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Abstract

Molecular dynamics simulations are used to study the function of hydrophobic gates

within models of biomimetic nanopores and in ligand-gated ion channels. A com-

putational approach to building and simulating model β-barrel nanopores has been

established to explore the effects of changing the shape and polarity of amino acids lin-

ing the pore lumen. Changing the position of such residues resulted in different water

conductive states. In 14 β-strand pores, a computationally transplanted hydrophobic

barrier to water and ions has been demonstrated and characterised in detail using

free energy calculations. Electrowetting of such a hydrophobic gate within a model

β-barrel nanopore is demonstrated in simulation, using two different methods to apply

a transmembrane electric field. An increase in the transmembrane voltage results in

breakdown of the hydrophobic barrier, resulting in the flow of water and ions. The

effect (electrowetting) is shown to be reversed upon the removal of the transmembrane

voltage. An investigation into the possible hydrophobic gate of the 5-HT3 receptor

channel via free energy calculations and simulations confirmed that the crystal struc-

ture is in a closed conformation with respect to the flow of ions. This demonstrates

that simulations and free energy calculations may be used to functionally annotate

crystal structures of ion channels.
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Chapter 1

Introduction

”Are we out of the woods”

Taylor Swift

1.1 Cellular Domains

All life as we know it is cellular based, with the compartmentalisation of chemical

reactions defining the cell, enabling a range of diverse functions. There are three do-

mains with this cellular base, eukaryotes, prokaryotes, and archaea. This last domain

are a minor group in our consideration and are defined mainly from prokaryotes by

ether linkages in their cellular lipids. They will not be considered in the rest of this

thesis.

Eukaryotes differ to prokaryotes fundamentally due to their enclosed nucleus within

the cell and deoxyribonucleic acid (DNA) organisation. Eukaryotes have multiple in-

ternal compartmentalised organelles such as mitochondria, the nucleus, plastids (if

plant based) but also many others (such as the golgi apparatus, chloroplasts, endo-

plasmic reticulum). The remainder of the cell volume is occupied by the cytosol. Also

differing are the cytoskeletal elements; microtubules, composed mainly of tubulin and

1



Introduction

microfilaments which are actin based. These exist within the cell to support shape

and functions. A major differing factor between eukaryotes and prokaryotes is their

size, with generally eukaryotes being much larger (with average cell size of 10 -100 µm

compared to a standard prokaryote. i.e. a bacteria 1-5 µm). A diagram of both, of a

standard cell of each are in figure 1.1∗.

A. B.

Fig. 1.1: Eukaryotic and prokaryotic cells. Cell sizes range from 10-100 µm for the eu-
karyotic cell (A.) and 1-5 µm for the bacterial cell, B. Images are not to scale.
Copyright of Pearson Education.

∗source of images, lassconnection.s3.amazonaws.com/327/flashcards/1031327/jpg/cell
-structure1334774434699.jpg & www.fullfrontalanatomy.com/Bio3/Standarddocs/Resources/Campbell/
Chapter04/BJpegImages/04U nlabeledImages/0404aProkaryoticArt − U.jpg

2
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1.2 Biological Membranes

Cells are surrounded by a semi permeable biological membrane. Examples are the

membrane which defines the cytoplasms to the extracellular matrix, but are also used

intracellularly to define the organelles. Our description of the membrane is based on

the fluid mosaic model first proposed in 1972 where the membrane is described as

a two-dimensional liquid in which the lipid, such as phospholipids and proteins can

diffuse [1]. This is regulated in permeability, with control of what can go through the

membrane. Both eukaryotes and prokaryotes are based on the same bilayer model,

however, with differing lipid compositions. A lipid is characterised by their hydrocar-

bon tail, in number and length, the saturation of mentioned tail, and functional head

group [2]. In a typical arrangement, a membrane is formed from two leaflets of the

phospholipids and sphingolipids, with the head groups facing away from another and

the hydrocarbon tails in contact. This creates a hydrophobic core surrounded by polar

head groups [3]; an example of the cellular membrane arrangement is shown in figure

1.2. The presence of such a structure permits a high energy barrier of ~50 kJ mol-1 to

ions [4].
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}Outer 
leaflet
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leaflet

Cholestrol

GPI-anchored 
membrane protein Glycoprotein

Integral 
membrane protein

Lipid anchored 
membrane proteinPeripheral

membrane protein

Glycolipid

Oligosaccharide

Fig. 1.2: Schematic of eukaryote cell plasma membrane. Lipids are indicated as dark green,
with schematic proteins (green cylinders, pink and yellow adapted circles). It is
estimated 50 % of the bilayer is protein, which is not represented accurately in this
figure. Not shown are lipid rafts, membrane curvature or cytoskeletal elements.

The three major classes of lipid within the eukaryotic bilayer are phospholipids,

sphingolipids and sterols (in the form of cholesterol); all of which are amphipathic in

chemical nature. Prokaryotes (bacterial bilayers for this thesis) contain a more varied

class of lipids with there being two defined classes, Gram-negative and Gram-positive.

This is based on their different colours under gram stain [5], indicating the presence

of peptidoglycan at the surface of the bacterium. A basic representation of the Gram-

negative bacterial bilayer structure (both inner and outer leaflets) is shown in figure

1.3.
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β Barrel

Transmembrane
helices

Cytoplasm

Periplasm

Extracellular LPS

Peptidoglycan

}
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Outer 
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Inner
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Phospholipid

Phospholipid

Fig. 1.3: Schematic of the cell envelope of a Gram-negative bacteria. Shown are both
the inner and outer membranes with dark green lipids indicating phospholipids,
orange lipid A and the red circles being the remainder of the LPS. Also shown
are schematic proteins within both membranes (green). Image is not to scale and
adapted from [6].
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The most common lipid in biological membranes are phospholipids whose back-

bone is a L isomer sn-glycerol-3-phosphate. The acyl chains vary in length from 10

to 24 hydrocarbon tails (and always an even number) and are attached to an alco-

hol group via a glycerol linkage, resulting in many possibe phospholipids. The main

ones to consider are phosphatidylethalonamine (PE), phosphatidylcholine (PC), phos-

phatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI) lipids.

An example of a phospholipid structure is shown in figure 1.4.

Fig. 1.4: POPC lipid structure. Above, schematic of a cell membrane, in which each sphere
and two tails represents a phospholipid. Below, chemically drawn structure of
POPC.

Simulated in this thesis are 1,2-dipalmitoylphosphatidylcholine (DPPC) and 1-

palmitoyl-2-oleoylphosphatidylcholine (POPC) lipids, who have the same choline head

group but different lipid tails. DPPC has two 16 carbon saturated chains, however

POPC has one saturated 16 carbon, and one 18 carbon chain with one double bond.

The chain saturation and its length are important in the shape and thickness of the

membrane. Also found in bilayers are glycolipids and sterol based lipids which also

contribute to the properties of the bilayer, with interplay between protein and lipid

determining ultimate membrane curvature [7, 8].

Within the Gram-negative species, the unusual lipid, lipid A is present. It is a
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moiety of outer lipopolysaccharide (LPS) layer, with the lipid having ~6 acyl chains

between 10 and 16 carbons in length [9] and ester linked to two glucosamine sugars

which bond to the other components of the LPS. Also present are phospholipids and

some species have hapnoids which act in the same way as sterols to modulate mem-

brane ordering. The outer membrane (OM) is asymmetric, with ~70-80% PE, 20-30%

PG, and cardiolipin present on the inner leaflet and lipid-A containing LPS on the

outer. As well as a lipid A molecule, the OM contains an inner core, outer core of

oligosaccharide components such as the acidic and negatively charged heptose, galac-

tose, mannose (to name a few), and an outer most O antigen of a repeating glycan

polymer with variation species to species [10]. Calcium ions are known to associate

with the OM and stabilise the structure of the membrane [11]. The OM provides the

region in which passive transport occurs, with substrates and solutes coming from

external sources, such as sugars, amino acids, and metal co-factors via the β-barrel

porins. Most metabolic functions are carried out by the inner membrane, using α-

helical proteins [12]. The inner membrane is thought to be phospholipid containing,

however composition is species dependent (table 1, [13]).

1.3 Membrane Proteins & Function

Approximately 20 to 30 % of eukaryotic genes expressed encode for transmembrane

proteins [14] with some playing vital roles through the bilayer such as transport, cell

signalling via a membrane receptor, cellular adhesion in an immune response and as

membrane enzymes to regulate the bilayer.

Membrane proteins can be classed into two groups, peripheral proteins (which

attached to the surface of the bilayer) such as a PH (pleckstrin homology) domain

and integral proteins be they monotopic, who span part way through the membrane

or fully transmembrane (TM) with basic examples shown in figure 1.2. Within this
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thesis, the focus will be in the TM integral proteins which come in two main structural

types, α-helices & β-barrels.

α helices & β barrels

Most transmembrane proteins are α-helical [15], with β-barrels being found on the

outer membrane of Gram-negative bacteria, e.g. porins, some bacterial secreted toxins

and on the mitochondrial outer membrane (the 19 β stranded voltage dependent anion

channel-VDAC) (figure 1.5). α-helices are found on the inner membrane of Gram-

negative bacteria and in the membranes of eukaryotes. Diversity of α-helical protein

is apparent, with variation on the helical assembly within the bilayer, the number of

helices, their oligomeric state, and also presence and structure of extracellular and

intracellular domains. The TM regions are considered stable domains that do not

unfold completely in denaturation due to the hydrophobicity of the membrane. They

are translocated and inserted into the inner membrane of bacteria and the endoplasmic

reticulum membrane of eukaryotes by the Sec61α β γ [16] and SecYEG (bacteria)

translocase.

In this thesis, simulations are conducted on the α-helical cys loop receptor proteins

which will be discussed in more detail further on in this chapter.
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LGIC's
e.g GLIC

porins
e.g OmpG

Toxins
e.g α-Hemolysin

Fig. 1.5: Structures of membrane proteins. Shown (from left to right) pentameric lig-
and gated ion channel (GLIC), a porin (OmpG) and a lytic, toxin protein α-
Hemolysin). Grey line indicates bilayer regions.

Beta-barrels are membrane proteins consisting of a large β-sheet of intra-hydrogen

bonds within, to form a barrel like structure known as a porin [17, 18], and are involved

in the permeability of the OM [19]. Within these barrels, the hydrogen bonding pattern

is usually anti-parallel, and are encoded by ~3 % of the genes within Gram-negative

species [20]. The structure of the barrels are defined by a shear number (S) and by the

number of strands. Shear number is the number of hydrogen bonds which have been

“jumped” from the first strand to the last, and effectively introduce torque to the barrel

which can influence the height of the strands and the diameter of the barrel. Thus a

barrel can have the same number, and length of strands but have different dimensions

in height and width due to the shear number. Porins are structured in this way and

also have long flexible loops connecting the strands, with typically the longer loops

facing the extracellular region for recognition and selectivity. Within the larger porins

(~16 strands or more), the loops are known to fold back within to the barrel lumen
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to provide moderate substrate recognition regions [12, 21, 22]. Strand number can

range from 8-22 and is always even (apart from the eukaryotic porin VDAC [23, 24]).

They can be general [25–27] or substrate specific in their conduction [28, 29], with

some of the larger porins also having a plug-type region for coupled transport events,

e.g. BtuB which transports cobalamin within E. coli. Gating within these pores are

varied with voltage gating [30], based on the charge distributions at their construction

(OmpC, [31] and the hydrogen bonding network [32]), or the position of key loops

such as L3 (RcP porin, [33]) or L6 loops (OmpG, [34]) affecting the pore conduction

directly.

Structurally, porins can exists as monomers, or higher order states such as trimers

(examples shown in figure 1.6) and have shown to be highly stable to unfolding over

a wide range of temperatures and perturbing conditions in vitro [35]. There are also

non-constitutive β-barrel membrane proteins produced by bacteria as toxins, which

have a higher order oligomeric state (such as α-hemolysin which is a heptamer, and

γ-hemolysin which is octameric).
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OmpC - 16β LamB - 18β

NanC - 12β OmpG - 14β

Fig. 1.6: Structures of outer membrane proteins found in Gram-negative bacteria. Trimeric
pores shown of the cation selective OmpC pore, and the maltose specific LamB.
Monomeric pores of NanC, which is specific for acidic saccharides and OmpG, for
non-specific large oligosaccharides. Face down images are of LamB and OmpG. All
pores are shown in the same orientation to which the top reflects the extracellular
regions, and bottom the periplasm. Represented with the extracellular region
being the top side for all 4 proteins.

To this month (September 2015), there are a total of 551 unique membrane protein

structures [36], out of a total of 36,141 number of unique structures within the pro-

tein data bank (~1.5 %). This low number in comparison is due to the difficulties of

structure determination of such types of protein especially with over-expression, pu-

rification and crystallisation of such proteins [37] as in most cases, these proteins are

expressed at low levels within the native cell [38]. Many methods are utilised to im-

prove the crystallisation of membrane proteins such as detergents, antibody fragments

and recently, lipidic mesophases for gaining x-ray crystal structures [39], in which the

proteins are highly concentrated within a continuous cubic lipid phase. In recent years

structure determination methods have advanced significantly, especially with advances
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in cryo-electron microscopy (cryo-em). This was used to determine the structure of

complex I of the respiratory chain [40], which has 44 subunits with a combined mass

of 1 MDa and most recently, different conformational states of the glycine receptor

(GlyR) have been defined via this method [41]. Improved computational techniques

and algorithms have allowed this method of structure determination to be used for

larger proteins, of which some are membrane proteins. Porins are known to be flexible

(in their loop regions), thus improvement in structure determination which also has

the ability to give dynamic information is also a consideration, such as nuclear mag-

netic resonance (NMR). The use of solid state magic-angle spinning NMR has allowed

information on flexibility, consequently the dynamics, on what is usually considered a

static protein by other methods [42] such as the structure by solid state NMR meth-

ods of the eukaryotic VDAC barrel [43]. The reconstitution of an integral membrane

protein from its hydrophobic bilayer into a solvent is thought to change the structure,

thus to prevent this and mimic a membrane environment within NMR, nanodiscs can

also be used. This method has been used to study OM proteins, such as OmpX [44].

To note, there are many different types of TM proteins with examples of α-helical

and β-barrels:

• Membrane enzymes. Prostoglandin H2 synthase and OmpLA

• Receptors. GPCR or neurotranmitters receptors such as GluA2 and GluCl

• Transporters. Secondary LacY, GlpT, FucP, LeuT. Also the ABC class of

BtuCD-F and TonB and the drug effluxers of ErmE, ArcB, TolC

• Channels and pores. Aqp and GlpP, Potassium, CLC, Mechanosensitve, Porins

• Membrane proteins of the electron transport chain. Complexes I-V, bci

of which, only a subset will be discussed and considered for the remainder of this

thesis.
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Channels & Pores

Three major classes of TM protein exists for substrate movement through a membrane.

Channels, which enable passive substrate flow down the concentration gradient at near

diffusional rates. Pumps, which use energy in the form of ATP and its subsequent hy-

drolysis to transport against the substrates concentration gradient, and transporters,

which can couple substrate movement against its concentration gradient to that of an-

other, e.g. protons, such as LacY, which transports lactose against its concentration

gradient by using a favourable proton gradient.

It is known that ion channels can be regulated by a variety of mechanisms, such

as voltage, current rectification, light, mechanosensivitity, and ligand binding. This

allows passive ion conduction events via the binding of a chemical, such as a neuro-

transmitter or drug. A subgroup of these ligand gated ion channels (LGIC’s) are the

cys-loop receptors [45, 46]. The structure of nAChR was first determined by low reso-

lution EM (electron microscopy) [47], followed by a higher resolution (4 Å) 8 years later

[48], and further refined structures the same year [49]. Based on the nAChR structure

being the only pentameric ligand gated ion channel (pLGIC) structure available for

a long period of time, other structures were initially based on homology models of

it. Initially thought to be in an open conformation, the nAChR structure has shown

to be functionally closed [50], showing that observation of a crystal structure and

its dimensions cannot present a definitive answer into the conformational state of a

channel. The first non-nAChR structure (23 years after the initial nAChR structure)

was the bacterial GLIC channel in an open state (3.1 Å followed by a higher resolu-

tion structure [51] and closed at neutral pH [52]) and the ELIC channel (closed) [53].

Another pLGIC, the glutamate gated chloride channel (GluCl) was crystallised in an

open state and with agonist ivermectin [54] and lipid (POPC) bound GluCl, [55] and

most recently, the GABAA receptor [56]. A new structure, the 5-HT3A receptor will
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be investigated in this thesis (chapter 6).

All ion transport events have to be regulated so cellular events can happen in the

correct time and place, e.g. the action potential. This can be done by three main ion

current gating mechanisms shown in figure 1.7.

ri

rp rp < ri

ri

rp rp > ri

ri

rp rp > ri

Physical Blockage Surface Charge Hydrophobicity

Fig. 1.7: Ionic current gating mechanisms. Shown are three representations , with the
protein indicated in the center in grey. In the middle figure, charge is shown
in red, and in the right hand image, hydrophobic bands are shown in black on
the protein. Bilayer is indicated with dark green circles and lines, blue sphere
indicates a figurative ion. Ion radius (ri) and pore radius (ri) are indicated.

Via a conformational change, the structure of a membrane protein can change to

accommodate the needed conductive state. The passage of substrate will not occur

due to the physical presence of the channel protein within the conductive pathway.

This is indicated in figure 1.7 as a physical blockage, in which a change such as a

“helical” movement changes the conductive pathway creating a region smaller than

that of the translocating substrate. An example of this is the mechanism of KcsA

with a gating state of the cation being dependent on the helix bundle crossing on the

intracellular side therefore being regulated by a physical blockage to all solute species

[57].

Protein gating and selectivity of ions via surface charge is done so by surface

charge on the protein being able to exclude ions of the same charge, while ions (or

molecules) of the opposite charge or neutral can conduct through, with the role of
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surface charges also contributing to general sensing [58]. An example of this is also in

KcsA’s selectivity filter [59] and a crystal structure of the closed form [57], in which,

carbonyl groups of the p2 loop form the selectivity filter for potassium ions, thus begin

cation selective from the charge association.

Ionic current gating via hydrophobicity is based on the unusual behaviour of water

in confined hydrophobic regions and is a well studied gating mechanism.

Hydrophobic Gating

Within a protein pore with a hydrophobic chemical nature, be it a channel or theo-

retical model, there is a change in the density of water within the pore, dependent of

the radius of the hydrophobic region. Therefore, with a change in radius as seen in

conformational change of channels there is a drying or wetting transition within the

hydrophobic protein region (within TM the protein pore). The radius and hydropho-

bicity of the channel is able to regulate the water, hence ion or substrate flow through.

This was first observed in molecular dynamics (MD) simulations of model nanopores

and also within hydrophobic carbon nanotubes of a certain radius [60, 61], with initial

models showing bulk water transitions below a radius of 4.5 to 5.5 Å [50, 62] and

general bulk water transitions modelled in hydrophobic pores [63, 64] (and sometimes

conceptualised as the formation of nanoscopic bubbles [65]).

The diameter of a water molecule is ~3.5 Å, thus assumed in a crystal structure if

the region was at least this in diameter, a water molecule would in theory be present.

However, in hydrophobic regions with radius less than ~7 Å, the bulk behaviour of

water changes to varying degrees of liquid-vapour transitions. The most prominent

transitions occur between a radius of 4 to 7 Å, with only a 1 Å change in radius

changing the water state of a pore (observed in the TWIK potassium channel [66]),

thus a small change in radius form a conformational change can result in a different
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conductive states [50]. A graphical representation is shown in figure 1.8.
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Fig. 1.8: Probability of water based on hydrophobicity. A. Representation of a pore (grey)
in a bilayer (yellow and purple), radius and chemical nature of the pore can result
in a dry-vapour region indicated. B Probability of water within the pore for a
polar nanopore model and that of a hydrophobic one. The fully polar, hydrophilic
pore remains wet. Once radius increases from 4 Å, a change in water within the
pore occurs with saturation at 7 Å radius. dotted line represents the radius of a
water molecule. Images adapted from [62, 67].

Simulation tells that these are true gates in the form of free energy calculations

[68], not just to water but also to various ion species. In simulation, these barriers have

16



Introduction

been overcome with the application of a constant electric field [69]. Experimentally,

hydrophobic nanopores have been investigated in solid state nanopores, in which an

applied voltage can cause wetting in an otherwise dry pore [70].

Within this thesis, hydrophobicity will be investigated via the building (chapter

3), free energy calculations (chapter 4) and voltage breaking (chapter 5) of such gating

motifs.

With the diversity of ion channels, many have pore dimensions which correlate to

the radius of water transition events and also have the hydrophobic residues to do so.

This has been proposed for a number of ion channel gates (review [67, 71]) with

experimental investigations and simulations on the nicotinic acetylcholine receptor

(nAChR) [48, 72, 73], also other pentameric ligand gated ion channels (pLGIC), [74–

76] and MscL [62, 77–80] with all using hydrophobic leucine residues. MD studies

and free energy calculations into the nAChR receptor [72] demonstrated that the

hydrophobic region of the pore, and the liquid-vapour state is indeed a true energetic

barrier.

