha 0.12796 C31 c3 -0.02797 H80 hc 0.03550 

C8 c 0.71653 C20 c2 -0.27088 H58 hc -0.00599 H81 hc 0.03550 

O6 o -0.57530 H36 ha 0.12663 H59 hc -0.00599 H82 hc 0.03550 

C9 c3 -0.11970 C21 c3 0.15846 C32 c3 0.10418 
   

H17 hc 0.03824 H37 hc -0.01203 H60 hc -0.02641 
   

a ID corresponds to the atom number shown in Scheme 11 
b AT is the atom type according to GAFF 
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Scheme 11 

 

The simulations of the systems C and D were performed with RESP charges calculated as 

described in ref. (83). These charges, presented in Table 22, were kindly provided by 

Professor Tamás A. Martinek, and were calculated using 12 different lipid conformations but 

applying the following restraints during the RESP fitting: charge of +1 for the N(CH3)3 moiety; 

charge of -1 for the PO4 group; the carbon and hydrogen atoms of the alkyl chains were 

treated as equivalent; and a 0.2 charge was assigned to each hydrogen atom in the choline 

head. Thus, it was possible to evaluate the impact of the two sets of RESP charges on the 

structure and dynamics of the phospholipid bilayer. 

 

Table 22 – Atom Types and RESP charges from ref. (83) employed for the systems C and D. 

IDa ATb Charge IDa ATb Charge IDa ATb Charge IDa ATb Charge 

N1 n4 -1.01913 H18 hc 0.06817 H38 hc 0.06817 H61 hc 0.06817 

C1 c3 0.28103 C10 c3 0.16900 C22 c3 -0.13634 C33 c3 -0.13634 

C2 c3 -0.33730 H19 h1 0.06817 H39 hc 0.06817 H62 hc 0.06817 

C3 c3 -0.33730 H20 h1 0.06817 H40 hc 0.06817 H63 hc 0.06817 

C4 c3 -0.33730 O7 os -0.51928 C23 c3 -0.13634 C34 c3 -0.13634 

H1 hx 0.25000 C11 c 0.92373 H41 hc 0.06817 H64 hc 0.06817 

H2 hx 0.25000 O8 o -0.67181 H42 hc 0.06817 H65 hc 0.06817 

H3 hx 0.25000 C12 c3 -0.16261 C24 c3 -0.13634 C35 c3 -0.13634 

H4 hx 0.25000 H21 hc 0.06817 H43 hc 0.06817 H66 hc 0.06817 

H5 hx 0.25000 H22 hc 0.06817 H44 hc 0.06817 H67 hc 0.06817 

H6 hx 0.25000 C13 c3 -0.13634 C25 c3 -0.13634 C36 c3 -0.13634 

H7 hx 0.25000 H23 hc 0.06817 H45 hc 0.06817 H68 hc 0.06817 

H8 hx 0.25000 H24 hc 0.06817 H46 hc 0.06817 H69 hc 0.06817 

H9 hx 0.25000 C14 c3 -0.13634 C26 c3 -0.13634 C37 c3 -0.13634 

H10 hx 0.25000 H25 hc 0.06817 H47 hc 0.06817 H70 hc 0.06817 
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IDa ATb Charge IDa ATb Charge IDa ATb Charge IDa ATb Charge 

H11 hx 0.25000 H26 hc 0.06817 H48 hc 0.06817 H71 hc 0.06817 

C5 c3 -0.28697 C15 c3 -0.13634 C27 c3 -0.13634 C38 c3 -0.13634 

H12 h1 0.06817 H27 hc 0.06817 H49 hc 0.06817 H72 hc 0.06817 

H13 h1 0.06817 H28 hc 0.06817 H50 hc 0.06817 H73 hc 0.06817 

P1 p5 1.36092 C16 c3 -0.13634 C28 c3 -0.20452 C39 c3 -0.13634 

O1 o -0.73818 H29 hc 0.06817 H51 hc 0.06817 H74 hc 0.06817 

O2 o -0.73818 H30 hc 0.06817 H52 hc 0.06817 H75 hc 0.06817 

O3 os -0.48106 C17 c3 -0.13634 H53 hc 0.06817 C40 c3 -0.13634 

O4 os -0.48106 H31 hc 0.06817 C29 c3 -0.13634 H76 hc 0.06817 

C6 c3 0.08305 H32 hc 0.06817 H54 hc 0.06817 H77 hc 0.06817 

H14 h1 0.06817 C18 c3 -0.13634 H55 hc 0.06817 C41 c3 -0.13634 

H15 h1 0.06817 H33 hc 0.06817 C30 c3 -0.13634 H78 hc 0.06817 

C7 c3 0.22257 H34 hc 0.06817 H56 hc 0.06817 H79 hc 0.06817 

H16 h1 0.06817 C19 c2 -0.04095 H57 hc 0.06817 C42 c3 -0.20452 

O5 os -0.51928 H35 ha 0.04095 C31 c3 -0.13634 H80 hc 0.06817 

C8 c 0.92373 C20 c2 -0.04095 H58 hc 0.06817 H81 hc 0.06817 

O6 o -0.67181 H36 ha 0.04095 H59 hc 0.06817 H82 hc 0.06817 

C9 c3 -0.16261 C21 c3 -0.13634 C32 c3 -0.13634 
   

H17 hc 0.06817 H37 hc 0.06817 H60 hc 0.06817 
   

a ID corresponds to the atom number shown in Scheme 11 
b AT is the atom type according to GAFF 

 

 

Simulation conditions 

The simulations of the four independent systems (A to D) were performed with GROMACS 

4.5.3.(127) using the following protocol: The equilibration process started with molecular 

mechanics minimization of the system using the steepest descent algorithm for 100000 steps. 

The equilibration proceeded with the heating of the pure membrane from 0 to 310 K using a 

NVT ensemble for 50 ps. Subsequently, the ensemble was changed to NPT and a simulation 

run of 150 ns was carried out. The long-range electrostatic interactions under the periodic 

boundary conditions were described with the PME algorithm (119) using real-space cut-off at 

10 Å, accordingly with the established for bilayer simulations,(132) and the maximal grid size 

of 1.2 Å. The cut-off for the Lennard-Jones interactions was also set at 10 Å and they were 

updated every 20 fs, together with pair lists. The temperature of the system was maintained 

independently coupling the lipids and the water slabs to an external bath temperature of 310 

K, using the Berendsen thermostat,(133) and a coupling constant τT of 0.1 ps. The pressure 

was controlled by the Berendsen barostat at 1 atm and compressibility of 4.5×10-5 bar-1, with 

the independent coupling in the x,y- and z- vectors and using a surface tension of 60 
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dyn/cm,(83) with a coupling constant τP of 1.0 ps. The covalent bonds to hydrogen atoms were 

constrained using the LINCS algorithm,(134) allowing the use of a 2 fs time step. Frames were 

saved every 1.0 ps, leading to trajectory files with 150000 structures. 

This protocol was employed to run three independent replicas of the systems A, B, C and D 

with different random seeds for the initial velocities. 

 

 

Results and discussion 

The molecular dynamics POPC bilayer simulations were evaluated using the following 

biophysical membrane parameters: area per lipid, volume per lipid, bilayer thickness, electron 

density profile, chain order, lateral diffusion and hydration of the water/lipid interface. The 

values of these representative liquid phase properties for the structure and dynamics of lipids 

are compared with the experimental ones as well as with theoretical data from Pastor, 

MacKerell and co-workers,(87) and from Martinek and Jójárt,(83), to validate the employed 

parameters. The results obtained are presented in separated subsections, comparing the two 

water models and two charges sets utilized. These simulated systems are illustrated in Figure 

21, with a snapshot taken at the end of a replica simulation of system A. 

 

 

Figure 21 – Snapshot of a replica MD simulation of system A, at 150 ns. 
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Area per lipid 

Area per lipid is quite often considered as the major indicator to assess when the membrane 

model is equilibrated. This condition is achieved when the area per lipid (AL), estimated by 

Equation 1 (where Ax•y stands for the area of the x-y section of the system, and nL/2 

corresponds to the number of lipid molecules in each monolayer of the system (36)), stabilises 

around a given value for a considerable simulation time. 

 

�� = 〈
��∙�

�� 2⁄
〉 Equation 1 

 

In the MD simulations reported here, the systems were considered equilibrated after the first 

100 ns of simulation, as indicated by the evolution of area per lipid shown in Figure 22 for the 

systems A and B and in Figure 23 for simulations C and D. Therefore, only the last 50 ns of 

the three replica runs, giving a total sampling time of 150 ns per system, were utilized in the 

calculation of area per lipid as well as other membrane structural parameters. Concerning the 

area per lipid, the experimental values of 68.3 (135) and 66.0 Å2,(136) obtained at 303 and 

310 K respectively, will be considered as reference in the subsequent analysis and are plotted 

in Figure 22 and Figure 23 as cyan and magenta lines, respectively. The value at 303 K will be 

utilized for comparison purposes in this parameter and in the following parameters, as any 

other experimental POPC studies were found in the literature at 310 K. Also, this temperature 

above the gel to liquid-crystalline phase transition temperature, ~270.5 K,(137) is commonly 

applied both in theoretical and experimental bilayer studies. 

 

The average values for 150 ns of sampling with the associated standard deviations are listed 

in Table 17 for the systems A, B, C and D. Henceforth, these values will be utilized, unless it is 

stated otherwise. In the MD simulations with TIP3P water model (systems B and D), the 

average area per lipid is markedly above both reference values independently of the charge 

set (see Figure 22 and Figure 23, right plots). On the other hand, when the SPC/E water 

model is employed (systems A and C), the area per lipid presents different average values, 

according to the charges set employed. It is remarkable that the average value for system A of 

65.55 ± 3.05 Å2 is in perfect agreement with reference value of 66 Å2 obtained by X-ray 

scattering.(136) In contrast, for system C, characterized by RESP charges from ref. (83) and 

SPC/E water model, the average area per lipid of 73.80 ± 2.48 Å2 is higher than the 

experimental value. Furthermore, when the SPC/E water model in this system is replaced by 

TIP3P model (system D), the area per lipid average is 78.34 ± 3.09 Å, now deviated from the 

reference value by 12.34 Å. This last average area per lipid is higher than the one previously 

obtained (72.40 ± 0.58 Å) by Martinek and Jójárt at 310 K, for a system composed of 128 
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POPC lipids and 2985 TIP3P model water molecules, where the lipids were described with the 

same atomic charges scheme.(83) 

 

This comparison indicates that the parameters of system A (RESP atomic charges for lipids 

conjugated with a SPC/E model for water molecules), with a negligible difference in area per 

lipid relatively to the experimental value, seems to be the best choice to simulate a POPC 

membrane with the GAFF at 310 K, when considering how complex this type of systems are. 

This hint will be subject to a subsequent confirmation by analysis of the remaining biophysical 

parameters. 

 

 

Figure 22 – Evolution of area per lipid in the systems A (left) and B (right) throughout the course of the MD 

simulation time. The experimental values are plotted as cyan and magenta lines. The red, blue and green 

lines correspond to each one of the three replicas. Data was smoothed with Bézier curves. 

 

 

Figure 23 – Evolution of area per lipid in the systems C (left) and D (right) throughout the course of the MD 

simulation time. Remaining details as given in Figure 22. 
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Table 23 – Variation on the area per lipid for the systems A to D, using a 150 ns sampling time.* 

System Mean ± Std Dev (Å2) Min (Å2) Max (Å2) 

A 65.55 ± 3.05 59.71 73.29 

B 79.87 ± 3.29 71.84 88.27 

C 73.80 ± 2.48 67.27 79.75 

D 78.34 ± 3.09 71.14 87.89 

* The average and standard deviation values are calculated for N=150000. 

 

 

Volume per lipid 

Volume per lipid (VL) is another biophysical structural parameter, commonly evaluated in 

membrane MD simulations, and prone to be compared with experimental data. VL is given by 

Equation 2, where V stands for the volume of the system, nw stands for the number of 

molecules in the system (2242), Vw stands for the volume of a water molecule at 310 K 

(30.1096 Å3) and nL corresponds to the number of lipid molecules in the system (72). 