Hydrophobic gating was also noted in voltage gated potassium channel [81, 82]

and the TWIK potassium channel experimentally and via simulation [66], and with

many other channels such as GLIC, and MscS (summarised in [67]). Also recently in

the magnesium channel CorA [83], which has a key leucine residue (L294) within the

dry region of the pore

1.4 Nanopores

Protein engineering has been an expanding field in recent years with two strategies;

rational design and directed evolution to design such proteins. With the improvement

of protein structures and the use of computational tools, rational design of proteins

can be used for nanoprotein assembly [84], enzymatic improvement for industry [85],
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membrane protein design [86] particularly within the nanopore field.

Nanopores have many potential uses within single molecule chemistry [87] such

as stochastic biosensors [88, 89], electrical devices [90, 91], water filtration [92–95],

separation of gases, ions, and biomolecules [96–98], and also in DNA sequencing [99–

101] which is the basis of the sequencing by Oxford Nanopores MiniION. This has

been successfully used to identify bacterial antibiotic resistance islands [102] as part

of the movement into next-generation sequencing with continual improvements [103].

They can be constructed from different biological and non biological materials,

with an overview of the most familiar nanopores in figure 1.9, which shall be discussed

further and will be a focal point of this thesis.
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A. B.

C. D.

10 - 65 μm

Fig. 1.9: Various types of nanopores. A. Biologically based monomeric porin OmpG. B.
Cyclic peptide nanopore of D,L-α-peptide, with a pore formed via stacking (image
from [104]. C. Carbon Nanotube. D. Solid state nanopore and a typical scaffold
and dimensions (image from [105]).

1.4.1 Types of Nanopore

To date, many reviews are available on the various types of nanopore [106–109], with

the basis that there are three main types of nanopores: protein, artificial and solid

state.

1.4.1.1 Protein

Protein nanopores were based initially on the lytic, pore forming protein, α-Hemolysin

(α-HL) expressed by the Streptococcus bacterial genus, which as a pathogen, punctures
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red blood cells. As a protein, it contains a barrel domain and a cap domain (figure

1.10 on page 22) and after association of the heptameric units, it spontaneously inserts

itself into a lipid bilayer.

With the structure determined for α-HL [110], a zinc binding site (using 4 histidine

residues) was integrated into the pore which in turn turned the channel into a Zn2+

sensor [88, 111] with the basis it could be used for various other detection processes

[89] such as protein [112], organic molecules [113], TNT [114] and also detection of

different chemical enantiomers through the pore [115].

A recent development of the nanopore of α-HL is its ability to sequence DNA

[116] and RNA [117]. The pore itself (α-HL) has a constriction of 1.4 nm (present

at the barrier cap region at residue M113), which is larger than the diameter of a

single stranded DNA (ssDNA), but smaller than that of the double helix, thus the

single strand DNA can be threaded through the pore. Mutagenesis of α-HL [118]

has allowed more manipulation, with enhanced translocation and sequencing of DNA

[119] through via manipulation of the internal charge of the pore [120] to allow faster

translocation and also the opposite, slowing down of DNA translocation through such

a pore with the site directed mutagenesis of positive charges within the constriction

[121]. Additionally adaptors [113] such as β-cyclodextrin (and others of interest [122])

have been used to improve stand recognition and gating events into the pore.

Another nanopore of interest is the MspA pore [123] (figure 1.10 on page 22)

which, like α-HL has been shown to detect and translocate ssDNA with recognition

of all 4 bases [124]. Unlike α-HL, it is a member of the porin family produced by the

Mycobacteria genus, allowing hydrophilic substrates into the bacterium. In comparison

to α-HL, it has a smaller constriction (of 1.2 nm) which is present at the base of the

protein, near the periplasm entrance.

Other DNA sequencing pores for consideration are the mechanosensitve channel,
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MscL [125] and also the phi29 protein. This protein is a DNA-packaging motor from

bacteriophage, which allows double stranded DNA (dsDNA) to enter the virus [126,

127]. It has also been combined with MspA to improve DNA sequencing [100]and is

being used as the next-generation DNA sequencing device [128, 129] and the basis of

many biotech companies for such purpose.

Cytoplasm

Extra-
cellular

Extra-
cellular

Periplasm

α-Hemolysin MspA

Fig. 1.10: Protein pores for DNA sequencing. α-HL & MspA. α-HL consists of 7 subunits
with a transmembrane β-barrel domain and a cap domain which is present as
shown, between the cytoplasm and extracellular region in an eukaryotic mem-
brane. MspA is an octameric porin with each subunit containing a β-sandwich
and a beta ribbon. This is present physiologically on the OM of the bacterium.

The sensing of analyte and DNA above is based on stochastic sensing (figure 1.11).

With the addition of an applied potential, a normalised current is present due to the

flow of ions on either side of the bilayer through the pore. A native or engineered

binding site for the analyte is present in the pore (or the presence of a DNA strand).

Each time an analyte binds, or a specific base of DNA is present within the constric-

tion/pore region, the current is modulated - and its unique to the analyte and pore,

from which concentration of the analyte can also be calculated based on the lifetimes

21



Introduction

of bound/unbound state.
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Fig. 1.11: Stochastic biosensing of DNA. A time-current trace is shown from a theoretical
binding event, in this figure it is the presence of a polymer (DNA) strand through
the pore. The open pore has a higher current than that of a modulated, DNA-
present pore, with DNA sequencing each base (A,T,C, or G) has its own current
level. The change in current is dependent of the base present, and from the
values, the sequence can be determined. Image adapted from [116].

Other biological pores mimicry and biosensing are also the similar to α-HL such as

the anthrax pore (has a much longer barrel domain) [130]. But also the porins such

as OmpF [131], FhuA [132–134] & OmpG [34, 135] which have all been mutagenised

to improve function as DNA sequencing pores or biosensors. It is also possible to

modify the general activity of nanopores, such as MscL via various chemical biology

modifications to become light activated [136].
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1.4.1.2 Artificial & Peptide (including Graphene)

Artificial

These nanopores are much small in size than biological pores and come in a variety

of constructs and chemical motifs [137–139]. Originally, these pores were made out of

a central crown ethers, which are three amphipathic macrocyles on each side of the

membrane, making the wall of the nanopore, which in turn produces a hydrophilic

channel [140] and the basis of many synthetic channels available in a wide range of

channel motifs [141]. They can be formed out of metal-organic chemicals, from π-

π stacking, based on these macrocycles (with variable inward and outward pointing

functional groups) and are shown to be ion selective and also water permeable [142].

An example of a recent artificial channel is that constructed from hydrazine-

appended pillar-[5]-arene derivatives which have been shown via an x-ray crystal struc-

ture to adopt tubular, pore structure which have been shown to insert into the mem-

brane of lipid vesicles and conductive to water [143]. The structure design for this

synthetic pore is mimicked from the single pore features of aquaporins [144].

A number of artificial systems for transmembrane transport exist with transport

of ions and neutral organic solutes [145, 146] and water transport [147] through many

artificial channels [148].

Peptide

Peptide nanopores can be formed from artificial β-barrels with varying structural

motifs based on the strand [149]. Synthetic α-helices are also functional, constructed

from leucine and serine residues in a heptad repeat to form a helix. The arrangement

places all leucines membrane facing and all hydrophilic serine residues lumen facing

to create a conductive channel, and self assemble into a helix bundle [150]. Based on

this structure, it is possible to build such a pore in which selectivity and functionality
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can be represented through lumen pointing amino acids.

Cyclic peptide nanotubes [137, 151, 152] composed of α amino acids (example in

figure 1.9, B. on page 20) are also functional pores, with alternative stereochemistry

can be used to form pores creating a structure known as β-helices.

Most recently, nanopores have been constructed out of DNA [153] and also DNA

origami constructs [154].

Graphene

This well known material made from an allotrope of carbon which can exist in the 2D,

as graphene sheets or within the 3D as buckminsterfullerene [155] or carbon nanotubes

(CNT’s) [156] (figure 1.10, C. on page 20). In the 2D form, it can be used as a

nanopore, with functional conductive pores from 3 Å in diameter [157]. The 2D

graphene pores have also been shown to translocate DNA [158–162] with investigations

into its hydrophobicity for such purpose [163]. Computationally, the pores have been

modelled with a biomimetic ammonia switch within a theorised synthetic channel [164]

and as bioinspired pores with selectivity for Na+ and K+ [165].

CNTs can form functional pores and has been simulated as water conductive [60,

166], with the addition of charges used to modulate selectivity through a model CNT

pore [167]. Recently, this stochastic transport through these CNT in lipid bilayers

and live cell membranes has been experimentally noted[168]. However, these pores are

difficult to insert into bilayers unless externally modified [169] due to the hydrophobic

nature of the nanotube and their interaction with the hydrophobic lipid tails.

Both carbon forms can act as general pores (with CNT being radius dependent),

however specificity is difficult introduce in the water-conductive lumen of both via

specific chemical modification due to the size and the ubiquitous nature of the material.

External modification of both is well characterised (in CNT at the end of the tubes)
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and could have useful medical implications [170, 171].

1.4.1.3 Solid State

First fabricated in ~1991 as a polymer nanopore (overview in [172, 173]), they were

designed initially as a scaffold for biological applications. Initially pores were created

with ion beam sculpting on Si3N4 membranes which created pores, with diameters of

~60 nm. With the use of ion-track etching, pores with much smaller diameters of up to

2 nm were constructed on silicon nitride (SiN) membranes [174] with the development

of such method for thinner membranes [175], with recent electron beam methods being

used to create pores which can be visually inspected [176].

Solid state nanopores have been used in the detection of many biological species,

be they DNA [177–180], RNA [181], proteins [182–184], CNTs [185], and also the

recognition of DNA structures [180, 186]. They have also been modified for the sensing

of small molecules, such as potassium in the form of a DNA switching event (within

the lining of the pore) with the binding of K+, to these DNA strands and changing

the diamater of the pore and modulating pore current [187]. Also implementation

of zinc finger motifs which have been immobilised on the channel walls, changing

configuration with Zn2+ binding [188], With the same principle being applied to F-

binding and recognition [189].

Variations to the standard solid state pore have been applied with chemical mod-

ification of pores allowing for regulation via pH & voltage [190] and development into

voltage gated pores [191]. Based on immobilisation with (trimethylsily)diazomethane

[70] which incorporates hydrophobicity into the newer polyethylene terephthalate

(PET) nanopores. This type of modulation brings about much interest into the use

of such mechanisms for nano-electronics and voltage gated nanopores [192]. Such

pores have also been lipid coated [193], based on insect olfactory systems, which trap
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odourants within lipid pores on their skin. This nanopore system has been shown to

act in the same manner, with concentration of such molecules within the lipid-lined

solid state pore.

More variations have been applied in the replication of the nuclear pore complex

within a solid state system [108, 194] with recent example in which a solid state

pore has been functionalised with an FG strand mimicking polyisopropylacrylamide

(pNIPAM), where faster single stranded DNA translocation was noted through the

functionalised pore [194]. Pores have also been demonstrated for their DNA sequencing

ability [159] with comparisons between both solid state and biological sequencing pores

being made [195].

The solid state scaffold can also be hybridised with protein nanopores such as

gramicidin A [196] and α-HL [197].

1.5 Utility of Simulation

Simulations can be performed using many or few levels of detail, from the computa-

tionally demanding quantum mechanics to the continuum based models of simulation

(figure 1.12, A.).

Generally, the more detail in a simulation the longer it will need to be simulated,

therefore one needs to consider a balance between level of detail and efficiency. Within

this thesis, only atomistic (AT) and coarse grained (CG) simulations will be used, with

the main detailed focus of this thesis on the AT simulations with an approximation of

accessible time scales shown (figure 1.12, B.).
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Fig. 1.12: Compromise between computational details and demands and computational
methods time scales. A. Comparison of details and demands. QM methods
require a higher computational demand with comparably the least reduction in
detail whereas property based methods are the opposite. Methods used in this
thesis are indicated in bold. B. The circles indicate an estimate of the boundaries
of the possible time and length scales feasible. Figure adopted from Dr. Jochen
Klingelhoefer.

1.6 Work Presented in this Thesis

Based on the increasing number of nanopores, numerous biomimicry available, and

increasing number of protein structures, this thesis will be based on the design and

implementation of biological motifs into a computational nanopore model.
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Within chapter 3, the question of whether a hydrophobic gate can be computa-

tionally transplanted into a simple nanopore model will be addressed, based on the

known structure and simulation of other β-barrel proteins [198–201]. The functionally

of such a motif will be added in the form of hydrophobicity and polarity of amino

acids, and analysed by water flow through the pore and compared with many previous

simulations of water within hydrophobic nanopores [60, 64, 202–206] to investigate the

hydrophobic gate, and validate the theoretical model’s stability and shape.

Based on previous free energy calculations [207–210], ion conduction through hy-

drophobic pores [211, 212] and in combination with nanopore design in pores [167,

213, 214], the validity of the gate from the previous chapter will be assessed via free

energy calculations. This will be conducted on some of the more interesting model

pores (ability to change water conductance through) with the aim to address the way

in which the hydrophobic region regulates ions and water through the pore.

Simulation under voltage has also been extensively simulated, be it membrane

only [215–218] or with protein incorporated [200, 219–221]. Therefore, models will

be simulated under voltage, as it is known that it can indeed break a hydrophobic

barrier within a solid state pore [70]. Therefore, can such a transplanted barrier

within the model nanopores be broken in the same manner? The simulation will be

analysed based on previous simulations of hydrophobic pores and their water behaviour

[222, 223] within nanopores [69, 203, 224–226] as an assessment of the affect of voltage

upon these models and the hydrophobic barriers.

The function of the biomimetic hydrophobic gates shall be compared to a new

serotonin receptor (5-HT3) which is presumed to be in a closed state and gated in

a similar manner. It will also be investigated via free energy calculations based on

previously known gating mechanisms of pLGIC’s [227] with combined theory and

simulation into their ion conduction events [228, 229]. Previous simulation of the
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drying transition in the hydrophobic gate of GLIC [75], nAChR [72] channels, as well

as equilibrium MD [230, 231] and conformational states simulations [232, 233] on other

ligand gated ion channels allow a full overview and comparison to the new channels

conductive state.

Chapter 7 will present an overview of the findings of the previous chapters high-

lighting their significance with future direction discussion.
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Chapter 2

Methods

”All We Know, Is Don’t Let Go”

Taylor Swift

The findings presented in this thesis are based on the use of molecular dynamics

(MD) simulations to study nanopore design and hydrophobicity. The methods used

are described in the following section, with a more detailed discussion in A. R. Leach

[234] and the GROMACS manual [235] where appropriate.

2.1 Classical Molecular Dynamics Simulations

The behaviour of biological molecules can be described by the interactions between

the nuclei and electrons. Via simulation, this complete representation using quantum

mechanics is a computationally demanding process, limiting the use of this type of

simulation technique to relatively a small number of atoms (<1000) e.g. enzyme

substrate binding sites [236, 237]. To efficiently simulate large molecules, be they

biological in nature or not, using MD requires the effective ignoring of these nuclear

elements, and thus the formation of classical MD simulations [234]. In classical MD

simulations, the “force field” is a interpretation of the interactions between all the
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atoms within the system [238]. The field is a potential energy function, V(pN), where

p is the position of such particle and N is the their number. The potential energy is

generally calculated from the sum of the bonded and non bonded interactions.

V (pN) =
∑

Vbonded +
∑

Vnon−bonded (2.1)

2.1.1 Bonded Interactions

These interactions are composed of bond stretching (Vbonds), bond angle bending

(Vangles), and bond torsion described as the rotation of dihedral angles, (Vtorsions). To

preserve stereochemistry, improper diheadral angles can be incorporated (Vimproper).

These interactions are shown diagrammatically in figure 2.1 on page 33.

∑
Vbonded =

∑
bonds

kB

2 (li − li,0)2 +
∑

angles

kθ

2 (θi −θi,0)2 +
∑

torsions

Vn

2 (1+ cos(nω−γ)) (2.2)
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Bond Angle
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Fig. 2.1: Bonded interactions. Atoms are represented as red spheres
with bonds being shown as grey rods. Figure is adapted from
http://cbio.bmt.tue.nl/pumma/index.php/Theory/Potentials.

The potential energy for a bond stretching and angle terms can be described via

Hooke’s law, in which the energy varies with the square of the displacement from the

reference bond length (b0) or angle (θ0). Force constants are also implemented (atom

set specific) to govern the penalty resulting from bond stretching and angle bending.

These values are hard to deform from their high values, thus most of the energetic and

conformational changes encountered during simulation are a result of non bonded and

torsional effects [234].

Torsional angle interactions differ to those previously mentioned with internal ro-

tational barriers lower compared to the other interactions and are also periodic in

nature. This can be represented in the conversion between states of alkane chains,

such as butane which exists through the “high” (eclipsed) and “lower” (staggered,

gauche or anti) energy states [239].
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2.1.2 Non-Bonded Interactions

Non bonded terms can be grouped into Van der Waals (VdW) and Coulombic, elec-

trostatic interactions

∑
Vnon−bonded =

∑
VV DW +

∑
Velectro (2.3)

∑
Vnon−bonded =

N∑
i=1

N∑
j=i+1

4ϵij

(σij

rij

)12

−
(
σij

rij

)6
+ qiqj

4πϵ0rij

 (2.4)

2.1.2.1 Van der Waals Interactions (Lennard-Jones Potential)

The Lennard-Jones (LJ) potential is used to approximate the interaction between a

pair of neutral atoms, thus the VdW term mentioned here. Included in the potential

is the strong repulsive term (r12) (Pauli repulsion), present due to overlapping elec-

tron orbitals and long attractive long term ranges (r6), originating from short ranged

instantaneous dipoles (London dispersion) [234]. The potential has the following form:

VLJ(rij) = 4ϵij

[σij

rij

]12

−
[
σij

rij

]6
 (2.5)

in which σij indicates the distance at which the energy between the two atoms in

the system is zero, ϵij describing the strength of the interaction. Both parameters are

dependent on the species of i & j.

An artifact of the LJ potential is that it has an infinite range, with the force

becoming infinitely weak at long distances. Computationally, this is highly demanding

as the force must be calculated for every pair of particles within simulation. Thus,

a cut-off is introduced to reduce this number of calculations. In this thesis, a cut-off

is placed at 12 Å and a smoothing of the potential from 9 Å to reduce complications

from a straight cut off.
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2.1.2.2 Coulombic Interactions

Dipoles, based on unequal electron positioning exist due to electronegativity differ-

ences resulting in a “charge” in a molecule. In the classical MD model this can be

replicated by the placement of partial charges within an atom [235]. The Coulom-

bic interaction between partially charged particles can be calculated using Coulomb’s

law which includes the particles (i & j), their partial charges (qi & qj), the distance

between them (rij), and the produce of permittivity of free space (ϵ0).

VC(rij) = qiqj

4πϵ0rij

(2.6)

With a scaling of r1, unlike the r6 within the LJ potential, the decay to zero is

much slower in this form of non bonder interaction. Therefore, more consideration is

needed in MD for this long range type of interaction [238].

2.1.3 Pair Exclusions

The non bonded interactions only apply to atoms pairs (i & j) that are within the same

molecule (but separated by at least 3 covalent bonds) or part of different molecules.

The first and second atoms are excluded completely, with the third using modified

scaling LJ parameters, and being force field dependent.

2.1.4 The Particle-Mesh Ewald method

Long range electrostatics are calculated with particle-mesh Ewald (PME) method

[240, 241] based on the initial Ewald sum method [242] originally used to compute

the long range electrostatic energies of a crystal system. This method utilises the

periodicity of simulation and is based on infinite latticing a volume within the simu-

lation, of which all interactions are summed. Primarily, PME separates electrostatic
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interaction calculation into a short-range component which converges quickly within

real space, and a long-range component that converges quickly in the Fourier space.

The separation allows a quicker conversion of both (with the rate dependent on the

cancelling Gaussian distributions of the point charges conversion), and the application

of a cut-off for the real space with a limited number of modes for the Fourier. The

implementation via this method reduces the scaling from N2 to N log(N ), where N is

the number of particles in the system. PME is used in all simulations of this thesis.

2.1.5 Force-Field Parametrisation

Force fields are parametrised to quantum mechanical and experimental data [234]

with each based on their own initial data sets. For example electrostatic potential

fitting (EPF), to calculate accurate partial charges from a QM model and infrared

spectroscopy and crystal structures used for the validation of bond strengths and

lengths. With the recent increase in simulation time scales and protein folding, these

force fields are possibly unsuitable for such purposes with re-parameterisation needed

for such an event [243, 244].

In a force field, a way to reduce the number of particles (and thus the number of

calculations performed in the simulation and saving time), is to alter the treatment of

non polar hydrogen atoms, e.g. those on the hydrocarbon lipid tails such as DPPC.

They are combined with the carbon “atom” to form a single interaction site, defined

as an united atom (figure 2.2). This may cause difficulties in chiral centres and un-

saturated bonds however defined improper dihedrals cease this from occuring [234].

A number of force fields include the implementation of a united atom, the two being

used in this thesis are the OPLS-UA [245] and GROMOS [246, 247].
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CH3 CH3CH2 CH2 CH2

Fig. 2.2: United atom representation. Figure shows chemical structure of pentane (atom-
istic) and its united atom representation as green circles, in which hydrogen atoms
are not modelled.

Many other force fields are available for biological simulations of protein and phos-

pholipid bilayers be they CHARMM [248], AMBER [249], and the Berger lipid set

[250] based on united atom with elements from the OPLS, AMBER and GROMOS

force fields.
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2.2 Simulation Techniques

Shown in figure 2.3 is the basic MD algorithm by which a simulation is conducted.

1. Initial Input 
Positions

Position and 
velocities of atoms 

2. Calculate Forces
on atom i;

Fi= -  𝛿V 
 𝛿ri

Fi is non bonded & bonded, & 
external forces

Calculate potential & 
kinetic energy

3. Update 
Configuration

Atom movement simulated by 
solving the equations of 

motion

=
 𝛿2ri 

 𝛿t2
 Fi

mi

Calculate positions, 
velocities, energies, etc. 

Repeat 2 - 4 
until end of 
simulation

4. Output

At chosen steps

Fig. 2.3: MD algorithm. Based on a figure in [235].

Summarised, the change in position and velocity of a particle within simulation

can be calculated from their previous, initial state. If no velocity is inserted, they are

obtained from a Maxwell-Boltzmann distribution.

2.2.1 Equations of Motion

In molecular dynamics simulations, the trajectory of the particles is calculated by

solving Newtons 2nd law (F=ma), giving the particles’ motion, mi along the coordinate
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(zi) with the force Fzi acting in in the z direction.

d2xi

dt2
= Fzi

mi

(2.7)

Within simulation, it is not possible to analytically describe motion due to the

coupled nature of the particles’ motion due to the force being dependent to the position

relative to the other particles. Therefore a finite difference method must be used [234].

Finite difference methods are used to generate trajectories within MD. In essence,

the integration is broken down into multiple small stages, with each separated in time

(by a fixed time). The force on each particle at time, t, is calculated as a vector sum

of its interactions with the other particles. From the force calculated, the acceleration

on each can be gained, and then combined with the position and velocity at t, to

calculated at t +δt, with a constant force assumption [234].

Multiple algorithms can be used for this, with the GROMACS package using a

modification of the Verlet algorithm based on two Taylor expansions (forward and

backward), the leap frog algorithm [251]. Verlet uses the accelerations and positions

at time t, and positions from the previous step, r(t -δt), to calculate the next position

at t + δt, r(t + δt). The GROMACS package uses the following terms for the leap

frog:

r(t+ ∆t) = r(t) + v(t+ ∆t
2 )∆t

v(t+ ∆t
2 ) = v(t− ∆t

2 ) + a(t)∆t

v(t) = 1
2

[
v(t+ ∆t

2 ) + v(t− ∆t
2 )
] (2.8)

The leap frog is advantageous over the Verlet as it includes explicitly the velocity

to calculate the kinetic properties. Within this, the velocities are calculated at the

mid point of the position evaluation and vice versa.

38



Methods

2.2.2 Choice of Timestep

Choice of a time step is not a definite value of a MD simulation. If the value is too

small, the trajectory will only cover a limited region of the phase space, if too large

there may be integration problems due to the high energy atom overlap, leaving to

the non-conservation of momentum. The time step should be a 10th of the time of

the fastest motion (corresponding to the C-H bond vibration of ~10 fs) [234]. In all

atomistic simulations of this thesis, a time step of 2 fs is used.

2.2.3 Bond Constraints

With use of a small time step, to maximise its efficiency it is common to restrain

the bond lengths of the fastest bonds, in terms of their vibration (and hydrogen

containing). Luckily, these are the least interesting in terms of chemistry to the systems

simulated in this thesis. Two methods used are the SHAKE [252] & LINCS [253]

restraints. For both GROMOS and OPLS-UA forcefields used in this thesis, the faster

LINCS method is used.

2.2.4 Periodic Boundary Conditions

The use of periodic boundary conditions (PBC) in simulation allows for a small number

of particles to be simulated. It also eliminates a known artifact of simulation, e.g.

a box of water in which the edges would be in contact with a vacuum, which is

rather unphysiological. PBC impose infinite copies of the simulation box in all three

directions so that none of the dimensions are exposed to an effective vacuum (example,

figure 2.4). This also imposes a constant number of particles within the simulation

box.
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Fig. 2.4: Periodic boundary conditions. The simulation box (center, unshaded) is dupli-
cated periodically in all directions (shaded boxes), creating an infinite system,
avoiding convergence problems associated with the box edges. If a particle were
to leave the box, e.g. the red sphere, it will be replaced by an image particle en-
tering from the opposite side. Shown is a 2D extension, in simulation this would
be in all x, y, & z directions.

A complication associated with PBC is an unwanted, increased ordering of the

system [238] and also problems in regards to “unphysiological” membrane fluctuations

[254] which need to be considered in simulation. With the cut-offs mentioned pre-

viously, GROMACS uses a boundary condition with a minimum image convention.

Thus only the particles closest to an interacting box are considered for short range

interactions.

2.2.5 Pressure and Temperature Control

In a “standard” MD protocol, a constant NVE approach is used which controls the

number of particles N, the volume V and the energy of the system, E at a constant.
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Within biological simulation, it is more ideal to maintain the pressure P and temper-

ature T of the system, therefore a NPT approach is used instead. To maintain the

systems at physiological temperatures and pressures, multiple algorithms are used by

fundamentally applying a barostat and thermostat to produce constant NVT & NVP

systems. In this thesis, the Parrinello-Rahman barostat [255] and the V-rescale the-

mostat [256] is used. Other algorithms are available for coupling (e.g. for temperature,

the Berendsen, Nose-Hoover, Anderson etc. for pressure, also the Berendsen).

2.2.5.1 The Parrinello-Rahman Barostat

A method to keep a constant pressure on a system is to change the volume of a system

(based on Boyle’s law). This is done by coupling the system to a pressure bath, with

the change in pressure represented as:

dP (t)
dt

= 1
τp

(Pbath − P (t)) (2.9)

in which P(t) is the pressure of the component at time t. Pbath is the pressure of

the pressure bath & τ p the coupling constant. For this, the box volume is scaled to

allow the constant pressure.

In systems containing a bilayer, full pressure coupling diminishes the surface area

of lipids within the simulation, therefore semi-isotropic coupling is used, which al-

lows pressure changes along the x-y bilayer to vary, while the z component is varied

independently. Pressure chosen in this thesis is the reference, 1 bar [238].

2.2.5.2 The V-rescale Thermostat

In MD, the systems temperature is related to the kinetic energy of the particles:

KNV T = 1
2
∑

miv
2
i = 3

2NkBT (2.10)
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where K is the kinetic component, kB the Boltzmann constant, m is molecular

mass, v is the velocity & N the number of molecules. Based on the system, the

simplest way to control the temperature is to scale the velocities. In the V-rescale

thermostat, the system is coupled to an external heat-bath that is fixed at the chosen

temperature Tbath. The velocities of each particle are scaled proportionally to the

change in temperature of the Tbath and the system.

dT (t)
dt

= 1
τt

(Tbath − T (t)) (2.11)

where T is the temperature of the system at time t and τ t is the coupling parameter

of the system to the bath. The V-rescale is very similar to the more commonly known

Berendesen thermostat, however with the implementation of a stochastic term which

ensures that correct canonical ensemble is generated [235]. Within this thesis, all

atomistic simulations are conducted as 310 K, with all coarse-grained at a higher 323

K.

2.2.6 Water Models

Multiple water models are possible within an atomistic force field [257] with a trade

off between the models’ accuracy and complexity. Simple models can be simulated

in larger, longer simulations but the more accurate within shorter, smaller systems.

Each model is developed to fit well into a particular structure or parameter (be it

density or rdf) of water. Within this thesis, the SPC model [258] is used within the

GROMOS force field, in which there is no representation of the lone electron pairs on

the oxygen, just a negative atom type with the assumption of point charge (this gives

an incorrect dipole moment which is altered by changing the bond angle to 109.42◦,

from the accurate 104.5◦) and TIP4P [259] (which has an inward pointing negative

charge to try and replicate the lone pair) within the OPLS-UA simulations.
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2.3 Energy Minimisation

Energy Minimisation (EM) is essential for the start of a MD simulation. This is ini-

tially used to find a low-energy structure by reducing steric clashes in the system

giving a more stable starting configuration, which is especially needed for coarse grain

to atomistic conversion (explained later in this chapter). Two main methods by which

this is performed are the steepest decent and conjugate gradient. Both of these meth-

ods involve a gradual change in the Cartesian coordinates, reducing the energy of the

system to a minimum. As a method, the steepest descent looks for minima using

a line-search approach which is independent of the previous step, thus most effec-

tive when the system is far away from the energy minima. The CG-MD simulations

used the steepest descent method. For AT-MD systems, a minimum of 5000 steps of

steepest descent was used. The conjugate method is based on the next step which

is dependent on the previous, and is most effective when the system is at its minima

[234].

2.4 Coarse Grained Simulations

Coarse graining allows for a decreased complexity of a system (therefore allowing longer

time scales to be simulated). Multiple coarse grained (CG) models & force fields have

been built by many groups in recent years with varying degrees of “coarse-graining” be

it the Martini force field [260], with the approximate 4:1 mapping of atoms of amino

acid residues, 1 residue to 1 bead mapping [261] or approximate shape mapping [262].

Recently, CG has been applied to the 4:1 mapping of DNA [263]. Reducing the system

in this parameter results in fewer calculations and longer time steps (20 fs for CG)

with an increase up to 1000 fold speed up in simulations compared with an atomistic

system.
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Within this thesis, CG simulations are used exclusively for protein insertion into

a bilayer via a self assembly method (due to the speed up for the CG versus AT

method) and a relavitly quick simulation for protein stability. This is done via the

Martini model [260] for the channels (chapter 6) and a version of the Martini - the

Bond force field [264] for the β-barrel simulations. The bond force field has been used

extensively in simulations of membrane proteins with successes, especially to those of

porins, which are to be replicated in this thesis. An application of a harmonic restraint

to maintain protein secondary structure between residues i and i + 4 (except a proline)

is applied in the Bond force field, however, in the Martini, a form of dihedral angle

restraints on the protein backbone is used.

Even with the advantages mentioned to this simulation method, many disadvan-

tages also follow which makes this an unsuitable model for this thesis. Be it the

absence of hydrogen bonding within the protein but also in the CG water model

(4 water molecules to 1 water “bead”). Key hydrophobic interactions and hydrogen

bonding are noted in water flow and interactions with proteins and its behaviour with

itself and hydrophobic surfaces, thus this is not a suitable model. Possibly with the

polarisable CG water model [265] these interactions could be compared.

2.4.1 Multiscale Simulations

As described, CG MD is a system in which there a low amount of detail (compared

to AT). A CG system can be converted to that of an AT one by mapping the con-

figurations of the AT molecule e.g. a lipid to each corresponding CG, choosing the

closest fit [266]. Recently, this can be effectively automated into the “CG2AT” method

which involves the fragment based fitting approach, of lipid but also protein leading

to a fast conversion process [267] using PULCHRA [268] to fit the AT (protein crystal

structure) to that of the CG bead. An example of the conversion is shown in figure

44



Methods

2.5.

A. B.

CG AT

Fig. 2.5: Conversion of CG to an AT system. A. Equilibrated system in the CG format,
below is shown a DPPC lipid in the CG form. B. Conversion allows representation
of CG system in an AT resolution for further investigation. Protein is shown
in yellow, bilayer hydrocarbon tails in grey, phosphate group in purple, choline
group in green and glycerol linkage in pink of a DPPC lipid. Atomistic colours
are consistent with oxygen in red.

2.5 Non Equilibrium Methods

A limitation of Classical Molecular Dynamics is the timescale in which simulations

relate to biological events. Within general MD, simulation is in the equilibrium states,

however for e.g. a conformational change or permeation event to occur (where for

OmpF permeation is 108 ions per second [219], thus 1 translocation event every 10

ns), long simulations are needed which (based on the assumption that is the system

is sampled for long enough, all states will be sampled) in turn require longer amounts

of time to simulate the “rare” events. To overcome this, non-equilibrium methods are
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used to simulate these events.

Steered Molecular Dynamics (SMD)

In steered MD (SMD) an external force is applied, driving a system to non equilibrium

[269] with the addition of a virtual harmonic spring to two groups of the system (be it

the center of mass (c.o.m) of an atom or an entire protein region). A force is applied

to the spring, overcoming energy barriers thus driving them towards ion permeation

events or apart i.e. protein dissociation events. The force needed is:

F = −k(x− vt) (2.12)

where k is the spring constant, x is the coordinate of the pulling group, and v is

the velocity.

Potential of Mean Force (PMF)

Potential of Mean Force (PMF) is an enhanced sampling method which can determine

a change in system energy via a reaction coordinate. It based on the the following,

with a PMF being defined as:

W (R) = −kT lnP (R) (2.13)

To overcome incomplete sampling, a method used to calculated the PMF is um-

brella sampling where the potential function is modified to sample unfavourable states.

The system is simulated with a biasing window potential, U(R’R) which is used to

confine the coordinates of R to a small interval window [270], e.g. a small variation

of the z coordinate in this thesis to allow sufficient sampling. The modification of the
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potential function;

W biased(R′) = −kT lnP biased(R) + U(R,R′) + C (2.14)

where U(R,R’) is the umbrella potential component of a harmonic function;

U(R′) = 1
2k(R −R)2 (2.15)

For a full profile, many simulations are needed, each with a differently sampled R

region, with the unbiased windows being combined into a PMF profile [270]. Each

window is determined by change of the free energy constant (C ) by the weighted

histogram analysis method (WHAM) [271]. This algorithm effectively “guesses” the

free energy constant to estimate a probability. This is then repeated until the guessed

constant matches the actual value giving a correct energy profile. Bootstrapping is

used to gain a statistical error on the calculated value. Considered in this method

is the coordinate R, in which sufficient overlap of windows is needed for an accurate

energy estimate and also the length of simulation. Other free energy methods are

available, including free energy perturbation [272], thermodynamic integration [273],

SMD [274], umbrella sampling [275], metadynamics [276], adaptive biasing force [277]

& markov state modelling [278]. In this thesis, as mentioned, umbrella sampling is

used.

2.6 Modelling Protein Pores

Beta-barrel protein pores were built on the idealised α carbon positions of theorised

pores [279]. The carbon coordinates were feed into MODELLER [280] to build 50-

100 models with the correct anti-parallel beta strands (calculated via hand drawn

models) and small loops. Modeller converts the template structure (Cα template)
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and the sequence of the desired pore to give a set of spatial restraints for the protein.

The backbone and loop structures are minimised via conjugate gradient methods.

Following this, side chain atoms are added and optimised. The resulting structures

are scored, with lowest chosen as the model pore.

2.7 Software & Analysis

All the simulations performed in this thesis were done so using the GROMACS

biomolecular simulation package [246]. Analysis was conducted either using gromacs

or locally written code. Visulisastion and graphics were performed with VMD [281]

or PyMOL [282]. Radius profiles were calculated with HOLE [283] and MDAnalysis

[284, 285]. Graphs were plotted using matplotlib [286]. Free energy calculations were

done so via WHAM method [271].
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Chapter 3

Designing and Simulating

Nanopores

This chapter is based on the first half of the following publication; Designing a Hy-

drophobic Barrier within Biomimetic Nanopores. Trick et al, (2014) ACS Nano. 8

11268-79.

”I don’t know about you, But I’m

feeling 22”

Taylor Swift

3.1 Introduction

As mentioned previously in chapter 1, nanopores in membranes have a wide range

of potential applications, and can be derived from e.g. existing biological nanopores,

formed by stacks of synthetic cyclic peptides, or non-biological synthetic pores [137–

139].

In designing nanopores, one approach is to mimic key features of biological pores

(e.g. those of ion channels and bacterial porins) of known structure and function
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such as bacterial porins, which provide a wide range of conductances and selectivities

to inorganic ions, and also to small polar and/or charged solutes such as sugars and

antibiotics. Porins, and related outer membrane proteins from Gram negative bacteria

have the potential to provide design motifs for biomimetic nanopores, and to act as

templates for generation of functional pores, as mentioned previously in the porin

OprP and OmpG.

Molecular dynamics (MD) simulations (methods, chapter 2) play a key role in

allowing us to understand the physical basis of nanopore function, both for biological

pores such as general porins, OpdK and OmpF, α-HL and for models based on CNT’s

or theoretical model pores, where simulations are used to explore more general models

of pore selectivity and gating. An example being that of the selectivity in OprP,

where simulation identified the key phosphate binding sites and residues [207, 209, 210]

therefore allowing biomimicry of such features into a nanopore model pore [213].

In order to design a biomimetic pore, one may wish to transplant a key structural

and functional feature from a more complex ion channel into a simple β-barrel template

such as a hydrophobic gate, which has not been found in a β-barrel nanopore (OmpW

is a hydrophobic β-barrel, however this is very narrow and binds detergent molecules

[287]). Therefore, one may wish to test whether a hydrophobic barrier formed by

consecutive rings of hydrophobic sidechains in the pore lining (as seen in the nicotinic

acetylcholine receptor and related channels) can be designed into a “bland” (no selec-

tivity or gated) high conductance β-barrel in order to control the conductance of the

resultant nanopore.

In this results chapter, I designed β-barrel nanopores that contain a hydrophobic

barrier. I use MD simulations to explore the function of such nanopores, initially using

water flux as a proxy for ionic conductance. I explore the behaviour of these pores as

a function of the size (in terms of number of strands) and hydrophobicity of the amino
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acid sidechains forming the designed hydrophobic barrier. These studies provide a

detailed example of the use of MD simulation to design and evaluate simple model

nanopores based on a β-barrel template, with a prospect of their further development

for biotechnological applications.

3.2 Methods

3.2.1 Building Protein Models

Atomic coordinates for the initial models were generated using idealized models for

transmembrane β barrels [279], allowing for the mapping of the Cα positions of a

desired barrel template as a function of number of strands, shear, and length of the

barrel. The resultant Cα templates were used as inputs for MODELLER [280] in

conjunction with designed sequences in FASTA format (figure 3.1). Pore radius profiles

of the resultant models were calculated using HOLE [283].
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Fig. 3.1: Building a protein pore from the Cα backbone (16β example). A. Cα backbone
model output (from [279]). B. Initial modeller design with basic protein backbone
(blue and green strands) to implement the correct strand hydrogen bonding and
loop (pink) length. C. Final protein build for this model of 16β funnel hydrophobic
pore. Ranging blue colours indicated modelled lumen pointing residue positions.

3.2.2 Simulation Protocol

Atomistic models of designed pores were converted to a coarse grained (CG) represen-

tation using a locally modified version of the widely used MARTINI forcefield [264].

CG MD simulations of duration 1 µs were used to position the nanopores within a

DPPC phospholipid bilayer (figure 3.2). At the end of the simulation, the orientated

pore-bilayer system was converted back to an atomistic representation using a CG2AT

protocol [267].
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A. B. 0 ns C. 1 ns

D. 2 ns E. 10 ns F. 50 ns

Fig. 3.2: Coarse grained self assembly of protein pore in DPPC lipid. A. All CG particles in
the system are shown including lipid and head groups (grey tails, pink/green/blue
head groups), sodium (red) chloride (dark blue) ions, water (cyan) and protein
(yellow). B. As A, however for clarity, only protein and lipid are shown using pre-
vious colours at the starting configuration. C. to F. Progress through simulation
with time noted above.

Atomistic simulations were performed using GROMACS version 4.5.5 [288]

(www.gromacs.org) and using the GROMOS96 43a1 forcefield [246, 247]. Long range

electrostatic interactions were treated with the Particle Mesh Ewald method with a

short range cut off of 1 nm, a Fourier spacing of 0.12 nm [240, 241], and the SPC

water model was used [258]. Simulations were performed in the NPT ensemble with

the temperature being maintained at 310 K with a V-rescale thermostat [256] and a

coupling constant of τ t = 0.1 ps. Pressure was maintained semi-isotropically using the

Parrinello-Rahman [255] algorithm at 1 bar coupled at τ p = 1 ps. The time step for
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integration was 2 fs with bonds constrained using the LINCS algorithm [253]. Analysis

was conducted with GROMACS routines, MD Analysis [284], and locally written code.

I performed an initial equilibration of each system containing ~330 DPPC lipids and

~50,000 water molecules for 1 ns during which the protein was restrained. Water flux

was calculated by counting water molecules crossing through the centred protein (on

x and y) within a 20 Å diameter shell from this centre. Water crossings were counted

as upwards (positive) if parallel to z and downwards (negative) if anti-parallel (figure

3.3). Water fluxes were evaluated over the full length of the simulations and shown as

the sum of the flux. In most cases this did not lead to a major change in estimated flux

compared to evaluating the flux, e.g. the latter half of the simulation. Pore radii with

error estimate for a simulation was calculated using MDAnalysis. Molecular graphic

images were produced with visual molecular dynamics (VMD) [281].

Fig. 3.3: Example of water flux calculation through a nanopore. Diagram to represent
the calculation of water flux through a nanopore. When ’yellow water’ passes
through the pore center of mass (not shown) in an upward, parallel (yellow water)
or downward, anti parallel manner (red water) it will be considered a conductive
event in simulation.
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3.3 Results and Discussion

3.3.1 Biomimicry and Barrel Design

3.3.1.1 Modelling β-Barrel Nanopores

Based on detailed visual inspection of the known structures of bacterial β-barrel mem-

brane proteins, I set out to design biomimetic model nanopores with 12, 14 or 16

strands per β-barrel. Such pores are seen within naturally occurring β-barrel pro-

teins, for example the porin NanC (pdb: 2WJQ [289]) of 12β strands, and the lytic

toxins α-HL (pdb: 7AHL [110]), and γ-hemolysin (pdb: 3B07 [290]) of 14 and 16

β-strands respectively.