 

�� = 〈
� − ����

��

〉 Equation 2 

 

During the period where the membranes were considered to be equilibrated, except in system 

C (see Figure 25, right plot), all systems (Figure 24, both plots, and Figure 25, left plot) 

generally present a reduction in the volume per lipid, assuming values below the reference 

value of 1256 Å3 for 303 K.(135) It is imperative to remember that these systems were 

simulated at 310 K, so the reference value must be carefully considered. In the systems A and 

C, the average volume per lipid is 1248.9 ± 23.8 and 1251.8 ± 19.2 Å3, respectively, yielding 

averages close to the experimental reference. Also, in system B, with TIP3P water model, the 

volume per lipid average (1262.4 ± 10.6 Å3) was in line with the reference value for 303 K. 

Regarding system D, characterized with atomic charges from ref. (83) and TIP3P water model, 

the average volume per lipid 1271.2 ± 11.4 Å3 is found to differ greatly from the reference 

value. All volume per lipid averages for the systems A to D are summarized in Table 24. The 

absence of other theoretical results (83, 87) prevents further comparison. 
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Figure 24 – Evolution of volume per lipid in the systems A (left) and B (right) throughout the course of the MD 

simulation time. The experimental value is plotted as a magenta line. The red, blue and green lines 

correspond to each one of the three replicas. Data was smoothed with Bézier curves. 

 

 

Figure 25 – Evolution of volume per lipid in the systems C (left) and D (right) throughout the course of the MD 

simulation time. Remaining details as given in Figure 24. 

 

Table 24 – Variation on the volume per lipid for the systems A to D, using a 150 ns sampling time.* 

System Mean ± Std Dev (Å3) Min (Å3) Max (Å3) 

A 1248.9 ± 23.8 1194.6 1297.8 

B 1262.4 ± 10.6 1226.0 1308.5 

C 1251.8 ± 19.2 1205.9 1298.1 

D 1271.2 ± 11.4 1235.4 1315.3 

* The average and standard deviation values are calculated for N=150000. 
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Bilayer thickness 

The bilayer thickness over simulation time was measured as the distance between the 

average z coordinate of the phosphorus atoms in each monolayer, for each frame, and is, 

along with area per lipid, of paramount importance in the structural characterisation of a 

phospholipid bilayer membrane. Moreover, when area per lipid diminishes, the bilayer 

thickness generally increases, and vice versa. This is precisely illustrated in Figure 26, for a 

replica MD simulation of system A. 

 

 

Figure 26 – Evolution of bilayer thickness and area per lipid for a single replica of system A throughout the 

course of the MD simulation time. The red line corresponds to the bilayer thickness and the green line 

corresponds to the area per lipid. Data was smoothed with Bézier curves. 

 

The variation of the bilayer thickness for 150 ns of sampling assessed with the three replicas 

is plotted in Figure 27 for the systems A and B and in Figure 28 for the systems C and D. The 

bilayer thickness for the three replicas of the A system, through the last 50 ns of the MD 

simulation, almost oscillates around the experimental reference value of 37 Å, measured at 

303 K,(135) indicating that the structural integrity of the lipid bilayer is preserved. It is also 

interesting to note that, when the atomic charges of system A are replaced by the RESP 

charges taken from the ref. (83), giving the system C, the bilayer thickness average is ca. 5 Å 

below the reference value. For the systems B and D, both with the TIP3P water model, 

independently of the employed atomic charges, the bilayer thickness is considerably low for 

the last 50 ns for the three replicas of the MD simulations. The structural findings are entirely 

consistent with those found for the area per lipid. Among the average bilayer thicknesses 

calculated for three replicas, the value for system A of 37.1 ± 1.4 Å is surprisingly similar to the 

experimental reference value of 37 Å at 303 K, while the simulation value previously reported 

by Martinek and Jójárt is 34 Å. This value was obtained from the electronic density profile of a 

lipid bilayer with a low water:lipid ratio (23.3:1, see above) measuring the distance between 
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electronic density peaks (see below). In addition, the systems B and D, with the TIP3P water 

model present lower average values of bilayer thickness, differ ca. 5 Å from the experimental 

value of 37 Å. Also, the estimated bilayer thicknesses are in agreement with the inverse 

relation with area per lipid. The variations in bilayer thickness for each simulation are 

presented in Table 25. 

 

 

Figure 27 – Evolution of bilayer thickness in the systems A (left) and B (right) throughout the course of the MD 

simulation time. The experimental value is plotted as a magenta line. The red, blue and green lines 

correspond to each one of the three replicas. Data was smoothed with Bézier curves. 

 

 

Figure 28 – Evolution of bilayer thickness in the systems C (left) and D (right) throughout the course of the MD 

simulation, represented as function of time. Remaining details as given in Figure 27. 
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Table 25 – Variation in the bilayer thickness for the systems A to D, using a 150 ns sampling time.* 

Simulation Mean ± Std Dev (Å) Min (Å) Max (Å) 

A 37.1 ± 1.4 33.7 40.1 

B 31.7 ± 0.9 29.3 34.1 

C 33.7 ± 1.4 31.0 37.1 

D 32.3 ± 0.8 30.1 34. 9 

* The average and standard deviation values are calculated for N=150000. 

 

 

Electron density profile 

The electron density profiles are often utilized to estimate bilayer thickness, using the distance 

between the peaks assigned to the phosphate groups, commonly designated in the literature 

as DHH,(84, 85, 89, 135) although in ref. (83) it is not specified. The electron density profiles of 

the systems A to D were measured through the z axis, considering only the last 10 ns of each 

MD simulation replica, totalling 30 ns of sampling time. The electron density profiles along the 

z axis are shown in Figure 29, for the systems A and B and in Figure 30, for the systems C 

and D. The z axis is perpendicular to the phospholipid bilayer normal, taking 0 Å at the core of 

bilayer. The red line is the total electronic profile of the system; the green line corresponds to 

the POPC profile, while the blue line represents the electronic density profile of the water slabs 

juxtaposed to the bilayer. The pink line presents the experimental electronic profile for an 

artificial POPC lipid bilayer commercially available, and was obtained at 303 K with X-ray 

scattering.(135) The green line overlaps the red line at z=0 Å (near the middle of the 

membrane system), where the electronic density of the system corresponds to the density of 

the POPC lipids. In the extremities of each plot, the blue line overlaps the red, because at 

greater distances from the middle of the system, the electronic density corresponds to the 

density of the water slabs, represented by the two symmetric plateaus. The peaks plotted with 

the red line result mainly from the densities of the head groups of POPC lipids (phosphate 

groups and choline moieties) and the density of the water molecules between them. The 

alignment of the red and magenta lines indicates a good fitting of the theoretical and 

experimental system profiles. 

The theoretical profile of system A, showing a small elevation at the centre of the bilayer in the 

middle of apolar lipid tails, is closely aligned with the experimental one. Furthermore, as would 

be expected, reflecting the structure of the membrane model, the electron density profile is 
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symmetric relatively to the origin, displaying two fairly intense peaks, which are mainly 

determined by the phosphate groups and choline heads from lipids. The distance between 

these two peaks is ca. 34.6 Å, in good agreement with the value calculated for the layer 

thickness using the distance between the opposite bilayer phosphorus heads throughout the 

course of the MD simulation (see above). Despite this excellent fitting, it is worth mentioning 

that such experimental result was obtained at 303 K, while simulations A to D were ran at 310 

K, thus the match obtained must be carefully taken in account 

Identical profiles for the total electron density were obtained for the systems B, C and D, but 

presenting a small displacement towards the experimental profile. The distance measured 

between the two peaks was 31.8, 31.1 and 30.4 Å for the systems B, C and D, respectively. 

These observations are associated with the bilayer thickness, also lower in those three 

systems, as shown in Table 25. 

The density profiles for the POPC lipids in all systems show a small elevation centred at the 

core of the lipid bilayer. A possible explanation for this elevation might be the fact that the 

bilayers in some systems are slightly packed along the z axis, thus overlapping methyl 

terminal groups and elevating the electronic density at the middle of the bilayer. 

 

 

 

Figure 29 – Electron density profiles calculated for the 10 last ns of the MD simulations performed with system 

A (left) and B (right). The experimental profile is also shown, as a magenta line. 
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Figure 30 – Electron density profiles calculated for the 10 last ns of the MD simulations performed with system 

C (left) and D (right). The experimental profile is also shown, as a magenta line. 

 

A comparison with previous MD results reported by Martinek and Jójárt at 310 K is presented 

in Figure 31, for the systems A (left side) and D (right side), with the pink line now 

corresponding to the published system, while the red, green and blue lines correspond to the 

system, POPC and water electronic profiles. System D was selected because the POPC lipids 

were represented with charges from Martinek (83) and the water model was also the same 

(TIP3P). On the other hand, among the remaining three systems, system A was characterised 

by the unconstrained RESP atomic charges and SPC/E water model, being the system with 

most differences to system D. In spite of the differences on the atomic charges and water 

models, both electronic density profiles for A and D are close to the theoretical results of 

Martinek, obtained using a different initial structure. 

 

 

Figure 31 – Electron density profile of the 10 last ns of the MD simulation of system A (left) and of the MD 

simulation of system D (right) and comparison with published theoretical results. 
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Furthermore, electronic density profiling allows the analysis of the outline of each component 

in the system, being either static, if only evaluating a frame, or giving a sort of ‘trail’ of the most 

common positions that each component assumes in the system during the time of a trajectory. 

This characteristic will be further explored in membrane simulations with chloride associations 

of L26 and L8. 

 

 

Chain order 

The ordering of the hydrophobic chains of a lipid is a structural parameter possible to evaluate 

and compare with the experimental deuterium order parameter (|SCD|). In the MD simulations 

reported here, this analysis was performed for the last 5 ns of each replica, totalling 15 ns of 

sampling time, with this parameter given by Equation 3, where θi is the angle between the 

bilayer normal and the Ci-H bond. 

 

|���| =
1

2
〈	3 cos� 
� − 1�〉 Equation 3 

 

The atomic numbering scheme applied for Ci carbon atoms of the sn-1 palmitoyl and sn-2 

oleyl chains of POPC is presented in Scheme 12: 

 

 

Scheme 12 

 

The experimental data regarding the sn-1 palmitoyl chain is described by an |SCD| value of 

~0.2 for the atoms between C2 and C8, and then smoothly decreasing until C16 has an |SCD| 

value of ~0.02. The sn-2 oleyl chain presents experimental values of |SCD| ~0.1 for C2, ~0.19 

for C4 and lower values for C9 and C10 (|SCD| ~0.02), where the double bond is present; then 

slightly higher values are reported for C11 and C12, and C15 presents an |SCD| value about 

0.80, close to the value for the same carbon number in the sn-1 chain. Noteworthy, is the fact 

that higher order parameters are registered for the C-H bonds of the phospholipid chains 

closer to the interface with water.(138-140) 
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Regarding the analysis of the simulation sn-1 chain results and their comparison with the 

experimental results, it is clear that all systems had remarkably different values of |SCD| for 

every carbon atom. In the systems C and D (see Figure 33, left and right views. respectively), 

|SCD| values are above 0.35 for some carbon atoms, especially on those further away from the 

interface. In system B, represented in the right plot of Figure 32, |SCD| values for atoms 

between C4 and C15 are above 0.4 and some are about 0.45 – more than double of the 

highest experimental |SCD| registered for those atoms. Only in system A, represented in the left 

plot of Figure 32, a closer agreement between theoretical and experimental results was 

achieved, although with higher values of |SCD|. Also, only in the systems A and D the 

experimental inflexion between the |SCD| values in the first two atoms (C2 and C3) is present. 

A common feature between the four simulations is the rise in |SCD| from the chain carbon 

atoms closer to the interface to the atoms that are in the core of the bilayer and a sudden drop 

to an |SCD| value of ~0.1 in the methyl carbon of all systems. 