To generate and evaluate these models I used the following workflow. The initial Cα

template was generated based on the idealized geometry of a transmembrane β-barrel

pore (figure 3.1). The strand lengths (of 20 residues per strand) were used to generate

nanopores of ~40-42 Å in length, sufficient to span a lipid bilayer. These templates

were converted to protein models and then embedded in a phospholipid bilayer for

evaluation in terms of stability and permeation properties by use of atomistic MD

simulations.

To generate minimalist biomimetic β-barrel nanopores which would sit stably

within a lipid bilayer, the outer surface of the barrel was covered with hydrophobic

leucine sidechains (figure 3.4) which interact with the hydrophobic core of DPPC. The

β-strands were connected via short flexible loops of glycine residues (2 to 3 residues)

with a band of tryptophan residues included on the outer surface at each end of the

barrel. These amphipathic aromatic sidechains are known to ‘lock’ membrane proteins

into place in a lipid bilayer by forming hydrogen bonds to lipid headgroups [291, 292].

Together these features were designed to form a stable, bilayer spanning nanopore and

allowing the nature of the inwards, lumen facing pore-lining sidechains to be designed
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in order to control water and ion permeation events.

Fig. 3.4: Residue Positions on a 16β pore. Shown is that of the funnel-hydrophoboic pore.
A. All external, lipid-facing leucine residues (dark blue) shown in stick form. B.
Internal lumen water-facing residues shown through backbone cartoon (shades of
blue). C. Image of B rotated 90◦ looking through the conductive pore axis with
inward pointing residues in stick form. Functional residues are always built to be
lumen facing.

In order to evaluate these models, atomistic MD simulations (of duration from 40

to 100 ns, see table 3.1 for a full list of simulations in this chapter) were performed

for each nanopore embedded in a DPPC bilayer with a NaCl solution of 1M. Models

were assessed in terms of conformational stability of the protein, dimensions of the

transbilayer pore, and the flow of water and ions through the pore. Due to timescales

of simulation, water conduction will be used as a proxy for ion conduction for this

series of simulations.

Design Principles

In our initial exploration of possible designs, I explored both funnel (F) and hourglass

(HG) shaped pores (Figure 3.5). The latter have a central constriction which mimics
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porins, as many have a central constriction [293–295]. The overall size of the nanopores

was determined by the number of β-strands (N) in the barrel (where N=12, 14, or

16 β strands) whilst the shape (F or HG) was determined by the sizes and positions

of the residues lining the pore. The nature of the pore-lining sidechains was varied

to yield either a hydrophobic (lined by glycine, alanine, valine or leucine residues) or

hydrophilic (lined by serine, threonine, asparagine and glutamine residues) model pore

(figure 3.6). Thus each pore design may be described by the number of β-strands in

the barrel template, the overall shape of the pore, and by specification of the rings

of sidechains lining the pore. An example of a pore, as a 2D sheet representation is

shown (figure 3.7).
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 Cylindrical       Hourglass       Funnel

A.

B.

Fig. 3.5: Theoretical pore concept shape and residue design. A. Concept of nanopore lumen
shapes to be implemented into designed pore. B. Implementation of dimensions
can acquired by using different residue R groups (shown here in beads according
to proposed R group volume).
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Hydrophobic 

Residues

Hydrophilic 

Residues

Fig. 3.6: Polar and non-polar amino acids. Amino acids which will be used impose shape
and functionality within model nanopores. Grouped on polarity and size of in-
creasing R group, with the largest at the bottom. Residue names are coloured
by polarity which will be used throughout this thesis (pink - hydrophilic, blue -
hydrophobic).
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Fig. 3.7: Theoretical β strand concept and residue placement. A 2D sheet of a model
protein pore, where each residue is shown as a circle with residue as a one letter
code. Due to the hydrogen bonding pattern (shear), residues will be staggered
in the folded form. Minor adjustments made after modelling ensures no pore
occlusion by excess tryptophan residues or glycine loops. Hydrophilic residues
coloured to polarity. N and C termini are indicated.

The overall conformational stability of these pore models was evaluated by mea-

surement of the root mean square deviation (RMSD) of both the protein and Cα

carbons from the initial pore model over the course of the atomistic MD simulation.

An example, the N=12, funnel (F), STNQNTS model shows that the overall Cα RMSD

plateaus at ca. 4 Å (figure 3.9), just a little higher than would be the case for compa-

rable simulations of native porin structures [33, 296]. The conformational fluctuations

are higher for the inter-strand loops, again as expected (figure 3.9, E.). Thus, the de

novo designed nanopores behave in a similar manner to porins in MD simulations in a
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bilayer on a ~100 ns timescale. Calculation of the pore radius profile at selected time

points during the simulation suggests that the initial model structure of the pore does

indeed “relax” to adopt a more clearly, hourglass or funnel profile shape as expected

from the initial model structure. Comparable changes in pore radius profiles have also

been seen in simulations of porins [297, 298] and confirm the importance of relaxing

initial pore models by MD simulation before evaluating them in terms of pore radius

and permeability properties.

Having established an overall methodology, I use this to explore three generations

of nanopore design. The 1st generation, as described in the next section provides an

overall exploration of pore size, shape, and hydrophobicity of the pore lining residues.

The 2nd generation models explored further refinements of the stable N=14, HG 1st

generation models. Both N=14, HG STNQNTS and N=14, HG GAVLVAG were used

as ‘host’ pores for a central ring of “guest” residues, yielding “hydrophilic-x” and

“hydrophobic-x” models respectively. This involved the replacement of the central,

constricting residues of either the hydrophobic or hydrophilic pore with the opposite

polarity residue, such as the hydrophobic leucine was introduced into the central ring

of the hydrophilic STNQNTS pore or a hydrophilic glutamine residue, was introduced

into the central ring of the otherwise hydrophobic GAVLVAG pore. In the 3rd gen-

eration of models, N=14, HG models were explored further, combining an overall

hydrophilic pore lining with 1, 2 or 3 rings of L sidechains to yield a central hydropho-

bic constriction of increasing thickness.
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Table 3.1: Table of nanopore simulations in chapter 3.

N Shape Pore lining 
rings 

Time (ns) Cα 
RMSD 

(Å) 

Minimum  
radius 

(Å) 

Mean 
water flux 

(ns-1) 

Generation 

12 F GGAAVVL 100 4.6 1.0 0.1 1st 
  SSTTNNQ 100 3.6 3.2 13 1st 
        
12 HG GAVLVAG 100 4.5 1.0 0.1 1st 
  GAVQVAG 2 x 40 5.1 1.6 3.0 2nd 
  STNQNTS 100 5.0 3.3 13 1st 
  STNFNTS 40 3.8 2.9 12 2nd 
  STNLNTS 40 5.5 3.9 18 2nd 
        
14 F GGAAVVL 2 x 100 3.7 4.9 0.2 1st 
  SSTTNNQ 100 3.5 4.5 29 1st 
        
14 HG GAVLVAG 3 x 100 4.1 4.5 0.4 1st 
  GAVQVAG 3 x 40 3.8 4.4 35 2nd 
  STNQNTS 2 x 100 3.7 4.5 32 1st 
  STNFNTS 40 4.3 4.0 26 2nd 
  STNINTS 40 3.2 5.1 34 2nd 
  STNLNTS 100 4.2 5.2 37 2nd 
  STNWNTS 40 3.4 3.2 23 2nd 
  STNYNTS 40 3.8 2.6 12 2nd 
  TNLLLNT 100 3.8 5.5 0.5 3rd 
  TNNLLNT 100 5.1 5.1 34 3rd 
  STNIINT 100 4.3 5.4 45 3rd 
  STLLLTS 2 x 100; & 

40 
4.7 5.4 0.3 3rd 

  STNLLTS 3 x 100; & 
40 

4.8 5.1 26 3rd 

  STNLLNT 3 x 100 4.1 5.2 23 3rd 
        
16 F GGAAVVL 100 4.7 6.3 80 1st 
  SSTTNNQ 100 3.9 4.8 50 1st 
        
16 HG GAVLVAG 100 4.1 4.6 55 1st 
  STNQNTS 2 x 100 4.2 6.2 64 1st 
  STNFNTS 40 4.4 6.3 63 2nd 
  STNLNTS 40 3.8 7.1 61 2nd 
  STNWNTS 40 3.4 5.2 48 2nd 
  STNYNTS 40 3.6 5.8 51 2nd 

 

*Residues are coloured as depicted before with hydrophobic residues in blue, and hydrophilic in

pink. W and Y residues are in purple.
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3.3.2 First Generation Pores

Focus will be placed on the pores based on their size, of 12, 14 or 16 β strands

and secondly, on the polarity of the residues within the lumen of the hydrophobic or

hydrophilic pores.

I first examined water flux as a proxy for ionic conductance, i.e. as a simple measure

of pore ‘openness’. This was used due to the time scales for ion conduction events,

requiring substantially longer simulation times in order to detect these rare events [61]

in conductance through proteins of the 1st generation of pore models. Stability and

cumulative water fluxes (either ’upwards’ or ’downwards’ dependent on whether the

direction of flow is measured in a positive or negative z direction) were evaluated for

these models over the course of the simulations, with water flux scaling approximately

with the cross-sectional area of the central constriction of the pore [299].

3.3.2.1 12 β Models: Stability and Conduction

These series of pores were modelled theoretically on the backbone structure of the

bacterial OMP NanC (N = 12, S = 12 ) in figure 3.8 (A). For this pore, 4 models are

built;

i 12β Funnel (F) Hydrophobic

ii 12β Hourglass (HG) Hydrophobic

iii 12β F Hydrophilic

iv 12β HG Hydrophilic

To assess the stability of the pore in the bilayer during a 100 ns AT MD simulation,

RMSD, hydrogen bonding between the main chain of the protein pore, root mean

square fluctuations (RMSF), and radii profiles are analysed from the simulation. To
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assess the (as previously mentioned) ’openness’ of the pore, water flux profiles are

calculated for water movement through the pore (see figures 3.9 and 3.10).

A.

B.
i. ii.

iii. iv.

Fig. 3.8: NanC porin and 1st generation N=12, 12β pores. A. Silver cartoon of the bacterial
porin shown, perpendicular to the membrane plane, with a β strand height of ~25
Å and including loops ~52 Å . B. Funnel and hourglass hydrophobic pores with
the same numbers as in the text. Residue colouring is consistent to polarity of
residues shown before. Model pore strand length is ~38 Å, and when including
loops is ~45 Å.
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Fig. 3.9: RMSD, backbone hydrogen count and RMSF for N=12, 12β model pores. A
and B. RMSD for both HG and F pores (pink (Q) - hydrophilic, blue (L) -
hydrophobic pore) for Cα and protein. C and D. Backbone hydrogen bond count
with consistent colours as A. and B. E and F. RMSF.
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Fig. 3.10: Radii profile and water flux measurement of N=12, 12β pores. A and B. Radii
profile of all 4 pores, with the x axis representing the z axis going through the
lumen of the pore and radius on y. Dotted line on plot at ~1.9 Å indicates the
radius of a water molecule which will be considered as the radius of a pore being
open or closed. C and D. Water flux profiles of water conduction through the
pores. Solid line indicates an upward flux, and dashed, downward.

From the previous assessments of the N=12 models, it can be noted that de novo

protein design, in the manner presented in this thesis, is a feasible method to build

and simulate nanopores. In terms of stability, all four of the pores of this size and

chemical character are stable in terms of the plateau, and also rational RMSD profile

with a maxima at ~4 - 5 Å (a exception from figure 3.9 A., is the hydrophilic hourglass
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pore which required a longer simulation time to maintain stability). The hydrogen

bond contacts within 3.5 Å of the barrel backbone (which are considered to assess the

stability of the pore, if the protein is unstable and “fall apart” one would expect a

decrease in the number of hydrogen bonds over time) are at a constant level throughout

the simulation suggesting protein backbone stability for this non-physiological pore.

Throughout all simulations, hydrophilic pores exhibit on average a higher number of

hydrogen bond contacts than their hydrophobic counterparts (which could be due to

the excessive presence hydrophobicity of residues, exhibiting partial intrinsic stability

in terms of backbone bonding). All pores show an expected RMSF profile based on

simulations of other pore and porin proteins, with high RMSF peaks depicting more

mobile loop regions of the protein.

In terms of relating stability to conduction, interestingly in the previous figure

(3.10), even though exhibiting details showing a stable pore, the 12β hydrophobic HG

and F models are both functionally closed in terms of radii (i.e. narrower than the

radius of a water molecule) and in water flux (figure 3.10 A,B and D). Therefore,

analysis of the protein structure (as in figure 3.9) alone is not sufficient to assess the

functionality of these pores, with further investigation needed. Both hydrophilic forms

of these 12β pores exhibit a water flux and are thus considered to be “open” pores in

this case.

3.3.2.2 14 β Models: Stability and Conduction

The next series of pores are modelled on the transmembrane domain of α-Hemolysin

(αHL) which has N=14 and S=14. As before, four protein models are constructed

and modelled;

i 14β F Hydrophobic

ii 14β HG Hydrophobic
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iii 14β F Hydrophilic

iv 14β HG Hydrophilic

i. ii. iii. iv.

Fig. 3.11: First generation N=14, 14β pores. Boxes show the funnel and hourglass hy-
drophobic pores with same roman numbering as shown in the text previously.
Residue colouring is consistent to polarity of residues previously.

Stability and openness of the pore is assessed in the same manner as N=12 pores,

shown in figures 3.12 and 3.13.
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Fig. 3.12: RMSD, backbone hydrogen count and RMSF for N=14, 14β model pores. A
and B. RMSD for both HG and F pores (pink (Q) - hydrophilic, blue (L) -
hydrophobic pore) for Cα and protein. C and D. Backbone hydrogen bond
count with consistent colours as A. and B. E and F. RMSF.
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Fig. 3.13: Radii profile and water flux measurement of N=14, 14β pores. A and B. Radii
profile of all 4 pores, with the x axis representing the z axis going through the
lumen of the pore and radius on y. Dotted line on plot at ~1.9 Å indicates the
radius of a water molecule which will be considered as the radius of the pore
being open or closed. C and D. Water flux profiles of water conduction through
the pores. Solid line indicates an upward flux, and dashed, downward.

Similar structural trends between these model pores and the previous pores can

be noted from the profiles in figure 3.12. Again, all four exhibit RMSD stability and

plateau during the simulation (except the hydrophobic, funnel pore) between values of

4 - 5 Å. RMSF profiles for all indicate a fluctuations in structure akin to a native porin,

and to that of the N=12 pore. Also noted are a stable number of backbone hydrogen
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bonds with a hydrophobic and hydrophilic pore trend seen previously. Precise values

are noted in table 3.2.

Pore Hydrogen Bond Count

Hydrophilic HG 233 ± 7

Hydrophilic F 227 ± 7

Hydrophobic HG 169 ± 6

Hydrophobic F 168 ± 6

Table 3.2: Hydrogen bond contacts of N=14, 14β 1st generation pores

Unlike the previous smaller model pores, this series of model pores and simulations

exhibit the initial desired structure, such as the hourglass models maintaining a central

constriction and the funnel pores maintaining their end restriction (figure 3.13). All

are shown to be functionally open pores in terms of their radii to that of a water

molecule (indicated on figure as black line, figure 3.13, A and B) which can also be seen

in simulation. To investigate the “functionally open” hydrophobic pores further, even

larger pores shall be modelled to gain insight into their stability and water conduction.

3.3.2.3 16 β Models: Stability and Conduction

Finally, simulated and modelled as part of the series of the 1st generation pores are

those modelled on the octameric protein (and also lytic) γ-Hemolysin with a S=16

and N=16. Structurally, γ-HL is identical to that of αHL, (barrel and cap domain),

however it is formed from 8 monomers rather than 7. Four models are modelled on

the TMD and shown (figure 3.14);

i 16β Funnel (F) Hydrophobic

ii 16β Hourglass (HG) Hydrophobic

iii 16β F Hydrophilic
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iv 16β HG Hydrophilic

i. ii. iii. iv.

Hydrophobic Hydrophilic

Fig. 3.14: First generation N=16, 16β pores. Boxes show the funnel and hourglass hy-
drophobic pores with same roman numbering as shown in the text previously.
Residue colouring is consistent to polarity of residues.

Stability and openness of the pore is assessed in the same manner for N=12 and

N=14 pores, shown in figures 3.15 and 3.16.

72



Designing and Simulating Nanopores

A. B.

Time (ns)

Hourglass Funnel

R
M

S
D

 (
Å

) 

C. D.

Time (ns)

Hourglass Funnel

N
u
m

b
e
r 

o
f 

H
-B

o
n
d

s

E. F.

Hourglass Funnel

R
M

S
F 

(Å
) 

Residue

Fig. 3.15: RMSD, backbone hydrogen count and RMSF for N=16, 16β model pores. A
and B. RMSD for both HG and F pores (pink (Q) - hydrophilic, blue (L) -
hydrophobic pore) for Cα and protein. C and D. Backbone hydrogen bond
count with consistent colours as A. and B. E and F. RMSF.
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Fig. 3.16: Radii profile and water flux measurement of N=16, 16β pores. A and B. Radii
profile of all 4 pores, with the x axis representing the z axis going through the
lumen of the pore and radius on y. Dotted line on plot at ~1.9 Å indicates the
radius of a water molecule which will be considered as the radius of a pore being
open or closed. C and D. Water flux profiles of water conduction through the
pores. Solid line indicates an upward flux, and dashed, downward.

Similarly to the previously modelled and simulated pores, the RMSD, RMSF, and

hydrogen bond contacts indicate that these larger model protein pores are structurally

stable. Following the trend of the smaller N=12, to the N=14 barrel, this N=16 is the

largest pore in terms of number of residue numbers and radius, therefore in comparison

to the other pores, it has a higher number of hydrogen bond contacts and follows
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the trend of having fewer contacts in the hydrophobic barrels than their hydrophilic

counterpart. As with the N=14 pores, all are functionally open in regards to the radii

(and water diameter) but differ in water flux. All N=16 pores have a considerably

higher water flux, unseen in the other models (figure 3.16). Both hydrophilic pore

models have maintained their initial desired shape, however there is more deviation

within the hourglass models. Therefore this raises a possible question regarding the

stability induced by the position of lumen facing residues and also residue polarity,

especially those hydrophobic in nature.

Overall, within the simulations of 1st generation models, an interesting charac-

teristic has arisen from this series of simulations. We can see that the N=14, HG

models form stable pores which conduct water, however they are sufficiently narrow

to be functionally sensitive (in terms of water flux) to the nature (hydrophilic vs. hy-

drophobic) of the pore lining residues (with a flux of 31.9 ns-1 and and 0.4 ns-1 for the

HG hydrophilic and HG hydrophobic pores respectively). Also, in simulation of the

1st generation pores, the hourglass pores maintained their desired initial shape more

consistently than the funnel shaped pore models, thus leading into a continuation in

pore modelling in which functionality will be ’mutated ’ into the N=14, 14-β HG pore

to switch functionality between the hydrophobic and hydrophilic pores.

3.3.3 Second Generation Pores

Switching Functionality

In the 2nd generation of models I either introduced a central ring of hydrophobic

residues into a hydrophilic HG pore (by replacement of the central glutamine ring

by a hydrophobic residue ’X’ to give the hydrophilic-x models. i.e STNQNTS to

become STNLNTS), or I incorporated a central ring of glutamine residues into the

hydrophobic HG pore, to give a hydrophobic-Q model (GAVLVAG to GAVQVAG),
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depicted in figure 3.17.

STNLNTS GAVQVAG
A. B.B.

Fig. 3.17: Second generation model pores. A. Hydrophilic hybrid pore STNLNTS (previ-
ously STNQNTS). B. Hydrophobic hybrid pore GAVLVAG (previously GAVL-
VAG). Colour of residues is consistent with previous models.

Stability and Conduction

It is instructive to compare the details of the original models with their 2nd generation

counterparts, with mutation of the central ring giving the pores a more heterogeneous

chemical lumen. These new 2nd generation pores are stable (figure 3.18), as seen with

the 1st generation models. Observation of conductance, in terms of radii is similar both
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for the hydrophobic-Q and hydrophilic-L pores, and the hydrophobic-Q model radius

is equal to its sole-hydrophobic 1st generation parent (radii, GAVQ ~4.4 Å and GAVL

~4.5 Å). Interestingly, this small change in radius from the original pore, resulted in

an ~40 fold increase in flux of water through the pore (figures 3.19 and 3.20).

R
M

S
D

 (
Å

) R
M

S
F (Å

) 

Time (ns)

Time (ns)

Residue

N
u
m

b
e
r 

o
f 

H
-B

o
n
d
s

A. B.

C.

Fig. 3.18: RMSD, RMSF, and backbone hydrogen count ofN=14, 2nd generation pores.
A. RMSD for both hybrid pores (pink hues, GAVQVAG and blue - STNLNTS
pore) for Cα and protein. B. RMSF for both model pores, same y scale as A..
C. Backbone hydrogen bond count for both pores (within 3.5 Å ), colours are
consistent with B.
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Fig. 3.19: Radii profile and water flux of N=14, 2nd generation pores. A. Radii profile
for both hybrid pores, with the x axis representing the z axis going through the
lumen of the pore and radius on y. Dotted line on the plot at ~1.9 Å indicates the
radius of water a molecule. B. Water flux profiles of water conduction through
the pores. Solid line indicates an ’upward’ flux, dashed indicates downward.