 

Comparing the computed deuterium parameters with the few available experimental results for 

sn-2 oleyl chain, it is difficult to fully grasp which of the simulations is closer to the NMR 

results.(138-140) Results for system B (represented on the right plot of Figure 32) do match 

an |SCD| value, in C9 atom, while system C appears to correspond to the experimental result in 

the C2 atom. However, the results from system A, in the left view of Figure 32, closely 

reproduce the expected behaviour of |SCD| in the sn-2 chain, and present the higher |SCD| 

values for the carbon atoms closer to the interface. Systems B, C and D all present higher 

|SCD| values towards the end of each chain, i.e., near the bilayer core. 

 

  

Figure 32 – Computed |SCD| for palmitoyl and oleyl chains for 15 ns of sampling for system A (left) and for 

system B (right). The |SCD| values calculated for the sn-1 chain are shown in red, while the values computed 

for the sn-2 chain are shown in green. The error bars associated with these results correspond to the standard 

error. The experimental results for the sn-1 chain were taken from refs. (138) – blue and (139) – magenta, 

while the results for the sn-2 chain were taken from refs. (140) – cyan and (139) – yellow. 
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Figure 33 – Computed |SCD| for palmitoyl and oleyl chains for 15 ns of sampling for system C (left) and for 

system D (right). Remaining details as given in Figure 32. 

 

Comparison with previous theoretical results (83, 87) was also performed, as can be seen in 

Figure 34 and Figure 35. From the comparison of the published computed |SCD| values for 

both sn-1 and sn-2 chains with the results of the MD simulations of the systems A to D, it is 

possible to notice that only system A (see the left panel of Figure 34) has results close to 

those previously published. 

 

  

Figure 34 – Computed |SCD| for palmitoyl and oleyl chains for 15 ns of sampling for system A (left) and for 

system B (right). The |SCD| values calculated for the sn-1 chain are shown in red, while the values computed 

for the sn-2 chain are shown in green. The error bars associated with these results correspond to the standard 

error. The theoretical results for the sn-1 chain were taken from refs. (87) – blue and (83) – magenta, while the 

results for the sn-2 chain were taken from refs. (87) – cyan and (83) – yellow. 
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Figure 35 – Computed |SCD| for palmitoyl and oleyl chains for 15 ns of sampling for system C (left) and for 

system D (right). Remaining details as given in Figure 34. 

 

 

Lateral diffusion 

The diffusion of the lipid head groups through the membrane system is a kinetic parameter 

that can also be evaluated by means of molecular dynamics simulations, and is related with 

the restrictions of phosphate and choline groups experimented at the water/lipid interface, 

which are modulated by electrostatic interactions and hydrogen bonds.(141) The lateral 

diffusion (Dlat) for the NPT ensemble was calculated using the Equation 4: 

 

���� �	
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In Equation 4, x and y correspond to the coordinates of the centre of mass of the atoms in the 

head groups, t0 is the starting reference time and d represents the degrees of freedom (for the 

two-dimensional analysis, d=2). 

The diffusion coefficients for the last 10 ns of the MD simulation time, presented in the left 

panel of Figure 36 to Figure 39 (where 0 ns corresponds to 140 ns of simulation time), for the 

simulations A to D, reveal the existence of two distinct diffusion domains: a short time domain 

and a long time domain. These domains were investigated fitting the mean square 

displacement (MSD) of the lipid head groups, defined by the non-hydrogen atoms of the 

choline and phosphate groups of POPC, from 0 to a given t, using time windows with different 

widths: till t=500 ps, five windows with a 100 ps difference; between t=500 and t=5000 ps, ten 

windows with a difference of 500 ps; and between t=5 ns and t=10 ns, five windows with a 

difference of 1 ns. These fittings, in the right plots of Figure 36 to Figure 39, converged at 
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different times, thus defining several short and long time domains for the different replicas of 

each system. In the systems A and C, the short time domain was defined between 0 and 4 ns, 

while the long time domain was defined between 4 and 10 ns. For the systems B and D, the 

short time domain was delimited between 0 and 7 ns for system B and between 0 and 8 ns for 

system D, meaning that the long time domain starts at 7 and at 8 ns for each system, 

respectively. 

 

 

 

Figure 36 – Lipid diffusion coefficients for the last 10 ns of each replica MD simulation for system A (left plot) 

and MSD values calculated using different time windows (right plot). In both plots, red, green and blue colours 

stand for the first, second and third replica, respectively. 

 

Figure 37 – Lipid diffusion coefficients for the last 10 ns of each replica MD simulation for system B (left plot) 

and MSD values calculated using different time windows (right plot). Remaining details as given in Figure 36. 
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Figure 38 – Lipid diffusion coefficients for the last 10 ns of each replica MD simulation for system C (left plot) 

and MSD values calculated using different time windows (right plot).Remaining details as given in Figure 36. 

 

Figure 39 – Lipid diffusion coefficients for the last 10 ns of each replica MD simulation for system D (left plot) 

and MSD values calculated using different time windows (right plot). Remaining details as given in Figure 36. 

 

The diffusion coefficient Dlat estimated for the short time domain was 1.0 × 10-7 cm2s-1 for all 

three replicas of system A and ranged between 0.9 and 1.1 × 10-7 cm2s-1 in the three MD 

simulation replicas of system C, as listed in Table 26. These simulations were performed with 

the SPC/E water model. In the MD simulations where the TIP3P water model was utilized, the 

values measured for diffusion coefficient Dlat ranged between 0.8 and 0.9 × 10-7 cm2s-1 for 

system B, and between 0.7 and 1.1 × 10-7 cm2s-1 for D. The values for the four systems are 

close to the lower limit of the experimental values (1.0 to 10 × 10-7 cm2s-1).(142, 143) On the 

long time domain, several replicas presented a diffusion coefficient D value below the 

experimental range values between 0.5 and 1.0 × 10-7 cm2s-1.(144-148) However, two 

replicas, one of system A and other of B, characterized with the unconstrained RESP charges, 

present the value of 0.6 and 0.7 × 10-7 cm2s-1, respectively, above the lower limit of the 

experimental range. Also, as seen in Table 26, in one MD replica simulation of the systems B 
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and D, characterized with the TIP3P water model, the MSD values for the long time domain 

assumed the values 0.0 and -0.1 × 10-7 cm2s-1. 

 

Table 26 – Lateral diffusion coefficient for POPC lipid head groups, for each replica of the systems A to D. 

System Short time domain ( × 10-7 cm2s
-1

) Long time domain ( × 10-7 cm2s
-1

) 

Experimental 1.0 to 10.0 (142, 143)  0.5 to 1.0 (144-148) 

Ref. (83) 5.5a 0.9 

 R1 R2 R3 R1 R2 R3 

Ab 1.0 1.0 1.0 0.4 0.5 0.6 

Bc 0.8 0.8 0.9 0.7 0.3 -0.1 

Cb 1.0 1.1 0.9 0.2 0.3 0.5 

Dd 0.7 0.7 1.1 0.5 0.5 0.0 

a for the first 200 ps 
b the short time domain is defined between 0 and 4 ns, while the long time domain is defined between 4 and 10 ns 
c the short time domain is defined between 0 and 7 ns, while the long time domain is defined between 7 and 10 ns 
d the short time domain is defined between 0 and 8 ns, while the long time domain is defined between 8 and 10 ns 
R1 – Replica 1 
R2 – Replica 2 
R3 – Replica 3 

 

 

Hydration of the water/lipid interface 

Following the analysis for the diffusion coefficient Dlat dependent on the water molecules 

surrounding the lipid head groups, the hydration of each head group was assessed during the 

last 1 ns of each replica, calculating the average water solvation shell within 3.5 Å of the head 

group. The results obtained for the systems A to D are summarized in Table 27. The average 

number of water molecules, varying between 11.4 for system A and 12.8 for system C, agrees 

well with the experimental value of 12 water molecules per lipid head group, (refs. (149, 150) 

cited in (83)) as well as with the average 13.4 ± 0.2 water found by Martinek and Jójárt in their 

POPC membrane simulation.(83) In other words, the average number of water molecules 

seems to not depend on the simulation conditions, given how close they are. Furthermore, the 

P-O RDF between the phosphorus atoms in the head groups and oxygen atoms of the water 

molecules clearly shows that up to 3.0 Å from the phosphorus atoms, no water molecules are 

present and that the first hydration shell, defined by a sharp peak, is between 3.8 and 3.9 Å 

from that origin. Two other solvation shells appear between 5.7 and 6.2 Å and between 8.3 

and 8.6 Å radii, as shown in Figure 40. Also, albeit lipid head group hydration results from 
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Martinek and Jójárt are comparable, it is not defined in their work how the head group was 

defined for assessment of the head group hydration or of the lateral diffusion. 

 

Table 27 – Solvation of POPC lipid head groups within a 3.5 Å radius. 

System Water molecules 

Experimental (149, 150) 12 

Ref. (83) 13.4 ± 0.2 

A 11.4 ± 0.4 

B 12.7 ± 0.4 

C 12.8 ± 0.3 

D 12.4 ± 0.5 

 

 

Figure 40 – P-O RDF of water molecules around lipid head groups in three replica MD simulations of the 

systems A and B (left view) and in three replica MD simulations of the systems C and D (right view), for the 

last 1 ns of the MD simulation time. The following line colour scheme was employed: system A in red, B in 

green, C in blue and D in magenta. 

 

 

Summing Up 

The average values for four of the seven biophysical parameters evaluated for the systems A 

to D are summarised in Table 28. It is straightforward that among the parameter combinations 

employed, system A, with the unconstrained RESP charges for phospholipids and SPC/E 

water molecules, is the most suitable one to reproduce the experimental values of the majority 

of the assessed parameters, especially Area per lipid, Bilayer thickness, Electronic density 
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profile, Chain order and Lateral diffusion of lipid head groups. On the other hand, for the 

Volume per lipid, a less commonly analysed parameter in the POPC lipid simulations reported 

in the literature, a close value of the experimental reference at 303 K was obtained with 

system B, also with RESP charges, although with the TIP3P water model. In system D a 

Hydration of the water/lipid interface closer to the experimental one was found. 

 

Table 28 – Comparison between the structural parameters for the phospholipid bilayer systems A to D. 

Parameter 
System 

A B C D Experimental 

Area per lipid (Å 2)a 65.55 ± 3.05 79.87 ± 3.29 73.80 ± 2.48 78.34 ± 3.09  66c 

Volume per lipid (Å 3)a 1248.9 ± 23.8 1262.4 ± 10.6 1251.8 ± 19.2 1271.2 ± 11.4 1256d 

Bilayer thickness (Å) a 37.1 ± 1.4 31.7 ± 0.9 33.7 ± 1.4 32.3 ± 0.8 37  d 

Head group hydration b 11.4 ± 0.4 12.7 ± 0.4 12.8 ± 0.3 12.4 ± 0.5 12 e 

a For the last 50 ns of each replica, totalling 150 ns of sampling time in system A to D 
b For the last 1 ns of each replica, totalling 3 ns of sampling time in system A to D 
c Value measured at 310 K(136) 
d Values measured at 303 K (135) 
e From ref. (149, 150) 

 

In conclusion, the parameters defined by system A corresponded well to most of experimental 

values, indicating that the pair of conditions defined by the RESP set of charges and SPC/E 

water model is appropriate to simulate a bilayer model composed of POPC lipid molecules. 

Therefore, they were definitively selected for the subsequent simulations presented in the next 

sections. 

 

 

3.1.2 Overhydrated free membrane simulation 

Methodology 

In order to accommodate L26⊂Cl- or L8⊂Cl- associations in the water slab as sketched in 

Figure 41, the pre-equilibrated lipid bilayer utilized in the previous simulations was extended 

along the z axis direction by the addition of 2712 molecules with Packmol.(113) An 

overhydrated membrane model with a high water molecules per lipid ratio (68.81) and 

composed of 72 POPC lipids and 4954 water molecules equally distributed by two water slabs 

was produced. Afterwards, this large system, containing 24510 atoms, was equilibrated 
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following the protocol previously employed for the fully hydrated membrane. The equilibrated 

box has two water slabs with thicknesses ca. 32 Å, permitting the insertion of either receptor in 

the centre of a water slab, and the use of a 10 Å cut-off for the van der Waals and 

electrostatics interactions. 