In previous observations of the 1st generation pores, I note that the water conduc-

tance of the hydrophobic GAVLVAG N=14 pore is ~0.5 ns-1 and is less than that of

the single file conductance of water (ca. 3 ns-1) in the aquaporin channel [300, 301].

Modelling and simulation of the 2nd generation pores, where leucine was replaced with

glutamine at the constriction of an otherwise hydrophobic pore, has enabled a “hy-

drophobic barrier” to be breached with a flux increase to ~35 ns-1. This change in

conductance is due to the ability of polar, hydrogen bonding sidechains to stabilise

water within a hydrophobic barrier region, demonstrated both in earlier simulation

studies of simple models of nanopores [61] and in more recent combined experimental

and computations studies of ion channels, such as the TWIK-1 potassium channel [66].

I also examined a series of hydrophilic-x models (STN-X) in which a central hy-

drophobic ring was introduced into a hydrophilic, HG pore. All of the hydrophilic-x

pores showed significant water conductance (figure 3.20 A. and C.). However, as

the size of the residue R group that forms the hydrophobic constriction ring were
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increased a reduction in water conduction was observed. It is interesting to note

that there is a greater increased conductance in the hydrophilic-W model than in the

smaller hydrophilic-Y pore, even though the tryptophan sidechain is larger than ty-

rosine. This seemed to reflect a change in conformation via rotation of the smaller Y

sidechains, which resulted in local pore deformation, thus resulting in a narrower pore

and a smaller water flux.
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Fig. 3.20: Radii profile and water flux of other N=14, 2nd generation pores. A and B. Radii
profile of both pores, STN-X in which X is a hydrophobic residue and GAV-Z
pores. x axis is the z axis going through the lumen of the pore with radii shown
on the y. C and D. Water flux profiles of water conduction through the pores.
Solid line indicates an ’upward’ flux, dashed indicates downward. GAVL line is
present along the x axis.

Based on these 2nd generation models, I have observed that the functional ‘open-

ness’ of the pores can be successfully modulated by changing the nature of the central

constriction, and that this is most sensitive when a central hydrophobic barrier is im-

plented into a hydrophilic pore. This was then explored in further detail within the

3rd generation models.
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3.3.4 Third Generation Pores

The 2nd generation hydrophilic-x (STNX) models revealed that the introduction of a

single ring of leucine residues is not sufficient to functionally close the pore, Therefore,

I will now move on to the 3rd generation L-gate models, where I will examine the effect

of increasing the thickness of the central hydrophobic constriction by introducing either

two or three rings of leucines producing STNLLNT, STNLLTS, and STLLLTS pore

models (figure 3.21) for further investigations into water flux.

STLLLTS STNLLTS STNLLNT
A. B. C.

Fig. 3.21: Third generation N=14 model pores. Shown in cartoon, with consistent residue
colours are A. STLLLTS pore, B. STNLLTS pore, and lastly, C. STNLLNT
pores. All are a hybrid model of 1st generation hydrophilic STNQNTS pore.

Each of these models has a minimum radius of ~5.5 to 6 Å (figure 3.22) and is

comparable in this aspect to values which result in hydrophobic gating (chapter 1,

introduction) of simplified models of nanopores [61], with dynamic changes in water

seen between 4 and 7 Å. Significantly, for all three models dynamic wetting/dewetting

is observed within our simulations, seen as stochastic steps in the cumulative water

flux plot (figure 3.23). Visualisation of the simulations reveals that, as anticipated,
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the dewetting occurs in the vicinity of the central rings of the hydrophobic leucine

sidechains. In terms of water conductances this ranges from ~30 ns-1 for the STNLLTS,

~6 ns-1 for the STNLLNT, to ~0.2 ns-1 for the STLLLTS pore, akin to the initial full

hydrophobic pore model and also an order of magnitude less than aquaporin water

flux [300, 301]. The amphipathic pore of aquaporin is continuously occupied by water

and so does not exhibit dewetting events. For all simulated pores, as in previous

simulations, protein pore stability was monitored during the simulation which is shown

in figure 3.24.
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Fig. 3.22: Radii profiles for N=14, 3rd generation pores. LLL denotes STLLLTS, NLL
is STNLLTS, and NLLN is the STNLLNT pore. This abbreviation is used
throughout this thesis. x axis is the z axis going through the lumen of the pore
with radii shown on the y.
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Fig. 3.23: Water flux through the N=14 3rd generation pores. Water Flux profiles of water
conduction through pores. Solid line indicates an ’upward’ flux, dashed indicates
“downward”. Colour of pores is consistent across these figures. Shown in i, ii,
and iii are simulation snapshots of stochastic dewettting, wetting and dewetting
of the NLL nanopore at 22, 46, and 63 ns intervals.
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Fig. 3.24: RMSD, RMSF, and backbone hydrogen count of the N=14, 3rd generation 14β
pores. A. RMSD for all three models (colors of models consistent as before and in
this figure) for Cα (CA) and protein. C. RMSF of all three pores. C. Backbone
hydrogen bond count.

3.3.5 Implementing Barriers into α-Hemolysin

A further extension of the hydrophobic barriers implement via a leucine ring constric-

tion is used to computationally model the motif back into the native protein, that

the pore is modelled upon (α-Hemolysin). The TM region of the protein was mu-

tated using modeller to create a triple leucine ring within the pore (figure 3.25). Six

residues were mutated on the 2β strands on each monomer (of the heptamer) to leucine

(T117L, G119L, N121L, G137L, N139L and S141L). Two other residues were mutated
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to smaller residues to emphasise the leucine band as a potential barrier (N123A and

L135A). Simulation protocol was identical to that of the model pores mentioned pre-

viously in this chapter, however the cap domain was not simulated and the protein

region was restrained using positional restraints.

Fig. 3.25: α-Hemolysin mutated transmembrane β-barrel region. Left. α-HL barrel with
residues coloured to the right hand sequence. Only inward, lumen pointing
residues are shown. Right. Residues of the barrel, residues in colour are lumen
facing. One letter code indicates membrane facing residues. Boxed are the six
residues that are mutated to leucine, with the residues in bold cyan indicating
the two residues mutated to alanine.

Within simulation, akin to the 3rd generation pores, a “3L” motif in this protein

pore was sufficient to exclude water from that pore region (figure 3.26, C.). The

introduction of the leucine ring has not decrease the constriction radius of the pore,

however has moved it further down the barrel and increased it in height (mutation
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of L135) and is within the upper cut-off of hydrophobicity affecting confined water.

Related this to flux, the αHL-LLL pore has a flux indistinguishable to the LLL 3rd

generation pore (~0.2 ns-1 for both 3L pores). For α-HL wild type (WT) the flux is ~19

ns-1, which is comparable to other nanotube simulations (single walled CNT) of 17 ns-1

[60], but is lower than other simulated α-HL fluxes (66 ns-1, [302]) in which the entire

pore was modelled. This suggest that this method of forming a hydrophobic barrier

could actually be transplanted into a WT αHL pore (provided that key mutations

would not affect the folding of the protein) therefore modulating its activity and flux

without the use of an external adaptor protein.
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Fig. 3.26: α-Hemolysin transmembrane barrel, radii profile, and water flux of WT and
LLL region. A. αHL TM region indicating leucine residues (blue) and lumen.
Numbers indicate the orientation of the protein in B. B. Radii profile of WT α-
HL and LLL model. Navy stars indicate the region in which 3 leucine mutation
is present. C. Water flux profiles of water conduction through pores represented
in B. Solid line indicates an ’upward’ flux, dashed indicates “downward”.
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3.4 Conclusion

In this chapter, I have computationally designed and simulated biomimetic protein

nanopores of a stable and conductive nature akin to the biological protein pores they

are based upon in a lipid bilayer. From these pores, I have also computationally trans-

planted a hydrophobic barrier to water and ion flux (derived from gating mechanisms

in the nicotinic acetylcholine receptor and in the bacterial MscS mechanosensitive

channel [72, 303]) into this family of nanopores. Simulated was the transplantation of

such a barrier into a biological protein pore. Thus leading to an argument that this

method is a suitable method for design of motifs for protein nanopores. The designed

nanopores mimic the template proteins in terms of overall nanopore stability in ca. 100

ns MD simulations in a simple phospholipid bilayer. Using these models, I have inves-

tigated the effect of size, shape, and of the hydrophobicity/hydrophilicty of the pore

lining residues on water flux through the nanopores (in part using water as a proxy for

ionic currents). A number of clear trends have emerged, in particular the generation of

a hydrophobic barrier (along with associated stochastic wetting/dewetting behaviour

[69, 224]) when a central constriction lined by successive rings of leucine residues is

engineered into the pore. To investigate this barrier in more detail, more analysis of

permeation free energy landscapes will be conducted in the next chapter.

Inevitably, there are methodological limitations to this study. In particular, I

have not explored for all models simulated the water model employed. With the

forcefield used, the SPC model was employed, however there are other water models

of differing polarisability which could be used [257]. It could be of interest to examine

how the use of polarisable force fields [304] for water and protein could affect the

behaviour of a conduction in these pores. Also it will be of interest to study the effect

of the aliphatic hydrogen atoms on non-polar amino acids (which are excluded in the

GROMOS forcefield used). One may also wish to question the timescale in which
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these simulations were conducted in relation to structure and conductivity. Based

on previous simulation papers, this is a widely used simulation length on which to

observe the stability of protein pores and porins. However as noted in this chapter,

the possibility of instability induced by a highly-hydrophobic pore may raise the issue

of whether 100 ns is long enough to observe protein stability. Regarding conduction,

as previously mentioned water flux is used as a proxy for ion conduction due to the

timescale and high number of simulations completed in this chapter. For these series

of proteins, ion conduction does occur with a water conduction event (however in

much lower numbers, ~1-5 per 100 ns simulation (data not shown), compared to the

~30 per 100 ns for OmpF [219]) which is consistent with time scales of ion conduction

events, thus water observation allows for a shorter simulation to observe if a pore

is conductive. Also there have been studies on the computation of transport within

nanopores which suggests that a change in the neighbour-list within the gromacs code

is needed for accurate solute translocation [305]. This was tested for a simulation

in this chapter, however the decrease in neighbour-list from 10 to 1 (as suggested)

resulted in ~10 fold increase in computation time.

Furthermore a difficultly arising from such pores simulated in this chapter would

be (in the event of synthesising the protein pore in wet lab) protein folding due firstly,

to the multiple mutations in the native protein and secondly, the introduction of a

high degree of hydrophobicity to the protein itself which is known to be a driving force

of globular protein folding [306].

It would also be of interest to explore possible sensitivity to the nature of the

lipid bilayer in which the pore is embedded. The porin group of proteins (which the

12β barrel pores are based upon) are mainly present in the outer membrane of gram

negative bacteria, which consists of an LPS bilayer (not that of the phospholipid one

simulated here) which is known to affect the gating and conduction of these porins
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[307]. Thus in further studies it may be of interest to investigate the influence of bilayer

composition. Also relating to this area is the membrane in which the industrial sponsor

uses (Oxford Nanopore Technologies) which is known to insert stable pores. However

details of such membrane composition are not in the public domain.
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Chapter 4

Free Energy Landscapes for

Permeation in Designed Pores

This chapter is based on the latter half of the following publication;

Designing a Hydrophobic Barrier within Biomimetic Nanopores. Trick et al, (2014)

ACS Nano. 8 11268-79.

”And the Haters Gonna Hate, Hate,

Hate, Hate, Hate”

Taylor Swift

4.1 Introduction

Nanofluidics, the study of the behaviour, manipulation and control of fluids within

the nanoscale has become a major field recently due to the biotechnological uses of

water manipulation via ionic and water flow for water desalination,[214, 308–311],

electronics [312, 313], analytical separation of biological molecules [314] and lab-on-a-

chip structures [315] with the use of synthetic and biological based nanopores. Based
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on the wide use of such pores and interest in water control, it is of interest to investigate

the full permeation properties of such pores created in the previous chapter.

As mentioned previously, when designing nanopores, one approach is to mimic key

features of biological nanopores to act as templates and mimics for the development of

such model pores. Throughout this thesis and in the work of others, MD simulations

play a key role in allowing us to understand the physical basis of nanopore function

and conductance. Following on form the previous chapter, here I use to use free energy

simulations do determine if transplantation of a hydrophobic ring into a biomimetic

model (3rd generation pore) is a true hydrophobic barrier (and not just an unfortunate

case of a too short a timescale of simulation).

MD simulations and free energy calculations have been used to investigated hy-

drophobicity in a number of constructs such as protein channels of pLGICs, nAChR,

GluCl, and GLIC [72, 75, 233, 316], potassium channels [66, 317, 318], also within

theoretical models and CNT [60, 319, 320] (along with the hydrophilic version, boron

nitride nanopores [91, 321, 322]). Additionally, MD simulations and free energy calcu-

lations have been used to look at ion conduction [204, 323], which would be of interest

to the model pores studied here.

In this study, I use the previously designed β-barrel nanopores (figure 4.1) that

contain a possible hydrophobic barrier based on the chemical nature and radius of

the pores (which lie within the hydrophobic transition radius). Equilibrium and non-

equilibrium MD simulations are used to explore the barrier present in the nanopores

using various molecule types. To quantify the barriers, potential of mean force (PMF)

calculations are used to reveal 1D energy landscapes of permeation. These studies

provide a detailed example of the use of MD simulation to design and evaluate sim-

ple model nanopores based on a β-barrel template, with a prospect of their further

development.

92



Free Energy Landscapes for Permeation in Designed Pores

STLLLTS STNLLTS STNLLNT

Fig. 4.1: Model Pores in which permeation will be investigated via free energy methods.
Shown in cartoon are the pores which were designed and simulated in the previous
chapter.

4.2 Methods

4.2.1 System Preparation

The hydrophobic nanopores were embedded in a self assembled DPPC bilayer using

methods from the previous section. After AT conversion, water molecules (SPC) and

counter ions were present in the system (ionic concentration of 1M). For the equilib-

rium simulations, I initially restrained the protein and the ion (with the ion being

placed in the center of the leucine band) with a force constant of 1000 kJmol-1nm-2

for 2.5 ns. After the time elapsed, the restraints were removed and the system was

simulated for another 2.5 ns. For the steered MD (SMD) simulations, the ion was

placed just above the lumen facing leucine residues of a STLLLTS nanopore (in ini-

tial simulations I tried placing the ion further above the leucine residues however all

runs were unsuccessful) at a pulling rate of 2 Å ns-1 with a spring constant of 350
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kJmol-1nm-2. For the umbrella sampling simulations the molecule was placed at the

center of mass (c.o.m) position of the protein (x and y) in the center of the pore lumen,

with the z coordinate being varied. Particles which overlapped with the molecule were

repositioned via energy minimization before simulation. Energy minimisation (steep-

est decent algorithm) was run for 5000 steps. All simulations were carried out with

GROMACS version 4.5.5 [288, 324] with the united atom GROMOS96 43a1 forcefield

[246, 247].
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4.2.2 Umbrella Sampling

A.

B.+40

-40

Fig. 4.2: Simulated molecules and pore axis for umbrella sampling. A. Molecules in which
free energy profiles will be calculated for in this chapter. From the left, Na+ ion,
Cl- ion, water molecule, methane and benzene. Images are not to scale. B. Car-
toon representation of protein with spheres (orange) indicating the PMF pathway
through the pore lumen. right - 90◦ rotation of figure with surf representation of
the surface.

The initial system for the umbrella sampling simulations were obtained from a 60

ns equilibration simulation of the nanopore model in a lipid bilayer. The reaction

coordinate was defined as the z/pore axis, ranging from ±40 Å with the bilayer and

protein centre at z = 0 Å (figure 4.2). This defined ~80 windows along the z axis,

with spacing of 1 Å between successive windows. A harmonic biasing potential was
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applied to the z coordinate of one atom of the molecule (ion and methane, main bead.

Benzene CD2 and water OW atom types) with a force constant of 1000 kJ mol-1nm-2

acting on the z coordinate only. Each window was simulated for 2 ns for both ion

and water windows, 4 ns for methane, and 10 ns for benzene. Convergence for water

and ion was analyzed by calculating the height of the central barrier as a function

of time intervals for consecutive 0.1 ns segments from each 2 ns window. Methane

convergence was calculated for every 0.5 ns, and benzene for every 1 ns. PMF profiles

were computed using the weighted histogram analysis method (WHAM) [271]. PMF

profiles were tethered and errors were calculated by the bootstrapping method.

4.3 Results and Discussion

4.3.1 Landscape of Various Molecules

As mentioned, vaying types of molecular permeation pathways have been simulated

to identify and investigate “barriers” or “energetic wells” to such, with the hypothesis

of an energetic barrier for polar molecules such as Na+, Cl- ions, water and favourable

pathways for more hydrophobic molecules such as methane and benzene through a

hydrophobic pore.

4.3.2 Types of Simulation

To analyse the permeation pathway of these molecule classes and the model pores

under conduction, equilibrium and various non-equilibrium methods are used to probe

the energetics of transport of these molecules. These being-

• Equilibrium - used in the previous chapter and continued here as equilibrium

simulations with the implementation of positional restraints on select ions and

protein.
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• Steered Molecular Dynamics (SMD) - a Na+ ion is pulled through the pore of

the STLLLTS Pore.

• Umbrella sampling - calculated a potential of mean force (PMF) profile for the

conduction of ions through the protein pore.

4.3.2.1 Equilibrium and Positional Restraints

So far, I have only measured water conductance through these model pores, considering

this as a proxy for ionic conductance. I initiated the explorations of the behaviour of

ions within the hydrophobic models by taking a dewetted state from a simulation of

e.g. the STNLLNT model, and restraining a Cl- ion in the region of the dry central

constriction. Whilst the ion was restrained in this position it resulted in persistent

wetting of the central region of the pore. However, upon removing the restraint on the

ion, the ion was quickly expelled from the central region of the pore, leading to pore

dewetting (figures 4.3 and 4.4). This suggests that the de-wetted state of the channel

in the absence of an ion is more stable, and that the pore is functionally closed.
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0 ns 2.5 ns 3 ns

Fig. 4.3: Snapshots of ion restraint within the STNLLNT nanopore. Cl- ion (shown in
dark blue sphere) within the nanopore and bilayer (DPPC phosphate particles
indicated with dashes). At 0 ns, the ion is restrained within the LL region of
the pore, within the hydrophobic gap. At 2.5 ns, the restraints upon the ion are
removed, with wetting of the hydrophobic gap and the ion. After 0.5 ns, (3 ns),
the ion is expelled from the pore and dewetting occurs.
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Fig. 4.4: Water around the ion within the STNLLNT pore during the restraint simulation.
Represented in the z position of water (light blue points) within the volume of
the pore, and restrained ion (blue). Shaded grey indicates region where restraints
were removed. Cartoon on the right shows approximate position of the protein
and bilayer (purple spheres). Dashes indicate phosphate z positions of the DPPC
lipid.

This expulsion event suggests there is a barrier present, and this observation also

argues for a more detailed analysis of the energy landscapes of permeation through

these surprisingly complex model nanopores.

4.3.2.2 Steered Molecular Dynamics

For this method, the force was applied to the (protein and) ion, which induced the

“pulling” of a sodium ion through the lumen of the hydrophobic STLLLTS pore (fig-

ure 4.5). Complementary to the restrain simulations performed previously, the ion

pathway was shown to be unfavourable. Positioning was very dependent on the ion

being directly above the LLL-hydrphobic region and within the protein pore vicinity

(if not, the ion would pass through the bilayer). A force of ~100 kj mol-1 nm-2 is ob-

served (figure 4.5, B.) between ~75 and 80 Å within the the force profile. Nevertheless
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no quantitative values can be actually obtained from such a “noisy” pull profile and

possible limitations to the method itself. The change in pull force also suggests that

there is a barrier in this region, therefore supporting the conclusion that more detailed

analysis of such pores is needed for quantification of a barrier. This detailed analysis

is performed using free energy calculations.
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Fig. 4.5: Steered MD Simulation of ion translocation through STLLLTS pore. A. cartoon
representation of STLLLTS pore in which a Na+ shown at the top of the pore
(red sphere) is pulled through the pore, direction shown by yellow arrow. B. Pull
force profile from simulation. The height of the plot corresponds to the protein
height.

4.3.3 Ions and Water Through Hydrophobic Barriers

4.3.3.1 Ions

The PMF profile for a Cl- ion (figure 4.6) through the hydrophobic pores displays

the expected behaviour based on previous simulations, of having an energetic barrier

within the pore. These values calculated are comparable to other hydrophobic regions

observed within such pores as the cationic nAChR (~26 kJ mol-1 for Na+ also ~18
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kJ mol-1 for Cl-1) [72], the small mechanosensitive channel MscS (~40 to 80 kJ mol-1

at its barrier) [303], the TWIK potassium channel (~20 kJ mol-1 for K+) [66], and a

bacterial homologue such as the GLIC channel (~83 kJ mol-1 is calculated for Na+ )

[75]. Also other free energy calculations of the linear peptide of gramicidin A (~33 kJ

mol-1 for K+) [323] show equivalent values to the calculated barrier.

The energetic barrier height observed in this chatper is also approximately equal

to those for simple model nanopores, in which a barrier of ~19 kJ mol-1 was calculated

for a cation through a model hydrophobic pore [68], 24 kJ mol-1 for Cl- transport

through a 8.5 Å radius pore [203], and also CNT in which values ranged from 96 to

12 kJ mol-1 for tubes ranging from 6.6 to 9.3 Å in diameter [94]. Based on diameter,

the corresponding CNT to this protein model would have no barrier, however is has a

differing in chemical nature and structure. Another model, based on larger dimensions

of the nuclear porin complex (32 nm diameter pore and a 10 nm bead), indicate a

barrier of ~23 kJ mol-1 based on the hydrophobic particle type which also supports

this theoretical value.