 

 

Figure 41 – Schematic comparison of the fully and overhydrated systems. 

 

Results from this MD simulation are compared with both experimental results and results from 

system A, a fully hydrated system, to evaluate the eventual changes caused on the structure 

and dynamics of the membrane by the enlarged number of water molecules. 

 

 

Results and discussion 

The overhydrated system, henceforth called E, was also simulated for 150 ns. Unfortunately 

due to the computational cost associated with simulation of this large system, only a single 

replica was produced in the time available for this master thesis. However, two additional 

replicas are currently running in the Beowulf cluster. In these circumstances, the analysis of 

the simulation data is limited and the results obtained should be viewed as the first insights 

into the impact caused by the enlargement of water slabs in the biophysical membrane 

properties. A snapshot illustrative of this overhydrated simulation system taken at the end of 

simulation is presented in Figure 42. 
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The structural and dynamic biophysical parameters of system E will be evaluated following the 

methodology for the fully hydrated systems and compared with system A, also characterized 

with the unconstrained RESP atomic charges and SPC/E water model. 

 

 

Figure 42 – Snapshot of a replica MD simulation of system E, at 150 ns. 

 

Area per lipid 

Similarly to the MD simulation replicas of the systems A to D, in the simulation of system E 

only the last 50 ns are considered to be equilibrated, in agreement with the variation of the 

area per lipid monitored throughout the 150 ns simulation time, shown in Figure 43. The 

average value of area per lipid is 60.18 ± 0.96 Å2, below the 66 Å2 experimental reference at 

310 K, as well as the average value for system A (65.55 ± 3.05 Å2), also shown in Figure 43. 

This comparison clearly indicates that the sampling of system E has to be increased with more 

simulation time and additional replicas. However, the remark is the proximity of the two 
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theoretical values, as expected, to demonstrate that increasing the number of waters in the 

system does not substantially change this physical property of the membrane model. 
 

 

Figure 43 – Evolution of the Area per lipid in the MD simulation E (red line) and comparison with average 

value of area per lipid in from system A (green dashed line). Experimental references are also plotted as a 

blue dashed line (310 K) and as a magenta dotted line (303 K). Data was smoothed with Bézier curves. 

 

Volume per lipid 

The average value of volume per lipid in the last 50 ns of the MD simulation time was 1225.3 ± 

6.8 Å3, a value below the 1256 Å3 experimental reference at 303 K, but within the range of 

1194.6 to 1297.8 Å3 found for system A, with an average value of 1248.9 ± 23.8 Å3. This is 

depicted in Figure 44, where the values of the volume per lipid in system E are below the 

reference value at 303 K and the average of system A. 
 

 

Figure 44 – Evolution of the Volume per lipid in the MD simulation E (red line) and comparison with average 

value of volume per lipid in from system A (green dashed line). Experimental reference is also plotted as a 

blue dashed line (303 K). Data was smoothed with Bézier curves.  
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Bilayer thickness 

The evolution of the bilayer thickness for system E, during the entire time of the MD 

simulation, is plotted in Figure 45, revealing that this structural parameter is stable for the last 

50 ns, as found for the previous ones. As the average area per lipid estimated for system E is 

lower than that for system A, and remembering the inverse relation between area per lipid and 

bilayer thickness, it was expected that bilayer thickness would be higher for system E. This is 

corroborated by the average bilayer thickness during the last 50 ns of 39.5 ± 0.5 Å, which 

indicates that the distance between the phosphorus atoms on each monolayer is 2.4 Å longer 

than in system A, with an average distance of 37.1 ± 1.4 Å. Indeed, the average of the three 

replicas of system A corresponds to higher bilayer thickness through the MD simulations than 

the system E, as illustrated in Figure 45. However, bilayer thicknesses are not substantially 

different. 

 

  

Figure 45 – Evolution of bilayer thickness in the MD simulation E (red line) and comparison with average value 

of bilayer thickness from system A (green dashed line). Experimental reference is also plotted as a blue 

dashed line (303 K). Data was smoothed with Bézier curves. 

 

Electron density profile 

The electron density profiles of system E, calculated with the last 10 ns simulation data, are 

plotted in Figure 46 along with the experimental profile at 303 K and the system profile of A. 

The three electron density profiles of E reflect the overall phospholipid bilayer membrane 

structure, as explained above for the systems A to D. 

Regarding the comparison of the electronic density profile of system E (red line) with the 

experimental profile one (see Figure 46, left), it is noteworthy the good match of these two 

profiles throughout the z axis, especially in the bilayer region, between the polar heads of the 

POPC phospholipids. This is in contrast with the density profile of system A (see Figure 46, 
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right), which has a slight elevation in middle of the bilayer, suggesting the close packing of the 

terminal methyl of two opposite phospholipid chains (see above), while the density profile of E 

fits perfectly well in this apolar bilayer region. In other words, in system E, the neighbouring 

methyl groups from two individual lipid layers are displaced relatively to each other. This 

structural insight is corroborated by the layer thickness given by the distance between two 

peaks determined by polar phospholipid head groups of system E (37.7 Å), which is 3 Å larger 

than in system A (34.7 Å). Therefore, the larger number of water molecules in the system 

seems to have a small effect in this physical parameter of the studied membrane model. 

 

 

Figure 46 – Electron density profile of system E calculated for the last 10 ns of the MD simulation time in 

comparison with the experimental (left, magenta profile) and the electron density profile for system A (right, 

magenta profile). The colours red, green and blue stand for the system, POPC lipid and water electronic 

profiles. 

 

Chain order 

In the previous MD simulations of the systems A to D, corresponding to the fully hydrated 

membrane model, chain ordering was the parameter that presented the most different results 

when compared with the experimental ones. For system E this is no longer the case, as can 

be seen in the left plot of Figure 47. Regarding the analysis of the sn-1 chain (identified in 

Scheme 12) results and comparison with the experimental results, it is clear that values of 

|SCD| are higher than experimental values on every carbon atom of the chain, with |SCD| values 

above 0.3. Comparison of the computed deuterium parameters with the available experimental 

results for sn-2 oleyl chain (identified as well in Scheme 12), yields better matches, especially 

on the first atom, C2, and near the double bond (atoms from C8 to C12). In system E, the 

computed |SCD| values are higher when the carbon atoms are closer to the water/lipid interface 

and lower towards the bilayer core, in agreement with the experimental results. Results from 



 

 

Molecular Modelling of transmembranar transporters for Chloride 

University of Aveiro – Masters in Pharmaceutical Biomedicine 87 

 

MD simulations of the systems E and A are compared in the left plot of Figure 47, where |SCD| 

values from system A, for both chains, are higher in the core of the bilayer. 

 

 

Figure 47 – Computed |SCD| for palmitoyl and oleyl chains for 5 ns of sampling for system E are show in the 

left plot. The |SCD| values calculated for the sn-1 chain are shown in red, while the values computed for the 

sn-2 chain are shown in green. The error bars associated with these results correspond to the standard error. 

The experimental results for the sn-1 chain were taken from refs. (138) and (139) and are presented as blue 

and magenta points, while the results for the sn-2 chain were taken from refs. (140) and (139) and are 

presented as cyan and yellow points. In the right plot, the computed |SCD| for system E (sn-1 chain in red, sn-2 

chain in green) are compared with the computed |SCD| for system A (sn-1 chain in blue points, sn-2 chain in 

magenta points). 

 

Lateral diffusion 

The evaluation of the diffusion of the lipid head groups was also assessed in the MD 

simulation of system E. Similar to the MD simulation of system A, for the last 10 ns of 

simulation time (where 0 ns corresponds to 140 ns of simulation time), it is possible to see in 

Figure 48 (left plot), that the two distinct diffusion domains are present. Fitting the MSD curve 

of the lipid head groups in the same different time windows as before (till t=500 ps, with a raise 

of 100 ps; between t=500 and t=5000 ps with a raise of 500 ps; and between t=5 ns and t=10 

ns with a raise of 1 ns), it was found that diffusion coefficient Dlat converged between 4 and 5 

ns for system E, thus defining the long time domain in this simulation between 5 and 10 ns. 
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Figure 48 – Comparison of the Lipid diffusion coefficients calculated for the systems E and A, using the last 10 

ns of the MD simulation data (left plot) and MSD values of these two systems using different time windows 

(right plot). In both plots, red stands for the single replica of system E, while green, blue and magenta 

correspond to each one of the three replicas of system A. 

 

The diffusion coefficient Dlat estimated for the short time domain of system E for the first 5 ns is 

0.4 × 10-7 cm2s-1, being lower than Dlat for system A (1.0 × 10-7 cm2s-1) and than the 

experimental values, ranging from 1.0 to 10 × 10-7 cm2s-1.(142, 143) On the long time domain, 

both simulations present diffusion coefficient Dlat values of 0.4 × 10-7 cm2s-1, below the 

experimental minimum of 0.5 × 10-7 cm2s-1 in the interval 0.5 to 1.0 × 10-7 cm2s-1.(144-148) 

Despite the role of water molecules on the lateral diffusion of lipid head groups, the substantial 

increase of these molecules in both water slabs seems to have little effect in this parameter. 

 

Hydration of the water/lipid interface 

Following the analysis of the reduced short time domain diffusion coefficient Dlat for MD 

simulation of system E, hydration of each head group was assessed, also for the last 1 ns of 

simulation time, calculating the water solvation shell within 3.5 Å of the phospholipid head 

groups. The lipid head groups were found hydrated by an average number of 11.0 ± 0.2 water 

molecules, a value identical to the 11.4 ± 0.4 water molecules reported for system A. 

Moreover, the RDF for MD simulations A and E display identical profiles with three water 

shells occurring at ca. 3.8, 6.0 and 8.5 Å, as can be seen in Figure 49. 
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Figure 49 – Comparison of P-O RDF of the water molecules around lipid head groups for the systems E (red) 

and A (green), for the last 1 ns of the MD simulation time. 

 

Summing Up 

The comparison of some of the biophysical membrane parameters estimated from molecular 

dynamics simulation data of the overhydrated system E and fully hydrated system A (sharing 

the same atomic charges set and water model) done in the previous subsections, and 

summarized in Table 29, shows that the substantial enlargement of the water slabs with water 

molecules has a marginal impact in the structure and dynamics of the phospholipid bilayer. 

 

Table 29 – Comparison between the structural parameters for the phospholipid bilayer systems E and A. 

Parameter 
System 

E A Experimental 

Area per lipid (Å 2)a 60.18 ± 0.96 65.55 ± 3.05 66c 

Volume per lipid (Å 3)a 1225.3 ± 6.8 1248.9 ± 23.8 1256d 

Bilayer thickness (Å) a 39.5 ± 0.5 37.1 ± 1.4 37  d 

Head group hydration b 11.0 ± 0.2 11.4 ± 0.4 12e 

a 50 ns of sampling in system E and 150 ns of sampling time in system A 
b 10 ns of sampling in system E and 3 ns of sampling time in system A 
c Value measured at 310 K(136) 
d Values measured at 303 K (135) 
e From ref. (149, 150) 
*The system E is an overhydrated system equivalent to the system A as describe below. 

 

Indeed, the area and volume per lipid and bilayer thickness all show small variations. On the 

other hand, the electronic density profile and order parameters both have shown better results 
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in the MD simulation of system E, getting closer to the experimental values than in the MD 

simulation replicas of system A regarding the lipid bilayer. In what concerns the lateral 

diffusion of the lipid head groups, as well as the hydration of the water/lipid interface, small 

changes were found, but deemed unimportant. 