Therefore, the values calculated here for a theoretical pore constructed out of a

theoretical β-barrel protein are equivalent to other models and proteins.
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Fig. 4.6: Potential of mean force profile of a chloride ion through 3rd generation pores.
Pore models have been aliased from STLLLTS to LLL, STNLLNT to NLLN, and
STNLLTS to NLL. Plot represents the translocation pathway (on the x axis)
which in this thesis is termed z, through the nanopore with calculated energy
from that position (y). Barrier heights correspond to 46, 26 and 20 kJ mol-1 for
the LLL, NLLN, and NLL pores. Initial grey shade represents the z coordinate
of the pore, with secondary inner shading indicates the central mutated region of
the pore.

To determine firstly if the 1 Å positioning of the ion (and following molecules) is

sufficient to provide enough overlap in the 1D pathway and 2D x-y space to accurately

predict a free energy landscape, the gromacs code g_wham [325] was used to produce

a histogram of the overlap of the simulation windows of a profile (figure 4.7, A).

As can be seen, there is sufficient overlap between the histogram windows to ensure

that there is adequate sampling with the pull force applied and with the z coordinate

positioning. Also to be considered is whether the length of simulations used in each

umbrella sampling windows is sufficient to allow convergence of the free energy (figure
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4.7, B.). Convergence is observed after ca. 0.5 ns, with the PMF presented (in figure

4.6) based on data collected for the last 1.5 ns of each window.

E
n
e
rg

y
 (

kJ
 m

o
l-1

)

Time (ns)

z (Å) 
-40 -20 0 20 40

10000

20000

30000

40000

50000

C
o
u
n
t

A.

B.

Fig. 4.7: Histogram and convergence profile for STNLLTS pore. A. Histogram of the count
(how often a window falls into a specific peak) of the window overlay of chloride
ion at varying z position within each simulation. B. Plotted is the maximum
calculated free energy for incremental windows. i.e., 0 - 0.1 ns, 0.1 - 0.2 ns and
so on until 1.9 -2.0 ns (point is plotted at 0.1 increments). Shaded grey region is
the time which will be omitted from the final profile.
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Another observation into an adequate length of simulation is the movement in the

x and y plane of the solute. For windows that are too short in time scale, inadequate

sampling of the x-y space would occur, thus not giving an accurate representation of

the possible interacting groups within the structure. This is shown in the ion movement

in the x and y plane (figure 4.8) for the ion within the solvent phase (B.) and within

the protein pore (C.). For the simulation time scale used, based on the distribution

and movement of the ion within the system for both phases, ample movement for

the region is observed and gives proportional representation of movement within the

system.
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Fig. 4.8: Chloride ion movement within simulation windows for STLLLTS pore. A. The
initial set up of ion (blue dot) within the lumen of the protein (grey cartoon) in
which the z values are varied to explore the energy landscape in the pore lumen.
DPPC lipid is shown in VdW representation. Water and other ions are omitted
for clarity. Image is to scale in figures B and C in the x and y directions. B. Plot
of protein and chloride ion c.o.m movement z value for the ion of 30 Å, where the
ion is in the solvent phase of the simulation. C. Ion at z = 73 Å which is the
center of the LLL motif of the pore. D. Zoom of C. Ion and protein colours are
consistent throughout images.

It is of importance to probe the origin of the energetic barriers in the profile shown,

which may be further elucidated by calculating the solvation numbers around the ion.

This is based on the numbers of chloride ion-water contacts as a function of pore

axis position during the simulations. Radial distribution function (rdf) analysis was

conducted on both chloride and sodium ions (figure 4.9) to indicate the hydration
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shell distances within these simulations. From this, the number of waters around the

chloride ion of interest was calculated for both hydration shells (for Cl-, 4.0 and 6.3

Å and Na+, 3.1 and 5.4 Å) which will be used as distance cut-offs for chloride-water

contacts through the model pores.

Distance (Å) 

rd
f 

Fig. 4.9: Radial distribution function of water around a Cl- and Na+ ion. Profile indicates
distances between water-oxygen atom and water-hydrogen atom to the ion. Value
used in this thesis are from the water-oxygen values, with values obtained from
the base of the first and second corresponding peaks to include the entire shell.

Water contacts for chloride ion at both hydration shell distances are calculated

for all three pores (figure 4.10). It can be noted for the chloride ions first solvation

shell remains intact in translocation through the solvent and pore region. In contrast,

a significant depletion of the second solvation shell occurs as the ion passes through

the hydrophobic constriction. This suggests that the energetic barrier may reflect the

large cost of hydration of the hydrophobic constriction and also the the cost of removal

of (part of) the second hydration shell. This is noted especially for the LLL pore which

106



Free Energy Landscapes for Permeation in Designed Pores

undergoes a ’double dip’ of ion dehydration through the central region of the protein.

This has also been simulated in varying radii channel-ion systems. In this study, a Na+

ion is present most likely in the center of the pore where it can form the most complete

solvation shell [326]. Based on the radius of the proteins shown previously, (chapter 3,

figure 3.22, A.) all three of the pores have a minimum radius of ~5-6 Å which would

interact with the outer hydration shell, and directly interact and contribute to the

decrease in water. This has been noted in the study of the GLIC channel where it

is suggested that the barrier to Na+ permeation presented by the hydrophobic gate

arises largely from the cost of hydrating the pore [75]. A similar analysis has been

presented for anions passing through simple models of narrow hydrophobic nanopores

[327]. Thus, looking at the solvation through the pore can give an insight into the

gating mechanism in use.
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Fig. 4.10: Water hydration shells of a chloride ion through the 3rd generation pores. A.
LLL model pore with z coordinate on the x axis and number of waters from
calculated rdf (figure 4.9) shells on the y axis. B. NLL and C. NLLN pore.
For both, shell radii is consistent with values shown in A. Grey region in plots
represents protein region.
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A more detailed inspection of the hydrophobic region within the model nanopores

would be a free energy calculation and profile of selected 1st and 2nd generation pores.

Within equilibrium simulation, they exhibited a change in water flux through the

pore (chapter 3, figure 3.20) with mutation within only one ring of residues within the

constriction region, from a complete hydrophobic pore to one with a glutamine residue

constriction. From the free energy profile (figure 4.11), akin to the 3rd generation pores,

the GAVLVAG complete hydrophobic pore has a higher barrier ca. 60 kJ mol-1. In

contrast, the hybrid model has no significant barrier and revealed a relatively flat

permeation profile with a central minimum of ca. 2 kJ mol-1. Based on water flux I

have judged the GAVQ pore to be open (35 ns-1) whilst the GAVL pore was closed

(0.3 ns-1). This relation of water flux and PMF calculation initially supports the

assumption that calculations of water fluxes can be used as initial screen of models,

as functionally open or closed. This assumption is also supported in the water-ion

hydration shells of these model pores (figure 4.12).
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Fig. 4.11: Potential of mean force profile of Cl- through a 1st and 2nd generation pore. A.
Cartoon of the 1st and 2nd generation pores from previous chapter. B. Potential
of mean force profile of pores from A. In the legend, L denotes GAVLVAG pore
and G, GAVQVAG. Grey region indicates the pore region, with darker grey
showing the central three residues.
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Fig. 4.12: Hydration shells of a Cl- ion through selected 1st and 2nd generation pores. A.
GAVQVAG pore and B. GAVLVAG pore. For B, radius and representation is
consistent with figure A. Grey indicates protein pore region.

4.3.3.2 Water

The other important molecule to consider in terms of energetic transport from previous

findings is that of water through these pores, based on the assumption that their

transport can be related to that of ion transport. With the profiles generated for

free energy calculations (figure 4.13), as anticipated from equilibrium simulations and

Cl- ion free energy profiles, there is a clear correlation between the height of the
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central energy barrier and the rate of water transport through the pores. Akin to the

ion barriers, the water barrier and height are within the same region of the protein.

Such as the STLLLTS pore, which in equilibrium simulations exhibited a very low

conductance for water. In contrast, the two models with only a double ring of leucine

residues at the central constriction, showed higher water conductance in simulation

and had smaller free energy barriers. Comparable conductive values of water transport

through pores are noted within α-HL with a maximum calculated value of ~4 kJ mol-1

[302], the mammalian “porins” Aqp1 and GlpF have water free energy transport values

of ~4 kJ mol-1 [328].
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Fig. 4.13: Potential of mean force profile for water through 3rd generation pores. Pore
models have been aliased from STLLLTS to LLL, STNLLNT to NLLN, and
STNLLTS to NLL, with calculated barriers of 24, 15 and 9 kJ mol-1 . Plot
represents the translocation pathway (on the x axis) through the nanopore with
calculated energy (y). Grey region represents the pore, with secondary shading
to indicate the central mutated region of the pore.
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As with the Cl- free energy calculations, there is also detailed information into the

the origin of the energetic barrier within the profiles by calculating the hydration shell

solvation numbers. Rdf analysis was conducted using a water molecule (figure 4.14 A.)

within a 100 ns equilibrium simulation to estimate the distances of hydration shells.

From this, the number of water molecules around the water of interest was calculated

(4.8 Å, to encompass all molecules) and will be used for future calculations of water

shell contacts.
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Fig. 4.14: Radial distribution function (rdf) of water around a selected water molecule and
the water shell contacts through 3rd generation pores. A. Rdf profile indicates
distance between water-oxygen and water molecule (blue), water-hydrogen and
water molecule (light blue), and water-molecule and water-molecule (red line)
within a 100 ns simulation. B. Water contacts within 4.8 Å of STLLLTS (lilac),
STNLLNT (orange), and STNLLTS (green line, as denoted previously). Grey
box indicates protein region.

Akin to the second hydration shell of chloride, all three nanopore systems indicate
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a decrease in surrounding water, as the selected water molecule is moved through the

protein. This is suggestive that hydration is a critical aspect to ion conduction through

these pores as well as water flow, with the completely “dry” LLL pore having no water

molecules (apart from restrained water) within the central hydrophobic region and no

attempt of solvation as noted in the ion profiles. The rdf value is lower than that of

the radius of the pore at the most constricted region and should not interact with the

pore directly. Overall, both ion and water hydration radii suggests that the energetic

barrier may reflect largely the cost of hydration of the hydrophobic constriction (as

evidenced by the water PMF) plus the cost of removal of (part of) the second hydration

shell.

To conclude this section, a PMF profile was also calculated for a Na+ ion through

the STLLLTS pore. Comparison of the three free energy profiles for the STLLLTS

model (figure 4.15) shows those calculated for Cl- and Na+ to be broadly similar, both

with a higher and wider barrier than that for water, and with a symmetrical profile

through the symmetrical pore as estimated.
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Fig. 4.15: PMF profile of Na+, Cl-, and water through STLLLTS pore. Plot is that of
previously shown chloride and water, now including the sodium ion free energies
of 46, 24 and 41 kJ mol-1 through the pore. Representation is consistent with
previous profiles with darker grey region of the LLL residues.

The energy profiles of water and ions through these pores are encouraging as it

suggests water permeation may indeed be used as a proxy for ion permeation in design-

ing hydrophobic gates or barriers into nanopores and for other hydrophobic residue

containing membrane proteins. It is noted that the barriers are substantially higher

for ions than they are for water, seen for simple models of nanopores [68], gramicidin

A [323], and nAChR receptor [72].

Overall, the nanopore PMF profiles can be compared with those for a model (based

on a relatively low resolution structure) of the closed state of much studied nAChR

[72]. For the nAChR M2 helix bundle model, the barriers were somewhat lower barriers

than for our hydrophobic barrier nanopores, reflecting that the nAChR channel is a
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more polar pore and contains a single hydrophobic ring of leucine sidechains at the

9' position of the M2 helices, forming its central barrier. Within the related GLIC

channel, the free energy barrier to ion permeation through the pore is estimated to be

ca. 83 kJ mol-1 in the closed state and ca.17 kJ mol-1 when the channel is open [75].

These correspond to a change in radius in the pore focusing at the L9' position. The

lower value of Na+ in this in comparison to the higher GLIC value could be accounted

for by the radius at position 9'on M2 of GLIC (~1.7 Å). Also more recently, with

the publication of structures of similar pLGIC’s, more protein structures are available

for a comparison of hydrophobicity in constriction regions be it the 5HT3 receptor

and GluCl channels. Recently calculated are the barriers to permeation for chloride

through the chloride selective GluCl channel, where the closed structure barrier is

estimated at 62 kJ mol-1 and 21 kJ mol-1 when open. These correspond to a change in

pore radius at it’s L9’ position and also correspond and agreed to the values calculated

here.

The barrier difference between Na+ and Cl- has also been noted in other simulations

on hydrophobic nanopores, with calculated values of 16 and 24 kJ mol-1 for the ions,

within a hydrophobic channel (radius of 8.5 Å and a length of 10 Å) [203]. The

difference and change in barrier height has been correlated to the decrease in solvation

free energy of the ions in a bulk SPC/E water model [326], which is similar to the one

used in these simulations.

Comparison of the PMF profiles for water and for ions allows reflection on whether

we can use water permeation as a (computationally cheaper) proxy for ionic conduc-

tance, in filtering out designs based on the former. For the STLLLTS model pore, it

is evident that the energetic barriers for ions are higher than for water so a conclusion

that the pore would be functionally closed based on the water permeation alone would

be correct. This assumption has been verified in the 2nd generation hydrophobic-x
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pores.

4.3.4 Hydrophobic Transport

Lastly, I investigate the transport of hydrophobic molecules through model nanopores,

which is of relevance to biological pores that selectively transport such molecules.

Examples include the FadL porin which is known to transport long-chain fatty acids

[329, 330] and the related porin TodX, which transports toluene across the bacterial

outer membrane [331]. With biomimetic pores and the basic hydrophobic molecule

available within the force field, it was of a final interest to calculate these energies and

investigate possible favourable interactions.

Two hydrophobic molecules, methane and benzene, were used for umbrella sam-

pling windows through the STLLLTS nanopore. Within the GROMOS forcefield,

aliphatic hydrogen atoms are not included in the field, thus methane for this simula-

tion is modelled as a hydrophobic bead. Benzene is modelled with all hydrogen atoms

(figure 4.2, A.).

The free energy profile of both hydrophobic molecules are presented (figure 4.16),

in which windows from 2.5 - 4.0 ns are used for methane and 4.0 - 9.0 ns for benzene.

Profiles shown are normalised at zero (figure 4.16, A.) and also from the free energy of

hydration for both (~8 kJ mol-1 methane, -4 kJ mol-1 benzene) [332]. For comparative

values to ions and water, values corrected to zero will be considered. As initally

expected, from the chemical nature of both species and the nature of the pore, when

entering the protein hydrophobic region, free energy does decrease and to different

degrees, however the profile is not symmetrical, as seen in ion and water profiles for

this pore.
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Fig. 4.16: PMF profile of methane and benzene through the STLLLTS pore. A. Profiles of
both corrected to zero with minima of ~-12 and -25 kJ mol-1 for methane and
benzene. B. Profiles correct to the free energy of hydration for both species.
Grey region indicates the protein region, with darker shade showing LLL region.

To repeat the previously mentioned protocol, convergence is calculated from the
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simulation windows to gain an accurate representation of the free energy. The free

energy is calculated for smaller regions of the simulation (figure 4.17) in order to assess

the overall convergence of the window. Firstly, simulations for both these molecules

were extended from the ion and water simulation lenth scales to 4 ns per windows

for methane and 10 ns for benzene. Window “splitting” lead to varied profiles for

both sets of hydrophobic molecules, which can be clearly seen especially in the 9-10

ns profile (black) for the benzene profile (B.). Thus, based on the lack of convergence

of these profiles, the time scales used for these windows were not sufficient to allow

a correct profile estimate. Longer simulations need to be considered, as in the case

of free energy profiles of nucleotides through α-HL and MspA [333, 334], where 150

to 250 ns were used for each window, with a sum of 40 µs in simulation for each

nucleotide. This is not a fast, efficient method of estimating nanopore behaviour, thus

a different free energy method should be considered if these molecular translocation

pathways are to be considered in these biomimetic models.
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Fig. 4.17: Convergence PMF profiles for methane and benzene through the STLLLTS pore.
A. Methane calculated PMF profile for every 0.5 ns increments to the end of
simulation (at 4 ns). Colours and times are shown in the legend. B. Benzene
calculated PMF profile for 1 ns increments to the end of the simulation at 10 ns.

As shown previously in this chapter, an estimate of whether the simulation time

scale is adequate is by monitoring the movement of benzene within the 10 ns windows.

As noted for the ion profiles, when windows are too short in time scale, inadequate

sampling of the space would occur thus not giving an accurate representation of the
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possible interacting groups within the system. This could be the origin for the poor

convergence noted. Benzene movement within the x and y plane (figure 4.18) within

the solvent (B.) and the protein pore (C.) is shown. Based on the distribution of the

benzene movement within the system for both phases, ample movement for the region

is observed and gives an anticipated proportional representation of movement within

the system. Hence, lack of sampling in the x/y plane is not the main cause of an

unconverged profile.
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Fig. 4.18: Benzene movement within umbrella window simulations for STLLLTS pore. A.
The molecule was placed within the c.o.m of the protein (grey cartoon) in which
the z values are varied to explore the energy landscape through the protein pore.
DPPC lipid is shown in VdW representation. Water and other ions in the system
are omitted for clarity. Images are to scale in figures B and C in the x and y
directions. B. Graph of protein and benzene c.o.m movement in the simulation
in z value for the ion at 30 Å in which the ion is in the solvent phase. C. C.o.m
of benzene at z = 71 Å which is the center of the LLL motif of the pore. D.
Zoom in of C.

Even though the profiles are unexpected from initial anticipations, water shells

around both molecules were investigated to assess their behaviour and possible contri-

butions to the profiles. The rdf profiles were calculated based on 10 ns simulations of

both molecules in solvent, with hydration shell values noted and used for water-shell

counts (figure 4.19). The symmetrical decrease in the hydration shells is comparable
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to that seen with the polar molecules. However unlike the polar species, both hydra-

tion shells are affected by the protein environment, with there being no water around

either molecules within the center of the LLL region. Based on the hydrophobicity of

the solute and the chemical nature of leucine, this is an expected behaviour in this

region. However, it raises the discrepancy in relation to the water contacts and free

energy barriers for this type of molecule.
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Fig. 4.19: Radial distribution function of water around methane and benzene and hydration
shells within the STLLLTS pore. A. Rdf profile showing distance between water-
oxygen to methane or benzene in a 10 ns simulation. B. and C. Water contacts
shown within cut-off distance of the STLLLTS pore for B. Methane and C.
Benzene. Grey box indicates protein pore z coordinates, where the center of the
LLL pore is = 70 Å.
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A possible reason for the “atypical” free energy profiles noted in this section could

be down to the interactions with the protein and hydrophobic molecule. Porins which

transport hydrophobic solutes, based on the structures and proposed mechanisms, a

simple hydrophobic region is not sufficient for transport. Within FadL, diffusion of

the transported fatty acid occurs from a low binding site to a high affinity binding

site. From there, it is proposed that spontaneous conformational changes occur within

the N terminus, resulting in a release from the high binding site. With this, confor-

mational change is also expected in the hatch domain to open the channel and allow

conduction [330, 335]. In the 14β-barrel TodX, there are similarities to the STLLLTS

pore in terms of size and a continuous channel through the porin which transports

toluene. However like FadL, affinity sites are needed for specificity and further inspec-

tion into the hydrophobic channel reveals polar and hydrophobic residues lining the

pathway [331]. Thus, more specific and intricate pathways are needed for hydrophobic

transport.

In simulations where an ion is placed and restrained within the hydrophobic region,

sequential wetting of the ion occurs, allowing water into the region and providing a

buffer between the ion and the pore. Within the hydrophobic restraint windows,

presentation of benzene or methane within the region results in no hydration, thus

keeping the molecule within the dry region. The pore radius of the hydrophobic

porins is smaller than that of the STLLLTS model, thus the residues replace the void

(present here) and directly interact with the hydrophobic solute. In the simulations

presented here, structural changes occur within the nanopore which have not been

noted in these types of simulations in this chapter (figure 4.20). From the figure,

major deformation is occurring within the protein pore, as a possible compensation

to size difference, and thus changing the chemical and structural relationship between

the protein and molecule from the original protein design. Also noted is the change in
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radius from a pore in which benzene is present (figure 4.20, B. water) in the solvent

phase and within the LLL region (protein). This could explain the variation within

the free energy profiles, but also suggests based on the negative free energy that this

LLL motif could be a binding site for a hydrophobic molecule.
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Fig. 4.20: Protein deformation and radius within benzene simulation windows. A. Benzene
(grey, center of the image at 71 Å within the pore) and protein shown at 0 ns
(start of simulation) and at 10 ns (end, right hand image). B. Radii profile of
two windows mentioned in A. in which benzene is at ~30 Å (water) or in the
middle of the pore (~71 Å, in the protein shown in A).
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4.4 Conclusion

In this study, I have shown that there is a true hydrophobic barrier within the modelled

STLLLTS nanopore (and also within the first generation GAVLVAG pore). Also based

on the methods used, free energy estimates of translocation can be calculated, and

accurately predicted for ions and water molecules going through hydrophobic regions.