 

This system, composed of 72 POPC lipid molecules and 4954 water molecules was found to 

reproduce fairly well most of the experimental parameters available, and will be utilized to 

support the following MD simulations of membranes with receptors. With this section, the 

second major objective is finally fulfilled with simulation of system E, which enables the MD 

investigations of L26 and L8 diffusion across the phospholipid membrane. 
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3.2 Membranes and Receptors 

To study the primary changes introduced by the presence of the two thiourea receptors inside 

the bilayer, one association of each (L26⊂Cl- or L8⊂Cl-) was placed between the hydrophobic 

chains of the phospholipids, and then followed throughout MD simulations. On the other hand, 

to study whether the receptors are capable of bonding and penetrating the membrane, they 

were placed in the aqueous phase and left free of restrains to move around in the water slabs. 

Thus, two independent systems were built for both receptors, listed in Table 30 with the 

simulation conditions employed. 

 

Table 30 – Summary of the simulations conditions of the membrane systems with L26 and L8. 

System ID Receptor 
Starting position of the 

receptor 
Temperature (K) 

Surface tension 
γ

a(dyn/cm) 
Water 
model 

Atomic 
Charges 

F L26 
Within the bilayer 

310 60 SPC/E RESP 
G L8 

H L26 

In the water slab 
I L8 

a Surface tension applied per bilayer. 

 

 

The main goals of the MD simulations reported below are summarised as follows: 

• For the systems F and G are to: 

o Evaluate the effect of the inserted receptor in the membrane properties; 

o Observe the behaviour of either chloride association when placed in the 

hydrophobic core of the bilayer. 

• For the systems H and I are to: 

o Understand the behaviour of the chloride associations when near a lipid 

bilayer; 

o Eventually, if the association reaches the bilayer, evaluate the effect of the 

inserted association in the membrane properties. 
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Methodology 

Due to bad contacts and to eventual chains crossing the phenyl rings of L8, it was found 

difficult to place each receptor inside of the phospholipid bilayer, using a frame extracted from 

the equilibrated system E. So, another option was found: to use the CHARMM online 

membrane builder (151) to prepare a 72 POPC lipid bilayer with a pore large enough 

(diameter of ~20 Å) to accommodate either association (L26⊂Cl- or L8⊂Cl-) within the bilayer. 

Afterwards, the systems were solvated with Packmol, to achieve the same number of water 

molecules as in the overhydrated system E (4954 water molecules). The charge neutrality was 

obtained by the addition of sodium, which was described by electrostatic and van der Waals 

interactions with parameters developed to be employed along with the SPC/E water model, 

taken from ref. (112). The tool acpype.py was applied to convert the sodium, L26⊂Cl- and 

L8⊂Cl- AMBER topology and coordinate files into GROMACS format. 

These systems, containing either L26⊂Cl- or L8⊂Cl-, were applied in the subsequent 

preparation stage, in which each anion association was accommodated between the aliphatic 

chains of phospholipids, as follows. 

 

Preparation stage 

The initial system configuration, with a pore in the bilayer and ordered water slabs, was 

submitted to 10000 steps of molecular mechanics energy minimisation using the steepest 

descent algorithm, and keeping the chloride association fixed by the application of a positional 

restrain of 200000 kJ mol-1 nm-2. After this minimization, a short MD run of 250 ps at 310 K in 

a NPT ensemble was performed with the chloride association kept fixed with a 4000 kJ mol-1 

nm-2 restrain. The time step of 1 fs was utilized and the system surface tension was 

maintained at 40 dyn/cm. After this NPT run, a few water molecules migrated to the middle of 

the lipid bilayer and were subsequently removed and relocated in the water slabs. At this 

stage the initial bilayer pore was closed, with the chloride association well accommodated 

among the apolar chains of the phospholipids. The system was again energy minimised with a 

positional restrain of 200000 kJ mol-1 nm-2 on the chloride association, through the 100000 

steps of MM, using the steepest descent method, followed by the relaxation of the entire 

system for another 100000 steps, with the same algorithm. The equilibration of the system 

proceeded by means of a MD run at 310 K in a NPT ensemble and with the chloride 

association kept fixed with a positional restraint of 4000 kJ mol-1 nm-2 for 4 ns. The remaining 

simulation details for this preparation stage are as previously given (see Simulation conditions 

for the systems A to D), except the surface tension of 50 dyn/cm. 
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Simulation of the systems F and G 

The final structure of the previous preparation stage was energy minimized following the 

protocol described earlier. Subsequently, the system was heated in a NVT ensemble from 0 to 

310 K, for 50 ps (25000 steps), with the chloride associations fixed with a 4000 kJ mol-1 nm-2 

restraint. Afterwards, the system was submitted to a NPT simulation run of 1 ns, using a time 

step of 2 fs. The positional restrain was removed and the simulation continued for further 150 

ns using a NPT ensemble. The remaining simulation protocol was as previously given. These 

MD simulation runs with NPT ensemble were carried out with a surface tension of 60 dyn/cm. 

 

Simulation of the systems H and I 

For the simulations where the chloride associations L26⊂Cl- and L8⊂Cl- are solvated in the 

water slabs, the last structure of the Preparation Stage was edited with the GROMACS tool 

editconf, and the chloride associations were moved from the middle of the bilayer to the water 

slab, positioned at a distance from the closest water/lipid interface that enabled the use of a 10 

Å cut-off. These systems were equilibrated following the protocol given above. 

 

 

Results and discussion 

While this thesis was being written, only a single replica of the systems F to I was available for 

analysis, due to time constraints. Nevertheless, as off this moment, each system is already 

being replicated at least two times. 

 

Initial and final snapshots of the systems F and G 

Figure 50 presents two snapshots showing the position of the chloride and L26 at the start and 

at the end of the 150 ns of the MD simulation run. In the beginning, the chloride is 

encapsulated by L26 via hydrogen bonding interactions, in the middle of phospholipid bilayer, 

while in the end of the simulation, the receptor is positioned near of the water/lipid interface 

and the chloride is no longer inside the bilayer nor close to L26, as seen in Figure 51. The 

diffusion process of both species will be discussed later. 
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Figure 50 – Two snapshots of system F, taken at 0 (left) and 150 ns (right), showing the position of L26 and 

chloride in the beginning and in the end of this simulation run. L26 is drawn in space filling model with carbon 

atoms in salmon, sulfur atoms in yellow, hydrogen atoms in white and nitrogen atoms in blue. The chloride, 

sodium and phosphorus atoms from the phospholipids are represented as green, blue and orange spheres 

respectively, while oxygen and carbon atoms of the POPC lipids are drawn in red and grey lines. C-H 

hydrogen atoms in the POPC lipids have been omitted for clarity. 

 

 

 

Figure 51 – Insight into the position of L26 at 150 ns of the MD simulation of system F, showing the receptor 

located near the water/lipid interface. C-H hydrogen atoms in the POPC lipids are hidden for clarity. 
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Figure 52 shows two snapshots taken at the beginning and at the end of the MD simulation of 

system G. In contrast with system F, in this single replica, the L8⊂Cl- association remains in 

the middle of phospholipid bilayer for 150 ns of the MD simulation with the chloride bonded to 

the receptor as shown in detail in Figure 53. 

     

Figure 52 – Two snapshots of system G, taken at 0 (left) and 150 ns (right), showing L8⊂Cl- association 

located almost in the middle of phospholipid bilayer in both simulation times. L26 is drawn in space filling model 

with carbon atoms in cyan. Remaining details as given in Figure 50. 

 

 

Figure 53 – Snapshot of system G at end of simulation, showing the L8⊂Cl- association surrounded by apolar 

phospholipid chains. Remaining details as given in Figure 51.  
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Initial and final snapshots in the systems H and I 

In unconstrained MD simulations where chloride associations L26⊂Cl- and L8⊂Cl- were placed 

in the water slabs of the systems H and I, as shown by the corresponding snapshots taken at 

0 and 150 ns of simulation run and presented in Figure 54 and Figure 55, in this order. Both 

receptors migrated from the water slab to the water/lipid interface during the simulation time. 

as revealed by the snapshots taken at 150 ns of simulation in the systems H and I, presented 

in the right panels of Figure 54 and Figure 55. A more detailed view of L26 embedded in the 

phospholipid bilayer of system H is shown in Figure 56, while the corresponding view for L8 in 

system I is shown in Figure 57. Further analysis will bring insights to the period of time it took 

for each receptor to internalize into the bilayer, as well as how this process occurred. 

Comparison with systems F and G will be done where appropriate. 

 

     

Figure 54 – Structure of system H recorded at 0 (left) and 150 ns (right) of the MD simulation. Remaining 

details as given in Figure 50. 
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Figure 55 – Structure of system I recorded at 0 (left) and 150 ns (right) of the MD simulation. Remaining 

details as given in Figure 52. 

 

 

 

Figure 56 – Structure of system H taken at 150 ns of MD simulation time showing the receptor between 

phospholipids near of membrane interface. Remaining details as given in Figure 51. 
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Figure 57 – Structure of system I recorded at 150 ns MD simulation time, showing the receptor between 

phospholipids near of the water/lipid interface. Remaining details as given in Figure 51. 

 

 

In the following subsections, the evolution of the distance from the centre of mass of both 

receptors, defined by all non-hydrogen atoms, to the water/lipid interface will be analysed. The 

impact of the receptor within the phospholipid bilayer, on the structural and dynamic 

parameters of the membrane, will be assessed by the comparison with the results from the 

overhydrated system E. 

 

Diffusion of the receptors within the membrane starting from the 

phospholipid bilayer 

Tracking the distance of both receptors to the lipid-water interface‡ is a way to evaluate the 

evolution of the MD simulation: if the receptor moves from its starting position and gets closer 

to the interface, that could be an indicator of whether or not it is capable of moving inside the 

membrane, even if it implies its disruption or other changes in the biophysical properties of the 

bilayer. In this context, the receptor position within the phospholipid bilayer was evaluated 

tracking the distance along the z axis (Figure 58) between the centre mass of the receptor and 

the origin of the periodic system, located at the external boundary of a water slab, henceforth 

mentioned as z0•••L. The structural integrity of phospholipid membrane was assessed 

measuring the average distance of 36 phosphorus atoms in each monolayer relatively to the 

origin. These two individual distances are designated as z0•••P1 and z0•••P2. The variances in 

these three structural parameters for 150 ns are presented in Figure 58 for L26 and L8. In 

                                                   
‡ Distance is calculated between the centre of mass of a molecule, group or atom and the average z coordinate of the 

phosphorus atoms in the closest monolayer. 
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agreement with the MD dynamics events previously presented in Figure 50, L26 migrates to 

the water/lipid interface after ca. 10 ns of simulation (blue line, left plot) while L8 remains 

almost in the middle of phospholipid bilayer (blue line, right plot), in line with the representation 

in Figure 52. Furthermore, the average distances from the origin to the phosphorus atoms in 

the lipid polar heads (lines red and green), are roughly constant throughout the simulation 

time, indicating that the structural integrity of the model membrane is preserved in both 

systems in the presence of these two receptors (this point is recalled later). 

 

In addition, the proximity of each receptor to the water/lipid interface (L•••P distance§) was 

evaluated measuring the distance in the z axis to the average coordinate of the phosphorus 

atoms in each monolayer. Thus, this parameter indicates the relative position of a receptor to 

a water/lipid interface defined by the positions of the phosphorus atoms in that monolayer, as 

shown in Figure 59 for L26 (left) and L8 (right). L26 is near of only one water/lipid interface 

during most of the simulation time, leading to an average L•••P distance of 5.4 ± 1.3 Å for the 

last 100 ns. In contrast, L8, in this replica, is positioned preferentially near the middle of 

phospholipid bilayer, with an average L•••P distance of 14.3 ± 1.4 Å, during the entire 

simulation time. The stability in the position assumed by L26 or L8 is of paramount importance 

to consider each system equilibrated. 

 

  

Figure 58 – Evolution of z0•••L (blue), z0•••P1 (red) and z0•••P2 (green) distances for 150 ns of the MD 

simulation in the systems F (left) and G (right). Data was smoothed with Bézier curves. 

                                                   
§
 In plots, when L•••P distance assumes a negative value, it means that the analysed group is within the bilayer; when its 

value is positive, the group is present in the water phase of the system. A L•••P distance of 0 Å indicates that the analysed 

group is at the water/lipid interface. 
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Figure 59 – Evolution of L•••P distances between L26 (left) and L8 (right) and the closest water/lipid interface 

thorough the simulation time, in the systems F and G, respectively. Data was smoothed with Bézier curves. 

 

Diffusion of the receptors within the membrane starting from the water 

phase 

The distance from each receptor to the closest water/lipid interface, as well as the tracking of 

the positions of L26 and L8 to that reference point was assessed like in the MD simulations for 

the systems F and G. As can be seen in Figure 60, in which z0•••L, z0•••P1 and z0•••P2 

distances are plotted for 150 ns, both L26 and L8, initially positioned in the water slab, migrate 

towards the interface of the bilayer, at different simulation times, without disruption of the 

structure of the phospholipid bilayer. In addition, Figure 61 reveals that, in the single replica 

here reported, L26 has crossed the bilayer interface at 35 ns of simulation time, while L8 

entered into the bilayer near the 80th ns of simulation time. Figure 61 also includes the 

evolution of L•••P distances between L26 or L8 and the water/lipid interfaces in the systems F 

(left plot, green line) and G (right plot, green line), for comparison purposes. In spite of the 

different initial positions, as L26 enters the bilayer (system H, red line) or moves from its core 

(system F, green line), it assumes approximately the same position when the it reaches the 

water/lipid interface in both cases (see Figure 61, left). This structural insight is corroborated 

by the equivalent average distances of 4.7 ± 1.6 and 5.4 ± 1.3 Å in the replicas of the systems 

H and F, respectively, for the last 100 ns. The scenario in the right panel of Figure 61 is quite 

different, as L8 enters the bilayer (system I, red line) and assumes its position at an average 

distance of 4.3 ± 1.1 Å to the interface, calculated for the last 50 ns of the MD simulation, while 

on system G (green line) the average distance to the interface was 14.3 ± 1.4 Å. These 

observations indicate that the favourable positioning of either L26 or L8 is near the water/lipid 

bilayer, as observed in simulations of the systems F, H and I. 
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Figure 60 – Evolution of z0•••L (blue line), z0•••P1 (red line) and z0•••P2 (green line) distances, showing the 

movement of L26 (left) and L8 (right) from the water slab to the bilayer, for 150 ns MD simulations, in the 

systems H and I, respectively. Data was smoothed with Bézier curves. 

 

 

Figure 61 – Evolution of L•••P distance through the MD simulations of the systems H (red line) and F (green 

line) in left plot, and of the systems I (red line) and G (green line) in right plot. The black line represents the 

water/lipid interface closer to L26 or L8. Data was smoothed with Bézier curves. 

 

Complementary to the analysis of the evolution of distance between each receptor and the 

interface, and the time they entered the membrane, it is of crucial importance to understand 

how they perform that action, i.e., how does each receptor face the membrane to permeate 

between the head groups and then became positioned below the phosphate groups of the 

bilayer. This process is illustrated with six successive snapshots, taken between 21 and 42 ns 

of simulation time in Figure 62 for system H. A single chain of L26 initially permeates between 

the head groups (represented by the phosphorus atoms), followed by a second chain. As the 

two chains are between several head groups, the tertiary nitrogen atom also gets between 

choline and phosphate groups, thus pulling the third chain of the receptor. As the three 
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thiourea chains are now between the POPC head groups, the receptor appears to be 

hydrogen bonded to the oxygen atoms of a phosphate group, while nested between the lipid 

molecules. The achieved position is close to the one presented in Figure 56. 

 

 

Figure 62 – Six frames of system H successively taken, showing L26 entering the phospholipid bilayer. 

Phosphorus atoms of the POPC lipids are represented as orange spheres, while nitrogen, oxygen and carbon 

atoms are represented in blue, red and grey. Water molecules and C-H atoms in the POPC lipids are omitted 

for clarity. 
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Concerning system I, the approach of L8 to the phospholipid bilayer is somehow different, as 

depicted in Figure 63. L8 faces the lipid head groups with the tripodal motif head approaching 

the bilayer, in opposition to the chain-based anchorage previously described for L26, thus 

leaving the phenyl rings pointing to the water slab, as it goes deeper between the lipids. This 

orientation is maintained until the end of the simulation as shown in the snapshot of Figure 57. 

Furthermore, from the simulations performed with systems H and I, it is also evident that L26 

and L8 form hydrogen bonds to the oxygen atoms from the phosphate moieties, contributing to 

the final positioning of both receptors near the phosphorus atoms, as clearly illustrated by the 

red line in both views of Figure 61. 

 

Figure 63 – L8 entering the membrane in system I, starting from the water slab. Six successive frames are 

presented. Phosphorus atoms of the POPC lipids are represented as orange spheres, while nitrogen, oxygen 

and carbon atoms are represented in blue, red and grey. Remaining details as given in Figure 62. 
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Stability of the chloride associations in the membrane model 

As is illustrated in Figure 51 above (right view), at the end of the simulation time, the chloride 

is no longer associated with L26 (system F), while in system G it is still associated to L8, as 

shown in Figure 53 (right view), also above. Indeed, the association L26⊂Cl- was stable during 

the initial 35 ns of the MD simulation of system F (for the replica reported), after which the 

chloride left the receptor, until the end of the simulation. During this initial period of simulation, 

the average Cl-•••Nc distance, between chloride and the centre of mass of L26 (defined by the 

six nitrogen binding sites, as in Chapter 2), was 1.47 ± 0.32 Å, which is comparable to the 

distance 1.35 ± 0.17 Å found in the simulation where L26⊂Cl- was solvated in DMSO/water 

solution. Furthermore, the arrival of L26 to the interface and the release of the chloride do not 

occur simultaneously, as shown in Figure 64. However, the second event is dependent on the 

first one. 

 

 

Figure 64 – Evolution of Cl-•••Nc distance of each receptor (red line), compared to the L•••P distance (green 

line), along the simulation of the systems F (L26, left plot) and G (L8, right plot). Data was smoothed with Bézier 

curves. 

 

A further insight into the chloride release process is given by Figure 65, which precisely 

illustrates, with four sequential frames, how the chloride left L26, from within the lipids to the 

water slab. When L26 is near of the phospholipid head groups, the tertiary nitrogen atom of the 

tren motif in the receptor is pointed towards the water/lipid interface, and the chloride is 

promptly released from the receptor to the water/lipid interface. 

 

 



 

 

Molecular Modelling of transmembranar transporters for Chloride 

University of Aveiro – Masters in Pharmaceutical Biomedicine 105 

 

 

Figure 65 – Release of chloride from L26 (shown in salmon) in system F. Phosphorus atoms of the POPC 

lipids are represented as orange spheres, while nitrogen, oxygen and carbon atoms are represented in blue, 

red and grey. Remaining details as given in Figure 62. 

 

Concerning the chloride association of L8, it is rather stable through all of the 150 ns of 

simulation time. The average Cl-•••Nc distance between chloride and the centre of mass of L8 

is 1.40 ± 0.23 Å, coming in perfect agreement with the average distance of 1.40 ± 0.16 Å 

found when the association was solvated in DMSO/water solution. Furthermore, the hydrogen 

bonds formed between L26 or L8 and the chloride were also evaluated during the time that 

each association is maintained (35 ns for system F and 150 ns for system G). This information 

is given in Table 31. 

 

The dimension of the N•••Cl- distances and N-H•••Cl- angles presented in Table 31 are 

consistent with the formation of weak hydrogen bonds between each receptor and the chloride 

anion. It is important to note that these apparently different results for the systems F and G 

were obtained with a single replica and consequently have to be further substantiated with the 

analysis of subsequent replicas. 
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Table 31 – Dimensions of the parameters of N-H•••Cl- hydrogen bonds with the standard deviations for L26 

and L8 chloride associations inside the POPC bilayer (systems F and G). 

Dimension Binding site 
L26 L8 

Min (Å) Max (Å) Mean ± Std Dev (Å) Min (Å) Max (Å) Mean ± Std Dev (Å) 

Distance 

N1•••Cl- 2.98 8.28 3.46 ± 0.35 2.96 5.86 3.39 ± 0.17 

N2•••Cl- 2.98 7.38 3.46 ± 0.32 2.99 5.03 3.37 ± 0.14 

N3•••Cl- 2.96 4.65 3.44 ± 0.17 2.96 5.92 3.42 ± 0.18 

N4•••Cl- 2.98 5.29 3.38 ± 0.16 2.97 5.42 3.41 ± 0.17 

N5•••Cl- 2.99 6.18 3.44 ± 0.18 2.96 6.31 3.37 ± 0.18 

N6•••Cl- 2.96 5.07 3.34 ± 0.14 2.96 6.26 3.43 ± 0.19 

Angle 

N1-H•••Cl- 80 180 155 ± 10 104 180 154 ± 10 
N2-H•••Cl- 92 180 156 ± 10 102 180 155 ± 9 
N3-H•••Cl- 97 180 153 ± 9 87 180 157 ± 9 
N4-H•••Cl- 98 180 157 ± 9 99 180 157 ± 8 
N5-H•••Cl- 97 180 154 ± 9 88 180 157 ± 9 
N6-H•••Cl- 97 180 159 ± 8 91 180 154 ± 9 

These values are calculated with N= 35000 observations for the L26⊂Cl- association and with N=150000 observations for the 

L8⊂Cl- association. 

 

 

Stability of the chloride associations in the systems H and I 

In agreement with the observations of chloride associations L26⊂Cl- and L8⊂Cl- solvated in 

water (simulations described in Chapter 2, Molecular Dynamics Simulations in solution), in the 

MD simulations of the systems H and I, the chloride anion has been released from L26 at about 

400 ps of simulation time, while in the case of L8 this event occurs before the beginning of the 

unscontrained MD simulation, as shown in Figure 66. Furthermore, as both events happen 

before either receptor reaches the bilayer, the release of chloride is deemed unrelated to 

internalization of L26 or L8. 
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Figure 66 – Evolution of Cl-•••Nc distances for L26 (system H, left plot) and for L8(system I, right plot) for the 

first ns of the MD simulation. 

 

Area per lipid 

The comparison of the evolution of the areas per lipid in the systems F, G and E through the 

150 ns of the MD simulation, plotted in Figure 67, indicates that this biophysical parameter is 

perturbed by the presence of L26 and L8 within the bilayer of each respective system. As for 

the corresponding overhydrated system free of receptors (system E), an initial period (50 ns) 

of the long NPT ensemble of system F was considered equilibration time and was discarded 

from the data. During the remaining 100 ns (see Figure 67, left plot), L26 is inside of the 

phospholipid bilayer, at an average distance of 5.4 ± 1.3 Å from the water/lipid interface, and 

the average area per lipid is 69.50 ± 1.25 Å2. This value is deviated by ca. 9 Å2 from the 

average 60.18 ± 0.96 Å2 assessed in simulation E. In contrast, the area per lipid of system G 

(see Figure 67, right plot) shows a considerable variation during the course of the MD 

simulation, except for the last 50 ns. During this period, the average area per lipid is 76.47 ± 

1.58 Å2, differing expressively from the value of system E, indicating that L8⊂Cl- and the water 

molecules surrounding it caused a great effect in the structure of the membrane model. 
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Figure 67 – Evolution of the area per lipid through the MD simulations carried out for the systems F (left, red 

line) and G (right, red line). Both are compared with evolution of area per lipid in system E (green line). Also 

represented, is the evolution of the L•••P distance (blue line) in each system. Data was smoothed with Bézier 

curves. 

 

The area per lipid in simulations of the systems H and I seems to be slightly affected by the 

internalization of L26 and L8 in the bilayer of each system, when their simulations are 

compared with evolution of area per lipid in system E, as shown in Figure 68. After insertion of 

L26, and during the last 100 ns of simulation time, when the system was equilibrated, the 

average area per lipid was 68.88 ± 1.85 Å2, and, as found for system F, is ca. 9 Å2 away from 

the average value for system E. Regarding area per lipid of system I, during the equilibrated 

period of the system, for the last 50 ns, the average area per lipid, 65.77 ± 0.79 Å2, is deviated 

by about 6 Å2 from the average value of system E. Again, this comparison indicates the 

imperative necessity of the additional replica data for all overhydrated systems. 