This therefore extends previously known studies on nanopore design and chemical

behaviour as well as the energetics of hydrophobic nanopores/hydrophobic gating and

their biomimicry.

In terms of free energy of biomimietic nanopores, the results do suggest that these

motifs are indeed transferable and, as well as being dependent on radius, are also

implemented by the height (in terms of number of rings in this case) of the hydrophobic

region, leading to an idea that there may be certain ’aspect ratios’ for such motifs.

This can aid in the progression of possible transplantation into larger pores which may

be above the ‘critical’ radius for such a motif.

The methods employed in this section may also be transferable to other possible

proteins (be it nanopore or a channel) in which hydrophobic gating could be investi-

gated, as a relatively quick way of establishing if such a gating form is present. With

the assumption that short, small spaced windows can be used to explore the free en-

ergy will in theory not allow much protein movement, shown with the free energy

calculations for the GluCl receptor [233].

Another outcome would be the use of water as a proxy for conductance of a pore.

Shown in this chapter is that high water barriers to permeation do actually correspond

to regions which are functionally closed to ions. In turn, allowing for the prediction

of conductivity from shorter simulations without sufficient ion conduction events.

However, a downfall to this section would be the inability for accurate profiling

of hydrophobic molecules through such biomimetic regions. As mentioned previously,
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this could be down to the fundamental conduction pathway for hydrophobic molecules,

which needs to be investigated more for accurate biomimicry. Another could be due to

the lack of hydrogen atoms on the leucine and hydrophobic residues which may change

and influence critical interactions. Further simulations could be used to investigate

this type of interaction and system with the use of an all-atom force field to investigate

such properties.

Umbrella sampling has been used in this chapter to investigate the free energy,

however there are other methods available to estimate free energy of translocation

through channels [336]. Umbrella sampling has been used in this case due to its

previously implementation into hydrophobicity and barriers [72], and the manipulation

of the time scale of simulation, which allowed for multiple “short” simulations to be

used to calculate free energies. However, a newer method such as metadynamics

[276, 337] could be used.

Based on the motif here, I predict (based on simulations of single file water in

simple nanopores [69, 224]) that application of a sufficient voltage across a hydrophobic

barrier would lead to voltage dependent wetting and functionally opening the pore.

This will be investigated and simulated in the next chapter.
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Chapter 5

Electrowetting of Biomimetic Pores

This chapter is based on following publication;

Electrowetting of a Hydrophobic Gate: Computational Electrophysiology of Voltage-

Gating in a Biomimetic Nanopore. Trick et al, in preparation.

”Darling I’m a nightmare dressed

like a day dream”

Taylor Swift

5.1 Introduction

Manipulation of hydrophobic gating within nanopore devices can be done with varying

techniques such as light [338], pH [339], and pressure [205]. Most interesting in terms of

utility is via voltage-gating, which was first noted in nanopores with broken symmetry

[191], and more recently with the use of hydrophobic nanopores [70]. Conically shaped

nanopores with pores ranging from of 4 to 30 nm in diameter at the narrower end and

~500 nm at the wider end are modified with (trimethylsilyl)diazomethane prepared

in 12 µm thick polyethylene terephthalate (PET). Demonstrated in their work is that
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measurements of these hydrophobic nanopores do indeed undergo a reversible wetting

and dewetting transition under applied voltage (previously only pressure was applied

to induced a change in conduction in such pores [205]).

Experimentally, the mechanism of reversible wetting and dewetting transition is

considered to be an effect of capillary condensation [340, 341], in which above a few

nm, reversible wetting and dewetting will be stalled due to a high activation barrier

for evaporation within the compartment [205, 342–347]. Nanoscale water has differ-

ing properties to that of the bulk phase, allowing for different water densities near

hydrophobic surfaces [342, 348]. This difference in water density enables spontaneous

evaporation. Reversible filling in the absence of a field has been seen in nanopores

simulated in this thesis driven by interfacial hydrogen bonding [342, 349, 350]. Filling

in an electric field can be attributed to the orientation of the water dipole under such

a field, and a change in water density in the hydrophobic regions of the nanopores,

which results in a wetting event [69, 192, 203]. It has been noted that this is thermo-

dynamically favourable for a range of nanopore diameters but may be only kinetically

realistic in a small nanopore diameter [192].

Computationally this has been simulated by Vaitheeswaran et al [224], where con-

duction events were initiated and controlled in a CNT (in a so called (6,6) CNT with

a diameter of ~10 Å) in a constant electric field. Modelled theoretical hydrophobic

nanopores with two reservoirs of unequal cations have also been shown to induce wet-

ting when the confined water undergoes strong electro-constriction [351] (which has

also been noted experimentally [352]). Changes in the radius and length in this model

gave qualitatively the same results; when the pore radius was larger than 5 Å, the pore

would always be in a wet state [64]. For smaller hydrophobic nanopores the electric

field strength that imitates water permeation is sensitive to length and pore radius,

suggestive that ion channel hydrophobicity is dependent on geometry. Further MD
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investigations have been conducted of wetting in cylindrical hydrophobic nanopores,

with more focus on the pore radius and the electric field [203]. A theoretical hydro-

carbon based nanopore, which is sufficiently wide to allow water infiltration but not

to exceed the kinetic threshold for spontaneous water expulsion (therefore remaining

filled) has also been simulated. Within this model, radius is varied to investigate wa-

ter expulsion, and also a constant electric field is applied and overall wetting occurs.

Characteristic water dipoles within the applied field and pore are noted in this model

[226].

Based on the vast previous investigations it would be of interest to probe the pos-

sibility of such mechanism in the pores created in this thesis, especially the STLLLTS

nanopore previously investigated to understand voltage induced wetting, and also

consider other nanopores with different dimensions (be it diameter and width of hy-

drophobic region). Constant electric field and computational electrophysiology (CE)

simulations are used to implement voltage within the hydrophobic nanopore models.

5.2 Methods

5.2.1 Models & Equilibrium Molecular Dynamics

Models simulated are formed from the same method as chapter 3. Cα models were

generated using idealized models for transmembrane β barrels [279] and these tem-

plates were used as inputs for MODELLER 9v9 [280]. Atomistic models of designed

pores were converted to a CG representation using procedures described previously

with a locally modified version of the MARTINI force field [353]. CG MD simulations

of 1 µs were used to position the nanopores within a bilayer, and at the end of the

simulation the system was converted back to an atomistic system using CG2AT [267].

Systems were equilibrated for 1 ns. For CE simulations, this system was duplicated
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and minimised for simulation.

5.2.2 Implementing Charge Imbalance

Charge imbalance was applied by either a constant electric field [354] or via compu-

tational electrophysiology (CE) [355].

Constant Electric Field

Due to the implication of the PBC and the mono-bilayer system where there is no

defined compartmentalisation of systems as seen experimentally and physiologically,

there is no explicit charge imbalance which would result in a potential difference across

the bilayer. Therefore, the use of a constant electric field, perpendicular to the plane

of the bilayer results in a potential difference. This is based on:

∆V ≈ |
−→
E | · Lz (5.1)

Where the change in potential difference is dependent on the field applied and the

length of the box in simulation. This drives the ions and proteins directionally (z for

the proteins in this chapter) [219, 356] and the conductions are simulated by imposing

a force on all charged atoms within the system [199, 200, 357, 358].

−→
F = qi ·

−→
E (5.2)

The force exerted on each particle depends on its charge and the strength of the

applied field. This method results in a gradient which is linear of the z axis of the

simulation box, therefore being an approximate of experimental conductions [221] and

induce ion translocation [359]. The field itself within GROMACS is assumed as a

linear field rather than a varied field based on what atoms are present in the system
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thus is a basic approximation [235].

An electric change i.e. Q1 is noted to produce an electric field in the space around

itself and the field produced, exerts a force on any charge, Q2. The strength at any

point is defined at the electrical force per unit charge experienced by a test charge at

point P.

E ≡ F/Qt (5.3)

This equation associates a vector (E) with each point in the system. Charge Qt may

affect the surrounding charges thus E is dependent on the test charge. Rearrangement

gives F = qE which in the SI units of newtons per coulomb (N C-1) which is equivalent

to volts per meter (V m-1) which is how the field is interpreted in simulation (V nm-1).

Within this chapter this will range from 0.1 to 1.5 V nm-1.

Computational Electrophysiology

To simulate voltage caused by an ion asymmetry, the vacuum-buffer [359] or the

double bilayer method [69, 360–362] with the implementation of an ion-swap method

for longer simulations [355] can be used. All are based on direct charge imbalance

from ions within the simulation system.

Used for this chapter is the a double bilayer system which has been created from a

single bilayer simulation, via the duplication and the movement (within the z plane)

of the initial pdb file. Formed is a system in which the central region (figure 5.1, C.

region α) is now enclosed to the rest of the system.

A charge imbalance is imposed to create region, α, as a cathode or anode (and

thus the β as the opposite). An example from this piece of work is that is charge

imbalance of 2 cations (779 in α , 781 in β & 780 chloride ions in each) results in a

voltage difference of 0.25 V (figure 5.2). As the system conducts and depletes an ion
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for the cation or anion reservoir, this is followed by a randomly selected water molecule

within the corresponding region being replaced with an ion to maintain the gradient

and potential throughout simulation (the CE method) [355]. Variation in initial ion

concentrations allows for variation in the potential simulated.

Within the gromacs code, and based on the theory above, the electrostatic potential

(ψ) across a system can be computed using a double integral of charge density [235].

ψ(z) − ψ(−∞) = −
∫ z

−∞
dz′

∫ z′

−∞
ρ(zn)dzn/ϵ0 (5.4)

in which, ψ (electrostatic potential), where the position of z = -∞ is far enough

from the bulk phase of the system so that the field experienced is zero. This method

allows for the effective splitting into separate contributions from lipids, ions and water.

Firstly in each slice (approximately 200 in a box), the sum of all charges is calculated.

From there, it is integrated to give the electric field within the simulation. A second

integral gives the potential.

136



Electrowetting of Biomimetic Pores

 α

β

β

A.

B. C.

ΔV

Fig. 5.1: Set up of double bilayer system used in the computational electrophysiology sim-
ulations. A. Standard bilayer system used within this thesis. B. System from A.
is duplicated, original shown with pink protein. C. System is manipulated so that
shown central region (α) has a differing ion concentration to the β region. Water
is omitted for clarity.
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z 
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) 

Potential (V)

A. B.

Fig. 5.2: Visualisation of CE voltage. A. Plot of the potential along the z axis of the
system. Grey region indicates bilayer. Blue plot is the calculated potential.
Red bars indicate voltage in both regions, with the difference (0 and 0.25) being
the potential difference. B. Corresponding system to scale, water molecules in
cyan/white and DPPC phosphate head groups in pink. Remaining lipid chains
and ions omitted for clarity.

5.2.3 System Setup & Parameters

Atomistic simulations were performed using GROMACS version 4.6.5 [363] with the

GROMOS96 43a1 forcefield [246, 247]. Long range electrostatic interactions were

treated with the Particle Mesh Ewald method [240, 241] with a short range cut off of 1

nm and a Fourier spacing of 0.12 nm. The SPC model was used for water. Simulations

were performed in the NPT ensemble with the temperature being maintained at 310 K

with a v-rescale thermostat [256] and a coupling constant of τ t = 0.1 ps. Pressure was

maintained semi-isotropically using the Parrinello-Rahman algorithm [255] at 1 bar
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coupled at τ p = 1 ps. The time step for integration was 2 fs with bonds constrained

using the LINCS algorithm [253]. Ion concentration is 1 M for all simulations, with

~400 lipids and ~44,000 water molecules simulated for constant electric field, and

~800 DPPC lipids and ~88,000 waters within the CE simulations. Simulations were

conducted for 100 ns using constant electric field and 50 ns for CE. Analysis was

conducted with GROMACS, CE implemented GROMACS, MDAnalysis [284], and

locally written code. Water flux was calculated by counting the water molecules

crossing through an x y area using the method described previously in chapter 3.

Pore radii with an error estimate from simulation was calculated within an add-on of

MDAnalysis [285]. Voltage was estimated using GROMACS code, and water count was

estimated using VMD locally written code. Molecular graphic images were produced

with visual molecular dynamics (VMD) [281].

5.3 Results & Discussion

5.3.1 Ascertaining Hydrophobic Ratios

Initial investigations into voltage induced wetting of hydrophobic nanopores requires

protein nanopores of the correct diameter and height to allow for a voltage induced

wetting event to be feasible. Based on models and designs from chapter 3, β barrels

with 16 and 18 β-strands were constructed with an increasing number of leucine rings

within the central region of the protein, to test for a pore which was closed in terms

of water flux (and also used as a measure of pore openness in this thesis). Previous

calculation of the 14β-barrel pores indicate that 3 leucine residue rings are sufficient

to omit water and cease conduction through the pore. For the 16 and 18 barrels,

cumulative water fluxes and pore radii were evaluated for these models over the course

of an equilibrium simulation (100 ns) to determine if any of the models behaved in a
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similar manner to that of the 14-3L pore (figure 5.3) with fluxes in table 5.1.

A. B.

C.

E.

D.

F.
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1L

2L

3L

3L

4-7L

7L

6L

8L

14β

16β

18β

Fig. 5.3: Water flux and radii profiles for 14, 16 & 18 x-L β pores. A,C & E. Water flux for
14, (A.), 16 (B.), & 18 (C.) β barrels. Within each, the number of central leucine
residue rings is varied from 1 ring (1L) up to 3 rings (3L). Only upward flux is
shown for clarity. B, D & F. Radius profiles for corresponding pores in A, C &
E. Colours are consistent with flux profiles. Dashed line indicates radius of water
(1.9 Å). A & B results are repeated from previous chapters for comparison.
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Pore model Flux (ns-1)

16-3L 58.9

16-4L 1.7

16-5L 0.3

16-6L 1.3

16-7L 1.1

18-6L 12.2

18-7L 43.2

18-8L 1.6

Table 5.1: Fluxes through 16β & 18β barrel hybrid pores under equilibrium simulation
conditions. Pores with the lowest flux are considered for further simulation,
larger fluxes calculated for 18β 6 & 7 L due to longer water expulsion from the
pore.

The outcome of the equilibrium simulations in comparison to the 14β pore (A & B

in figure 5.3), indicate that within the wider pores with the varied height-radius ratio

(aspect ratio), there is a “leucine cut-off” in which a hydrophobic plug and no water

flux is present. Due to lack of free energy calculations on these pores, it is unknown

if they are indeed true hydrophobic barriers or a limitation of simulation timescale.

However it is of interest to look at these models for the purpose of understanding how

voltage can overcome hydrophobicity. Functionally, all pores have a radius that is

sufficient to allow water transport but what can be observed from the fluxes in table

5.1, water flux does vary in simulation with minimal fluxes for the 16-5L model &

18-8L model noted. The 14-3L, 16-5L and 18-8L pores are investigated for voltage

induced breaking of the hydrophobic gate via simulation. Images of all three protein

pores are shown (figure 5.4).
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14-3L 16-5L 18-8L

Fig. 5.4: Model pores simulated under voltage, using a constant electric field and CE. From
investigations under equilibrium, the three pores are shown (backbone in cartoon.
Inward, lumen facing residues only shown, in VdW representation) which are
simulated. Pores are denoted by size (14, 16 or 18) and the number of leucine
’rings’ (3, 5 or 8) in this case.

5.3.2 14β Pore

Constant Electric Field Simulations

Voltage induced wetting of the hydrophobic hybrid 14-3L β barrel pore was conducted

with both voltage simulation methods. A constant electric field was used initially to

test the system with a known computational method, which has been previously used

to investigate hydrophobic barriers [203, 225, 226, 364]. Two states are detected in

the nanopore with application of a lower, and higher electric field (figure 5.5).
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Fig. 5.5: Constant electric field filling of 14-3Lβ pore. A. Dry, closed (no water within
leucine region) pore. B. Wet, open pore. Water shown as VdW spheres and
protein in cartoon with residues coloured to hydrophobic colouring scheme. Lipids
and ions omitted. States are defined visually, but also by the number of waters
within the pore. C. Plot of constant electric field voltage against the number
of waters within the pore. Voltage calculated from gromacs [363], by measuring
the voltage difference between the bilayer head groups. Water count is that of
the number of waters within the pore volume, within the leucine region. Each
point represents a separate simulation of differing constant electric field inputs.
A & B indicates regions of the plot which correspond to A. and B. from the dry
to wet transition. Curve fitted using a sigmoid function within matplotlib [286],
V1⁄2 ~0.77. Error is calculated from standard error of the mean from water count
within the pore.
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Water filling is seen within the nanopore upon application of higher constant elec-

tric fields (figure 5.5, B. and C.), therefore creating two discrete states, interpreted

as the voltage induced break of the hydrophobic barrier. Wetting is induced when a

voltage of V1⁄2 ~0.8 V is applied across the bilayer. Higher errors can be noted for

transient breaks (between 0.7 & 0.85 V) where the pore does not become water con-

ducting at the start of the simulation unlike the higher voltages, lower error values

which break within 2 ns.

5.3.2.1 Computational Electrophysiology

Within the set up of this method, an arbitrary number of ions (cation or anions), are

“swapped” from the α to the β regions (figure 5.1) to create the voltage. Initially, an

ion swap of 18 cations (1187 and 1205 within the respective regions) was simulated

to implement a voltage. This created a voltage of 1.2 V through the simulation

box (representation of a lower measured voltage in figure 5.2). Under this potential,

conduction breaks were noted in the simulation from dry non-conductive, to water

and ion conducting pores, akin to the higher voltage breaks seen with the constant

electric field.

5.3.2.2 Water

A more detailed inspection is required into the conduction breaking event of the pores

under 1.2 V, specifically the initiation of the breakage event. Within the nanopore

simulations conducted under applied field (images not shown) and within this CE

breakage, the barrier is initially broken by water entry into the hydrophobic region of

the pore (figure 5.6) rather than by a Coulombic ion event as seen in newer simulations

of a potassium channel [365]. Previously hypothesised from crystal structures, exper-

iments, and simulations [366–369] is the conduction event of water-ion-water within
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the selectivity filter of the K+ channel under a constant electric field. However, in

the newer, CE method, a direct Coulomb knock-on is obtained in which no water is

present in the ion conduction event within the selectivity filter. It would be of interest

thus to observe if changes occur in water conduction within nanopores and hydropho-

bic pores of these models with comparison to simulations of hydrophobic nanopore

models under a constant electric field [203]. The water and ion flow through the pores

can be surveyed in more detail in figure 5.7. Within these pores, water breaks the

hydrophobic barrier first, and is then followed by multiple ion conduction events.

A. B.

C.

Fig. 5.6: Water entry in the 14-3Lβ at 1.2 V. Ions and lipid omitted for clarity. Protein
shown in a surface representation. A. Pore at 0.3 ns. B. First water chain trans-
verses leucine barrier region forming a water wire (blue, middle of the pore) at
0.32 ns. C. Ordered and continued filling of the pore at 0.33 ns.
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Fig. 5.7: Water filling of 14-3Lβ pore at 1.2 V. A. Plot of the z position of a particle
(water or ion species) over time. Dashed lines indicate average z position of the
phosphate P8 atom to represent the lipid boundaries. White region until 0.3 ns
indicates unfilled leucine region shown in figure 5.6, A. B. Extension of A up to
10 ns. Colours are consistent with A.

Water entry (with and without a voltage) into the hydrophobic regions of theo-

retical nanopores and CNT’s has been studied extensively, however most studies are

based on the older, constant field method and not on a potential difference created

from ion asymmetry. Therefore, it would be of interest to verify is the same mechanism
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is also present in these protein pores. Previous simulations of water and pores focus

upon theoretical hydrophobic pores [61, 64] and CNT’s [60, 319] which both exhibit

radius/length dependent filling of the pore, and like this pore also exhibit water entry,

before ion entry into the hydrophobic region.

Water densities and ordering (figure 5.8) within the ion-induced CE voltage are

in agreement with other electro-simulation pore studies [203, 217, 370]. Within the

no-voltage conducing pores previously simulated in this thesis, no orientation is noted

within the water dipole moment, however orientation is seen within conduction events

under voltage. Orientated water is noted in OmpF and OmpC porins [371] and within

the aquaporin [328, 372] which has been studied in more detail [373–375]. The highly

charged constriction of OmpF and the half helical dipoles with the Aqp1 (aquaporin)

structure are assumed to influence the water structure within the pore. Hence in this

simulation, the simulated voltage is influencing water in a similar same manner. Fur-

thermore, there is also good agreement of the water and phosphate densities through

the system as seen in other studies [376].
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Fig. 5.8: Water ordering within 14-3Lβ pore at 1.2 V. A. Double x-axis plot of water order
(cosine of water dipole moment, navy) and phosphate density (dark red) through
the double bilayer system B. Cosine of the water dipole moment through a single
bilayer of three systems, the CE 1.2 V (navy), no-voltage equilibrium system of
conducting STNLNTS pore (L, pink), and conducting STNQNTS pore (Q, green)
from chapter 3.