 

 

Figure 68 – Evolution of the area per lipid through the MD simulations carried out for the systems H (left, red 

line) and I (right, red line). Both are compared with evolution of area per lipid in system E (green line). 

Remaining details as given in Figure 67.  
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Volume per lipid 

Volume per lipid, as seen in the pure membrane systems A and E, with average volumes of 

1248.9 ± 23.8 Å3 and 1225.3 ± 6.8 Å3, respectively, are below the 1256 Å3 experimental 

reference at 303 K. Despite the difference presented in the area per lipid above, the average 

volume per lipid of system F is close to the values assessed in system E, with an average 

volume per lipid of 1227.4 ± 10.4 Å3, estimated for the last 100 ns of the MD simulation. On 

the other hand, as can be seen in the right plot of Figure 69, and considering the greater 

difference found in the area per lipid in the MD simulation G, it is worth to note that during the 

last 50 ns of simulation time, where the system was considered equilibrated, the average 

volume per lipid in this simulation is 1241.8 ± 7.1 Å3, a value that is slightly above the average 

volume per lipid found for system E, and that certainly depends on the perturbation caused by 

L8⊂Cl- inside the bilayer. Also, of note, is that the early movement of the chloride association 

L26⊂Cl- inside the bilayer in simulation F seems to have caused no relevant changes in the 

lipid volume evolution, as suggested by the curves of F and E systems, which present almost 

the same behavior during the initial 40 ns of both simulations (see Figure 69, left). 

 

 

Figure 69 – Evolution of the volume per lipid through the MD simulations carried out for the systems F (left, 

red line) and G (right, red line). Both are compared with evolution of volume per lipid in system E (green line). 

Remaining details as given in Figure 67. 

 

The analysis of the internalization of L26 and L8 into the bilayer, using as starting geometry the 

receptor placed in the water slab (systems H and I), indicates that those events present no 

relevant effect on volume per lipid, as seen in Figure 70. In fact, the average volume per lipid 

in system H after internalization of L26 is 1239.4 ± 9.9 Å3 (last 100 ns), while for system I, for 

the last 50 ns, the volume per lipid average is 1238.7 ± 6.6 Å3. For both systems, the average 

area per lipid after internalization of either L26 or L8 is slightly above the average for system E, 

1227.4 ± 10.4 Å3, but not considered to be substantially affected. 
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Figure 70 – Evolution of the volume per lipid through the MD simulations carried out for the systems H (left, 

red line) and I (right, red line). Both are compared with evolution of volume per lipid in system E (green line). 

Remaining details as given in Figure 67. 

 

Bilayer thickness 

Following the analysis above for area per lipid evolution of the systems F to I, the bilayer 

thickness estimated for these systems from the corresponding MD simulation data is expected 

to be lower than in system E. Such prediction is corroborated by Figure 71, for the systems F 

and G, containing L26 and L8, respectively. The bilayer thickness given by the average 

distance between the phospholipid head groups during the last 100 ns of the MD simulation of 

system F is 34.7 ± 0.5 Å, which is 4.8 Å lower than the 39.5 ± 0.5 Å average of system E. The 

bilayer thickness assessed during the last 50 ns of simulation of system G, with an average 

value of 32.4 ± 0.5 Å, as expected, is lower than the average bilayer thickness of the systems 

E and F. Therefore, the bilayer thickness of system F seems to undergo little interference from 

the presence of L26, whilst the changes caused by the association L8⊂Cl- are meaningful and, 

as previously stated, have caused more pronounced changes in the structural properties of 

the bilayer. 
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Figure 71 – Evolution of the bilayer thickness through the MD simulations carried out for the systems F (left, 

red line) and G (right, red line). Both are compared with evolution of bilayer thickness in system E (green line). 

Remaining details as given in Figure 67. 

 

Similar to area per lipid, bilayer thickness also experiences little effect from the penetration of 

either receptor through the water/lipid interface, as can be observed in the left (system H) and 

right plot (system I) of Figure 72. For the last 100 ns of the simulation of system H, where the 

system is equilibrated, the average bilayer thickness is 35.4 ± 0.7 Å, below the average value 

for system E. Also below the average of system E, is the average bilayer thickness for the last 

50 ns of simulation of system I, 36.8 ± 0.4 Å, although closer to the bilayer thickness of 39.5 ± 

0.5 Å, observed in system E. 

 

 

Figure 72 – Evolution of the bilayer thickness through the MD simulations carried out for the systems H (left, 

red line) and I (right, red line). Both are compared with evolution of bilayer thickness in system E (green line). 

Remaining details as given in Figure 67. 
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Electron density profile 

As stated in the analysis of the fully hydrated POPC pure membranes, the electron density 

profiling of each system allows the determination of the individual positions occupied by the 

different species of the system, during the period of analysis, with proper highlight to receptors 

L26 and L8. The electron density of the systems F and G are plotted, along with the individual 

profiles for water, phospholipids, phosphorus atoms, L26 or L8⊂Cl- in Figure 73. 

The bilayer thickness estimated from the distance between the peaks of the electron density 

profile of the system (red lines in Figure 73) is 36.5 Å for system F and 32.7 Å for system G, 

while the bilayer thickness calculated by the average distance between the phosphorus atoms 

is 34.7 ± 0.5 and 32.4 ± 0.5 Å, respectively. Furthermore the first two measured distances are 

shorter the than the distance for system E, 37.7 Å, which is evident when the profiles of these 

three systems are compared for the last 10 ns of the MD simulation, as can be seen in Figure 

73. The profile of system F shows an elevation at the core of the bilayer, consistent with 

observations on thinner bilayer thicknesses assessed in the systems A to D (see Electron 

density profile, in Fully Hydrated free membrane simulation). Despite the thinner thickness 

presented by system G, this elevation is not shown. However, as seen in the right panel of 

Figure 73, the chloride association L8⊂Cl-, represented by the cyan line, is preferentiality 

located near the core of the phospholipid bilayer and might be the cause for this perturbation. 

In contrast, L26 in system F, shows an electron density profile with a single peak at z=-12.4 Å 

(i.e., 12.4 Å away from the bilayer core) indicating the position of this receptor, close to and 

below the lipid head groups, as illustrated with the snapshot presented in Figure 51. Indeed, 

the electron density profile defined by the phosphorus atoms positions, has two peaks centred 

at z=±18.2 Å, with the peak at z=-18.2 Å at 5.8 Å distance from the L26 one, being this, 

distance consistent with the 5.4 ± 1.3 Å average L•••P distance during the last 100 ns of the 

MD simulation of system F. In system G, the chloride association L8⊂Cl- has its peak at z=-0.9 

Å, i.e., 15.5 Å away from the closest phosphorus peak (z=-16.4 Å), which is in good 

agreement with the average L•••P distance assessed for the last 50 ns of simulation of system 

G, 14.3 ± 1.4 Å. 
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Figure 73 – Electron density profiles for the systems F (left) and G (right), calculated for the last 10 ns of 

simulation time, with the system profile in red, lipids in green, water in blue, phosphorus atoms in magenta, 

and L26 and L8⊂Cl- in cyan. The electron density profile of system E (black line) is also included in both plots 

for comparison purposes. 

 

The electron density profiles for the systems H and I are depicted in Figure 74 for the last 10 

ns of simulation time. The density profile of both systems exhibits two peaks separated by 

35.4 Å for H and 35.3 Å for I. These distances agree well with the bilayer thickness of 35.4 ± 

0.7 and 36.8 ± 0.4 Å mentioned above for the systems H and I respectively, but shorter than 

the distance of 37.7 Å found for system E, as shown by the comparison of the electron density 

of these three systems presented in left and right plots of Figure 74. The profiles of both 

systems also show a small elevation at the core of the bilayer, consistent with observations 

previously done for the systems A to D and F. 

Figure 74 reveals that during the last 10 ns of simulation of system H, L26 was constantly close 

to the phosphorus atoms, as illustrated in the snapshot presented in Figure 57. The L26 

electron density profile has a single peak at z=-14.7 Å, which is 1.8 Å away from the closest 

peak at z=-16.5 Å, exhibited by the phosphorus atoms electron density profile This distance is 

substantially shorter than the 4.7 ± 1.6 Å average L•••P distance found between the mass 

centre of L26 (see Bilayer thickness, above) and the positions successively occupied by the 

phosphorous atoms through the last 100 ns simulation of system H. The electron density 

profile of L8 in system I, with the peak of L8 at z=15.1 Å, indicates that the receptor is near to 

the phosphorus atoms, considering that these polar groups have an electron density profile 

with two peaks at z=±19.2 Å. Indeed, the peak for L8 is separated of the closest phosphorus 

peak by 4.1 Å, which is in excellent agreement with the average 4.3 ± 1.1 Å L•••P distance 

between L8 and the closest interface during the last 50 ns of simulation of system I. 
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Figure 74 – Electron density profiles for the systems H (left) and I (right), calculated for the last 10 ns of 

simulation time, with L26 and L8 profiles in cyan. Remaining details as given in Figure 73. 

 

Chain order 

The deuterium order parameters of each chain of the POPC lipids are expected to be 

perturbed during the last 5 ns of simulation time by the presence of L26 in the systems F and 

H, L8⊂Cl- in system G and L8 in system I. The proper assessment of this variation would 

consist on the evaluation of chains closer (at a stipulated radius) to each receptor within the 

bilayer with comparison to the remaining chains of the system, to understand the effect 

caused on order parameters. Due to technical limitations, such evaluation was not possible, so 

the whole bilayer was analysed and compared to the reference system E. 

Recalling the experimental results closely reproduced in the MD simulation of system E, order 

parameters on both sn-1 and sn-2 chains (see Scheme 12, above) have higher |SCD| values 

closer to the interface, and these values decrease on atoms with a higher index, i.e., deeper in 

the bilayer. Thus, for the systems F and G, the analysis of both plots on Figure 75 is rather 

simplified, as the order parameters for both chains do not reproduce that feature, along with 

the mismatch of |SCD| values for the carbon atoms in the double bond of the sn-2 chain. 

Furthermore, it would be expected that on system F, as L26 is closer to the interface, the major 

difference in both chains, if existent, would be present in the initial carbon atoms of either 

chain. Nonetheless, as can be seen in the left plot of Figure 75, that assumption is only 

verified for the sn-2 chain, with lower |SCD| values registered in the initial atoms of the chain, 

when compared to the results from system E. For the sn-1 chain, the major difference is found 

towards the terminal carbon atoms of the chain, with higher values of |SCD|. Regarding system 

G, where the chloride association L8⊂Cl- remained at the core of the bilayer and, thus, near 

the middle and terminal atoms of either chain, it is noteworthy that, as seen on the right view 

of Figure 75, for both chains in atoms C12 and beyond, the |SCD| values are overlapped. The 
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reason for this occurrence might be explained by one of the following possibilities: the 

presence of L8⊂Cl- has no effects on the terminal ends of either chain (sn-1 or sn-2); or the 

effect of L8⊂Cl- on closer chains is diluted in the |SCD| values obtained for the whole system. 

These hypotheses will be further investigated when new replicas are completed. 

 

 

Figure 75 – Computed |SCD| for palmitoyl sn-1 and oleyl sn-2 during the 5 last ns of the MD simulation of the 

systems F (left) and G (right), and compared with results from MD simulation of system E, as a function of the 

carbon atom index. |SCD| values for sn-1 and sn-2 chains of the systems F and G are represented by the red 

and green lines, respectively, with associated standard error represented by the error bars. |SCD| values for 

sn-1 and sn-2 chains of system E are represented by the blue filled and magenta empty squares, respectively. 

 

Following the assessment above, the analysis of both plots on Figure 76 is also abbreviated, 

as the computed order parameters for both chains fail to perfectly reproduce the behaviour of 

the sn-1 chain of system E, despite the closer match presented by |SCD| values for the double 

bond atoms in the sn-2 chain. In the systems H and I, as both receptors are closer to the 

interface, the major difference from the order parameters for both chains, if existent, would be 

present at the initial carbon atoms of either chain. Indeed, as seen in the left plot of Figure 76, 

for system H, this assumption is verified for the initial carbon atoms of sn-2 chain, with higher 

|SCD| values registered when compared to the results from system E. In system H, for the sn-1 

chain, the major differences are found near the terminal atoms of that lipid chain, with higher 

values of |SCD|. Regarding system I, represented in the right plot of Figure 76, the values 

computed for the |SCD| of the sn-2 chain are closer to the values assessed for system E, while 

the values for the sn-1 chain present slight differences in the initial carbons, from C2 to C9. 

 

From this analysis, it is observed that the presence of L26 or L8 does influence this biophysical 

parameter of the bilayer when the receptor is initially found within the bilayer; on the other 
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hand, a permeating receptor seems to have a smaller effect, as shown in the comparison of 

the systems H and I with the system E, depicted in Figure 76. 

 

 

Figure 76 – Computed |SCD| for palmitoyl sn-1 and oleyl sn-2 during the 5 last ns of the MD simulation of the 

systems H (left) and I (right), and compared with results from MD simulation of system E, as a function of the 

carbon atom index. Remaining details as given in Figure 75. 

 

Lateral diffusion 

The lateral diffusion of the lipid head groups is not expected to change when the receptors are 

inside the bilayer, thus exerting little effect on these groups. Like before, the diffusion of the 

lipid head groups was also assessed in the systems F to I during the last 10 ns of simulation 

time. As can be seen in the left plots of Figure 77 and Figure 78, two distinct diffusion domains 

are present for all systems. The MSD curve of the lipid head groups was fitted in the same 

time windows as above (see the right plots of both Figures), showing that, for each simulation 

system, the diffusion coefficient Dlat converged between 3 and 4 ns for both simulations, thus 

defining the long time domain between 4 and 10 ns. 
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Figure 77 – Lipid diffusion coefficients calculated for the last 10 ns, using MD simulation data of the systems 

F, G and E (left plot) and MSD values calculated using different time windows (right plot). In both plots, red, 

green and blue colours stand for the systems F, G and E. 

 

  

Figure 78 – Lipid diffusion coefficients calculated for the last 10 ns, using MD simulation data of the systems 

H, I and E (left plot) and MSD values calculated using different time windows (right plot). In both plots, red, 

green and blue colours stand for the systems H, I and E. 

 

The diffusion coefficient Dlat for the short time domain in system F, during the first 4 ns, is 0.5 × 

10-7 cm2s-1, while in system G it is 1.0 × 10-7 cm2s-1. This coefficient is 0.5 × 10-7, and 0.7 × 10-

7 cm2s-1, for the short time domain of the systems H and I, in this order. The results for the 

systems F, H and I are close to the Dlat diffusion coefficient of system E (0.4 × 10-7 cm2s-1), 

while in system G the Dlat coefficient is above the value assessed for system E. Despite the 

initial assumption, on the long time domain systems F and G present diffusion coefficients Dlat 

of 0.2 and 0.4 × 10-7 cm2s-1, respectively, while system H has a diffusion coefficient Dlat of 0.3 

× 10-7 cm2s-1, and system I presents a diffusion coefficient Dlat of 0.1 × 10-7 cm2s-1. These 

values are generally below the 0.4 × 10-7 cm2s-1 of simulation E, especially on system I. 
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These results shed some light on the influence of L26 and L8 in this dynamic parameter, 

demonstrating that the internalized receptors, beneath the lipid head groups, change the Dlat 

coefficient of the several systems. 

 

Hydration of the water/lipid interface 

The assessment of the water molecules near the head groups of the POPC lipid in the 

systems F to I yields results consistent with the data from system E. The MD simulation data 

of system E shows that, on average, 11.0 ± 0.2 water molecules are solvating the lipid head 

groups (within a 3.5 Å radius). Concerning systems F to I, an average of 11.7 ± 0.2 water 

molecules was found for system F, 12.4 ± 0.2 water molecules were found near the head 

groups of system G, and an average of 11.8 ± 0.2 and 11.7 ± 0.2 water molecules were found 

within a 3.5 Å radius of the head groups in systems H and I, respectively. Furthermore, the 

structure of water molecules assembly around the phospholipid head groups for the systems F 

to I is similar to the one of system E, as evident from the RDF for these systems, shown in 

Figure 79, which are nearly superimposable, with small differences only in the third solvation 

shell, at about 8.5 Å. 

 

 

Figure 79 – P-O RDF of water molecules around the head groups in the MD simulations of the systems E to G 

for the last 1 ns of simulation time. In the left plot, the systems F, G and E are represented as red, green and 

blue lines respectively, while in the right plot, the red, green and blue lines correspond to the systems H, I and 

E, in this order. 
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Summing Up 

Although only a single replica was available for analysis during the time available for the 

conclusion of this thesis, and despite the restrictions drawn from that limitation, some 

preliminary conclusions are possible to be drawn. A comparison between the biophysical 

membrane parameters estimated from MD simulation data of the systems F to I, with the 

different starting geometries, and system E is presented in Table 32. 

 

Table 32 – Comparison between the structural parameters for the phospholipid bilayer systems F to I and E. 

Parameter 
System 

F G H I E 

L•••P (Å) a 5.4 ± 1.3 14.3 ± 1.4 4.7 ± 1.6 4.3 ± 1.1 -- 

Area per lipid (Å 2)b 69.50 ± 1.25 76.47 ± 1.58 68.88 ± 1.85 65.77 ± 0.79  60.18 ± 0.96 

Volume per lipid (Å 3)b 1227.4 ± 10.4 1241.8 ± 7.1 1239.4 ± 9.9 1238.7 ± 6.6 1225.3 ± 6.8 

Bilayer thickness (Å) b 34.7 ± 0.5 32.4 ± 0.5 35.4 ± 0.7 36.8 ± 0.4 39.5 ± 0.5 

Head group hydration b 11.7 ± 0.2 12.4 ± 0.2 11.8 ± 0.2 11.7 ± 0.2 11.0 ± 0.2 

a 100 ns of sampling time for the systems F and H, 150 ns for system G and 100 ns for system I. 
b 100 ns of sampling in the systems F and H and 50 ns in the systems G, I and E. 

 

 

The data available indicates that the presence of L26 or L8 in the systems F, H and I has 

marginal effects on the membrane structural properties evaluated, while in system G, where 

L8⊂Cl- has remained at the core of the bilayer, these properties seem to have endured a 

greater effect. 

 

 

The analysis of the binding behaviour of the chloride associations inside the phospholipid 

bilayers in the systems F and G has shown that L26 has migrated to the water/lipid interface 

and quickly released the chloride, while L8 has remained in the middle of the phospholipid 

bilayer, associated with chloride. In both cases, while the association was preserved, the 

chloride was hydrogen bonded to the receptor, consistently with results previously obtained in 

the MD simulations performed in DMSO/water solution. 
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For the systems H and I, where both associations were placed in the water slab, the chloride 

was promptly released to the water medium, in agreement with previous results of the MD 

simulations in water solution. Albeit it took different time lengths, both L26 and L8 have reached 

the phospholipid bilayer and breached through the water/lipid interface, nesting between the 

lipids, below to the lipid head groups, as L26 has done in the MD simulation of system F. 

 

As mentioned above, at least two replica MD simulations are being run for all the four 

systems, in search of further insights and corroboration of the preliminary data here presented. 

However, it is now safe to state that the outlined MD simulations are adequate to fulfill the 

objectives outlined in the beginning of this section. 
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4 Conclusions 

As previously stated by Davis et al., 2010, to develop  synthetic molecules for the anion 

transmembrane transport, a fine balance must be achieved regarding the synthetic effort, the 

ion selectivity, and the transport activity.(8) In this context, the molecular dynamics simulations 

performed in DMSO/water solution and in pure water, indicate that both L26 and L8 have 

transport ability potential. Indeed, when in DMSO/water solution, the chloride association with 

each receptor is retained with resort to hydrogen bonds between each species. On the other 

hand, when the associations L26⊂Cl- and L8⊂Cl- were solvated in water, the anion was 

promptly released from each receptor and solvated by the surrounding water molecules. 

 

Before placing each chloride association in a membrane system, extensive testing was 

performed to select the simulation conditions that produced the results with better consistency 

with the experimental data available. The evaluation of several structural (area and volume per 

lipid, bilayer thickness, electron density profile, chain order and lipid head group hydration) 

and dynamic (lateral lipid head group diffusion) parameters led to the election of the SPC/E 

water model to hydrate the bilayer system and the selection of the unconstrained RESP 

atomic charges for the characterization of the POPC lipids. These conditions were obtained 

from the simulations carried out with a fully hydrated phospholipid bilayer and further 

employed in the simulation of a large overhydrated membrane system, which is characterised 

by an excess of water molecules, to accommodate L26⊂Cl- and L8⊂Cl-. The simulation of this 

larger system demonstrated that the increased number of waters had no substantial effect on 

the evaluated structural and dynamic properties. 

 

Finally, when the chloride associations were included in an overhydrated system, two different 

starting geometries for each association were generated, placing the associations within the 

phospholipid bilayer or in the water slab of the system. As for these four systems only a single 

replica simulation was carried out, all results must be carefully taken into account, requiring 

further confirmation. The preliminary data demonstrate that L26 and L8 have the ability to 

diffuse from the water slab and permeate the water/lipid interface of the phospholipid bilayer, 

as well as the ability to move from the middle of the bilayer to the water/lipid interface and 

release the associated chloride anion. 
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In three of the four studied systems, the receptors diffused and positioned themselves near 

the lipid head groups, inside the phospholipid bilayer. Some biophysical parameters of the 

bilayer were perturbed by the presence of the receptors, differing slightly from the estimated 

values for the pure overhydrated system. In the system where L8⊂Cl- was placed inside the 

phospholipid bilayer, the association remained near the starting position and the chloride was 

kept associated to the receptor during the entire simulation time. This led to great 

perturbations in the area per lipid and bilayer thickness in the system. In spite of only a single 

replica simulation was concluded for each of the overhydrated systems, the membrane 

simulations here reported, totalling 2.55 µs of simulation time, took nearly 4400 hours of CPU 

time, i.e., 183 days of continuous simulation time. 

 

The results presented, although in need of confirmation by further replica MD simulations, 

indicate that the L26 and L8 have little impact on biophysical parameters of the phospholipid 

bilayer model studied, suggesting the ability of these receptors to promote the chloride 

transmembranar transport in agreement with experimental studies. Moreover, the employed 

methodology can be extended to other anion associations with structurally related receptors, 

thus enabling a comprehensive research of potential therapeutic alternatives for 

channelopathies such as cystic fibrosis. 
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5 Future Work 

Following the work previously described, further MD investigations will be performed, to bring 

more insights in the chloride transport mediated by tripodal receptors. In addition, following the 

recent work of Gale et al.,(152) theoretical studies will be extended to other related receptors, 

as summarized below: 

• Study of the binding ability of L26, L8 and fluorinated tripodal receptors towards other 

biologically relevant anions (such as sulfate, phosphate, nitrate and bicarbonate); 

• Study of clustering effects of two or more receptors in solution (pure water or 

DMSO/water solution) and in phospholipid bilayer models; 

• Further insights in the chloride anion transport mediated by synthetic receptors will be 

investigated, using a bilamellar membrane system composed of two adjacent 

phospholipid bilayers; 

• Investigation of a wide range of tripodal based receptors in other membrane models 

composed of other lipids (e.g., DPPC, DMPC, POPE) or in phospholipid bilayers 

incorporating cholesterol. 

 

The future work will be carried out using the GAFF force field for the receptors and 

phospholipids. Alternatively, the lipid molecules will be described using a force field compatible 

with the use of GAFF and not requiring the imposition of surface tension. This approach will be 

possible with the new release of the AMBER software suite, available in a near future, and 

enabling the full use of the twelve Nvidia Graphics Processing Units available at the Molecular 

Modeling Group. 
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