Reversibility of Electrowetting

A decrease in voltage below the threshold value of opening has been shown to expel

water from hydrophobic solid state nanopores [70], computational models [226], and

closed electropores [217, 377, 378]. To validate this hypothesis with this system, the CE

element of the simulation was removed. After an ion permeation even, an ion swap

would not occur and thus deplete the voltage (previously used method to simulate

voltage [351, 377]). After a number of ion conduction events, there is a decrease in

voltage and the system should return to an equilibrium. This was conducted for 14β

pore starting at 1.2 V (figure 5.9).
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Fig. 5.9: CE system with depleted voltage from 1.2 V. A. Cartoon and VdW representation
of the first 5 ns of simulation. Ions and lipids omitted for clarity. i. System at
0 ns in which both pores are saturated with water. ii. 1 ns into simulation in
which bottom, purple pore is no longer water filled. iii. 3 ns, top yellow pore
(as well as bottom pore) are both no longer filled. B. Graphical representation of
drying. Top plot (i) corresponds to the yellow, top pore and (ii) to the purple.
Each point represents the z position of either water, chloride or sodium ion within
the indicated z plane. Black dashes indicate average DPPC phosphate position.

Within this system, a drying transition occurs for both pores within 2.5 ns of

the simulation as the voltage decreases. For the remainder of the simulation they

remain in a dry state (data not shown, simulation 50 ns in length). Ion conduction
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events occur in the direction of the chloride ions migrating to the anode region and

vice versa. Thus, in agreement with other hydrophobic pores and electroporation

studies in which without voltage, water is expelled [70, 370]. Dewetting of nanopores

is thermodynamically favourable but is only predicted to be feasible kinetically in

nanopores with a diameters of several nanometers [50, 60, 379], which this pore falls

into. It has been noted for solid state pores with a diameter greater than 20 nm that

there is no expulsion of water after water-input stimulus (be it pressure, or field) with

surface hydrophobicity restored. These pores are thought to be kinetically stalled due

to a high activation barrier for dewetting [192, 205, 342–344, 346].

Range of Voltages

With the establishment that this method is viable for simulation of hydrophobic gating

within the 14-3L pore, simulations were conducted with varying voltages, akin to the

constant electric field simulations. As anticipated, there is a similar trend to that of

the constant electric field in the transition from a dry pore to a wet pore creating two

differing pore states (figure 5.10). The voltage required for a transition between the

dry and wet pore states is higher using this method, as opposed to the constant electric

field method, with the transition voltage of V1⁄2 ~1 V. Based on the difference of the

two methods, this discrepancy is not significant as transition voltages to experimental

values are firstly highly ranged and also a factor out, which are to be discussed further

on.
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Fig. 5.10: CE simulations of the 14-3L β pore at multiple voltages. Plot of the voltage
(calculated within gromacs, [363]) with the water count. As with figure 5.5,
states are defined by number of waters within the leucine region of the pore,
with the dry pores being at the low voltages and wet at the high voltages. Curve
fitted using a sigmoid function within matplotlib [286], V1⁄2 ~0.97. Error is
calculated from standard error of the mean from water count within the pore.
Multiple points at each voltage position indicate conductive values for each of
the pores (2 pores per simulation). 1 dot indicates only one stable conductive
pore in simulation.

From the ion conduction events through the pores (figure 5.11), the current and

conductance is calculated for the open pores (table 5.2). The experimentally calculated

conductance of α-HL is 720 pS [380], which is within range of the calculated values and

relates to the size of the pore. However, variance in the protein structure under high

voltages and the small time scale used could present an inaccurate estimate. Related

conductance can be compared with the OmpF porin with a conductance of 800 pS,
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and PhoE with a conductance of 600 pS [293]. In a model nanopore of 16β based on its

size, conductance is predicted to be 480 pS [279]. All are comparable and reasonable

values to this non-biological pore.
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Fig. 5.11: Ion conductions through the 14-3L pores at 1.2 V. Shown are the difference in
ion fluxes (up flux minus down flux) for both Na+ and Cl- through both of the
conducting pores. Chloride selectivity shall be discussed later on.
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Voltage (V) Current (pA) Conductance (pS)

1.00 610 610

1.00 200 200

1.11 250 230

1.16 850 730

1.20 580 480

1.20 800 670

1.49 440 300

Table 5.2: Current and conductances of 14-3Lβ pore under varying CE voltage.

Lipid Stability

The effect of voltage on membranes has been looked at widely experimentally and

computationally using the constant electric field [354, 376, 381, 382] and basic asym-

metric ion concentrations [370] with high fields known to cause destabilisation and

electroporation [383–385].

To assess stability of the lipid membrane, densities and bilayer thicknesses are

assessed (figure 5.12). The data suggests that under higher voltages (1.49 V is the

maximum simulated), induced via the CE method, the bilayer is still stable in terms

of density, however is showing characteristic membrane thinning. This has been seen

within droplet interface bilayers (DIB) where an applied potential difference (± 100

mV) caused thinning of 0.44 Å within a DPhPC/hexadecane DIB [386] and is also

seen in simulation [378]. With longer simulations at higher voltages, electropores may

occur.
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Fig. 5.12: Lipid density and thickness of CE 14-3Lβ systems. A. DPPC density through the
simulation system at two differing voltages. Shaded grey region represents bilayer
region of the box. B. Bilayer thickness of both leaflets. Colours correspond to A.
Dashed indicates lower leaflet, calculated by plotting average phosphate distance
difference through simulation. Difference in thickness between the two bilayers
at the end of simulation is ~2 Å.

Protein Stability

To determine the stability of the biomimetic pores under the higher range of volt-

ages (previously simulation only goes up to 0.3 V [355] for PorB and 0.2 V nm-1 for

gramicidin A [220], which in simulation, both were considered stable) the structure in

terms of radius is used as a measure. In figure 5.10, it can be noted that as the volt-

age increases, the number of functional pores (white dots within the figure) decreases

from two to one in some of the cases. In simulations at lower voltages, both pores

remain in a functional state (open) however with an increase in voltage, pore closure

is observed (figure 5.13). Complete pore collapse is not seen, however a change in the
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lumen constriction results in a smaller pore and hence a decrease in water flux. This

regulation of flux is noted as a possible form of gating in the VDAC anion pore [387].
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Fig. 5.13: Radius and flux under voltage of the 14-3L pore. A. Cartoon representation and
surface of both 14-3L proteins (1 and 2) in the double bilayer CE system at 1.1
V. B. Water flux through pores 1 and 2 mentioned in A. Number corresponds
to the protein. C. Radius of proteins 1 and 2. Dashed lined indicates radius of
a water molecule.

Following from the electric field simulations and the utility of the CE method

to control voltage, the CE method will now be used as the simulation technique to

evaluate the possible wetting and dewetting events of other pores (figure 5.4, 16-5L
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and 18-8Lβ).

5.3.3 16 & 18β Pore

Water and Ion Conduction

As simulated under equilibrium conditions earlier in this chapter, both the 16-5L and

18-8L pores have the ability to expel water in simulation (100 ns). Thus, akin to

the 14β pores, they are simulated under the CE methodology to investigate whether

they indeed undergo reversible wetting and dewetting. This is conducted in the same

manner as the 14β model with water count in the pore accounting for the state of the

pore in varying voltages (figure 5.14).
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Fig. 5.14: CE simulations of the 16-5L and 18-8Lβ pores at multiple voltages. Plot of the
voltage (calculated within gromacs, [363]) with the water count (16 in squares,
18 in triangles). As with figure 5.5, states are defined by number of waters within
the leucine region of the pore, with the dry pores being at the low voltages and
wet at the high. Line fitted using matplotlib [286]. Grey region indicates voltages
that resulted in pore formation within the DPPC bilayer. Error is calculated
from standard error of the mean from water count within the pore. Multiple
points at each voltage position indicate conductive values for each of the pores
(2 pores per simulation).

Unlike the smaller, 14-3L β pore, only one dry state is present under varying

voltages for both sized models. Additional higher voltages are used to test whether

this could be the limiting aspect. Resultant from the high voltages used (indicated as

grey region in figure 5.14) is the electroporation of the bilayer and no conduction is

observed through the respective pores. This has been seen in simulations of Gramcidin

A in DMPC [220], in which electropores were formed with and without the protein at

a field strength of 0.35 V nm-1 (equivalent to ~1.4 V across the DMPC, thickness of
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~40 Å [388]).

Protein and Lipid Stability

To determine the stability of these pores under these (even) higher voltages, the radius

and RMSD is considered. From figure 5.15, in contrast to the conducting 14-3L β pore,

the protein deformation and stability are more pronounced in both these larger pores.

Deformation is apparent in the strand positioning across the pore lumen and also an

increasing RMSD for both ranges of voltage. This could be due to the field strength

or the ‘high’ hydrophobicity of the protein pore, intrinsically acting to destabilise the

barrel. The apparent instability could be accountable for the lack of a break and

hence a conduction event. However noted before, both pores are of a radius which is

conducting, even with the protein destabilisation.
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Fig. 5.15: Stability of 18-8Lβ pores under CE voltage. A. Overlay of cartoon of both bilayer
pores in simulations under 1.25 V and 3.33 V. B. RMSD of pores in figure A with
voltages and number indicating the two pores within a simulation. C. Radius of
pores. Colours correspond to figures A and B.

The increased voltages used to try to create a wetting transition in these pores can

be viewed also in terms of membrane thickness (figure 5.16). The bilayer thickness is

shown to decrease with a higher voltage, resulting in a thinner bilayer as seen before

with the conducting 14β pore, with a similar change in thickness noted between the

“low” and “high” voltage bilayers, which also occurs within these simulated models.
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Fig. 5.16: DPPC Thickness under CE voltage for 16-5Lβ pore. Bilayer thickness of both
leaflets, dashed indicates lower membrane within simulation box. Calculated
from the average phosphate P8 distances through simulation. Difference in thick-
ness between the two bilayers of ~2 Å.

As previously demonstrated, higher voltages induce electroporation events within

the bilayer. A more detailed view of this is to look at bilayer deformation in relation

to the densities of the protein and the bilayer (figure 5.17).
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Fig. 5.17: Lipid and 16-5Lβ pore density at high voltage (2.5 V). A & B. Density is of the
membrane and of the protein (yellow circle) looking down the z coordinate at
0 ns (A.) and 50 ns (B.). Electropore formation is towards the top right and
bottom right regions of B. C. Representation of electroporation of the bilayer.
Ions are shown as blue and red spheres (Cl- & Na+), water as transparent cyan
and DPPC in grey surface.

Viewed from the density and pore structure is that of a characteristic electropore

forming in the bilayer. Comparable to this are MD and electric field simulations on

the water conduction pathway through gramicidin A in a DMPC bilayer. At high field

strengths, there was the formation of electropores both near and far to that of the

protein [220]. However, the protein is shown to have stabilised the membrane close to
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it, up to distances of 20 to 30 Å from it. This could also be a form of stabilisation in

this pore, explaining why the electropore forms at the furthest distance to the protein

at the PBC.

Extensive simulation studies have been conducted showing pore formation within

constant electric fields and with the application of mechanical stress in phospholipid

bilayers [389] of which, the molecular basis is described in much detail [382, 390]. It is

suggested from many a simulation, pore formation is driven by the electric field induced

rearrangements and realignments of the water dipoles and charges at the membrane-

water interface be it their dipoles at the water-liquid/water-vapour interface into an

more energetically favourable configuration [223, 370]. The most likely candidate for

the initiation of pore formation in this case is the water and head group dipoles as

well as the enthalpy and entropic contributions at the membrane interface [391, 392].

Emphasis on the interface of the water dipole orientation and the charge density

gradients during pore initiation have shown to be a factor [377, 382, 389] therefore

provide a sequence of pore formation events that are apparent across many bilayer

systems [215, 218, 377, 382, 389].

Electropores have been simulated and formed at ~3.1 V membrane potential in

DOPC bilayers under double bilayer conditions [370], and varying minimum pore

forming values have been established for phospholipid of varying tail lengths [390].

A field of 280 mV nm-1 has been shown to induce pores in DPPC, with higher fields

(380 mV nm-1) reported for DOPC, with values corresponding to the thickness of the

bilayer. In comparison to the breaking voltages seen for the 16 and 18β pores within

this study (2.1 V break) with a bilayer thickness of between 40 to 42 Å, all values

simulated are higher than physiological recordings be it formation or pores on a black

lipid membrane (0.25 - 0.5 V) [393]. A higher voltage is considered for these types

of simulation due to the surface area under a potential. Hence for electropores to
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occur in simulation, one must either increase the simulated area or simulation time

(computationally infeasible) or by increasing transmembrane potential [383–385] which

has been used in simulations in this thesis. It has been shown that pore formation

induced at higher voltages in simulation still show the same characteristics as those

seen experimentally [382].

Experimental evidence indicates that living cells in external fields have limited

formation of conductive pores to a maximum of 1.5 V [394–396]. However, in MD all

values appear to be higher [215, 377, 382, 397, 398]. Therefore, simulation can be used

to assess the breaking point of hydrophobicity, however the breaking points may be

higher as indicated from electroporation values. This also limits the lipid scaffold to

an upper value.

DPPC breaks and forms electropores at 2.2 V [218], via a constant electric field,

and at 2.1 V within this chapter, under a CE voltage. Once initiated, the pores be-

come effectively hydrophilic, [381, 399], with phospholipid head group rearrangement

along the water pathway, in a number of nanoseconds [400, 401], which is present in

the electropores formed in the high voltage protein-lipid simulations. Ion conduction

events through the electropore have also been noted in other studies [370].

5.4 Conclusion

5.4.1 Hydrophobicity and Water

Within this chapter, it is has been shown that electrowetting of a hydrophobic gate

within a β-barrel nanopore is possible in simulation. Also based on current estimates,

a larger barrier (be it in the 16-5L and 18-8L pore models) would require a higher

membrane potential to break, which unfortunately due to the bilayer was not possible

with this set-up. Interestingly, looking at the water properties within the hydrophobic
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region here, they have similarities to other proteins with hydrophobicity under a volt-

age, for example the simulations of MscS [402]. The structure initially indicates an

open protein pore, however with similar features to that of a hydrophobic gating mech-

anism. Simulations with a constant electric field were conducted on the MscS protein

in a lipid bilayer in which current and water flow through the pore was visualized

through the channel with comparable values to experiments. No current electric field

simulations resulted in an occluded, dehydrated pore [403]. Lateral pressure applied in

simulation resulted in a higher conducting pore and thus could be used in combination

with this method to measure conductance events. Various water models and wetting

energies of the hydrophobic pores of mechanosensitive channels were conducted [404].

Hydrophobic regions have also been noted in the TWIK channel [66] and nAChR [405].

Interestingly to this study is the Cl- selectivity of the pores under voltage. This has

not been noted in other hydrophobic conducting pore studies thus selectivity remains

elusive. Within this thesis, it has been shown that the 14-3L has a similar barrier to

Cl- and Na+ (chapter 4, free energy profile) therefore it is expected to be selective for

both under a biasing potential. With further investigative simulations using varying

anions and differing water models, an insight can be given as to their effect. However

remains questionable in this thesis.

Based on these hydrophobic models it would be of interest to be able to acquire

an ‘aspect ratio’ of hydrophobic length/width for an estimate into how much voltage

is needed to break a certain degree of hydrophobicity. For example, a protein with a

certain degree of hydrophobicity or a hydrophobically modified solid state nanopore,

akin to those built in [70] it would be beneficial to predict how much of the solid

state pore is chemically modified. An initial state to this could be the breaking of the

larger pores, to establish that this method is indeed correct for these pores. This may

be conducted using a lipid with a higher voltage capacitance, as shown in the higher
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breakage points of ester and ether forms of DPhPC (2.7 V and 3.4 V in simulation)

[218] or a possible scaling down of the models.

Water ordering is a critical part of hydrophobic wetting under voltage. In hypo-

thetical models, simulations have shown intermittent filling above the critical radius,

Rc, for a model hydrophobic nanopore under equilibrium conditions. Below the ra-

dius, filling was induced (into what was a ’dry’ pore) with the application of an electric

field generated by an ionic imbalance with the simulation which is replicated in the

simulations presented here. Within the newly wetted region, the bulk water proper-

ties varied, to double of the mean calculated and a noted decrease in the dielectric

permittivity due to variations in the hydrogen bonding network in water [203]. Bulk,

dielectric and hydrogen bonding variations within the pores have not been assessed

but assuming the same breaking trend, would be expected to display similar proper-

ties. A more physical chemistry approach could be taken with such models to assess

such properties.

Field induced wetting of hydrocarbon like nanopores (separated at distances from

9 to 40 Å) also are shown to have a threshold break with the wetting pattern depen-

dent on field direction, with a field parallel to the pore axis resulting in a wetting

event (perpendicular fields resulted in no water-events through the pore region) [225].

However, fields induced perpendicular to the water surface edge enhance the evapo-

ration [406]. Direction of the electric field and the roughness of the surface results in

the directional pulling of water [407]. Thus, it may be of interest to other possible

pore models to consider the directionality of the field and thus, the possibility of an

off-center field which may enhance wetting or allow a different wetting pattern with

differing protein functionality. This has also been noted in solid state hydrophobic

nanopores, from the work noted in [408]. Hypothesised is the initial breaking factor

which wets these pores, be it a menisci overlap event due to an increase in water
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curvature at the water-vapour-hydrophobic interface or a pure electrowetting event

in which the position of the menisci migrate towards the hydrophobic region (within

a 100 nm diameter pore) [192]. For the water event here, due to the small size of

the pore it is unclear which event is allowing the water initiation. This may be more

clearly shown in larger pores if simulation conditions can be formed to allow such an

event.

Within a CNT pore model, a 8.1 Å diameter (6,6) CNT is shown to fill under an

electric field [224], akin to the 14β pore in this study with its larger diameter. Energy

of transfer depends on the water-tube interaction potential, Hence, the potential of a

water-hydrophobic amino acid may be of a consideration to the cost of wetting and

transfer to this system. Also under an applied electric field, the liquid to pore-liquid

(‘ice’ due to its ordered hydrogen bonding) transition has been simulated. Seen in the

lumen of (7,7), 9.3 Å diameter and (10,10) > 1.1 Å diameter CNTs, with an increase

the lifetime of the hydrogen bonds within the larger pores. This may indicate the

initial equilibrium de-wetting events in which the larger pores, resulting in a slower

de-wetting transition [364]. This is also seen in equilibrium systems in this chapter

(figure 5.3 for the 16 and 18 models which displayed slower initial dewetting). Within

the applied field, water dipoles are shown to direct themselves in a parallel direction to

the pore which is observed in the electropores from this chapter. Also from simulation,

ion dependence is analysed in a CNT model with an applied field simulation with

varying ionic concentration. This results in no change of the water initiation within

the CNT [409]. As a result, the ionic concentration used in these simulations would

not affect the water initiation events, which have also been simulated and analysed

in the applied field method of the work in this chapter, with no change in the water

initiation event. However, noted in [410], varying salt concentrations were used for

transport through modified solid state hydrophobic nanopores. Different gating was
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noted with differing ion concentration.

Water entry into certain CNT’s is shown to be thermodynamically favourable.

The free energy decreases in a filled nanopore state to an unfilled one [411, 412]. The

driving force changes with a diameter change within the nanopore. Filling is shown to

be entropically driven in a small diameter tube due to the increase in transitions and

rotations of the water within the confined pore compared to that of the bulk water.

Also hydrogen bonding in the larger diameter CNT’s impose a favourable enthalpic

contributions to the system due to a rigid hydrogen bonding network within the pore

lumen which may be transferable to the energetics of water entry into the model pores

in this thesis. Such studies may be conducted with the pores created in this thesis.

Water confined in hydrophilic ‘SCNT’s’ (silicon carbide nanotubes) show the same

filling trend to that of the hydrophobic form. Water molecules within SCNT’s have

structures and properties that resemble those in the hydrophobic single-walled carbon

nanotube since both are controlled by the confinement and geometry allowed within

the lumen of the pore [413]. Hence it may be expanded that the filling events noted

in these nanotubes, solid state models and the protein models in this thesis may all

be consequently analysed and theorised based on a geometry-confinement assumption

as well as chemical character.

Shape is also an important factor when considering water translocation, as shown

within the various shaped pores within this thesis, the theorised hourglass shape of

aquaporins [373] and water flow rates within CNT is varied by the shape of the sys-

tem and the field applied to the system [414]. Also functionality, with functionalised

CNT’s and graphene sheets [415] and also more complicated CNT junction shapes

[416] and modelled charge regions within a CNT [417] may be of interest in further

voltage simulations under this method to establish a correct water-entry route and

conductivity through the pores.
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5.4.2 Bilayers

The mechanism of biological membrane electroporation was first hypothesised for lipid

bilayers in 1979 [381], with varying simulation methods used to model the breakdown

of the bilayer itself. With lipid bilayers, a constant field method has been shown

computationally to accurately study bilayers and pore initiation events [354]. Com-

partmentalised ion simulations have also been performed [370], however not with the

ion-swap method used in this chapter, thus longer timescale simulations can be pro-

duced with the depletion of voltage. Physiologically, it is known that electroporation

can also occur in a bilayer, when a cell is exposed to a long electrical pulse (ms) or

a low AC signal (Hz to kHz) In this case, the energy is dissipated to the membrane,

which has a capacity for charging [418]. Once capacitance is reached, the energy is

dissipated in the formation of pores. Thus, in the double bilayers under low voltage

in this chapter, we may see electropores in simulation but we would have to simulate

for very long computational time scales, which is not feasible at this moment in time.

Therefore, higher voltages have been used in this, and many other studies to observe

such defects.

Again, akin to the hydrophobic pores under voltage, water in the newly formed

electropores in this, and other findings are found to be orientated to the voltage (data

not shown) [378, 390]. Previous simulations have shown that the pore is unstable if

the field is returned to zero before the walls of the pore are fully assembled by head

group reorientation, therefore a simulation of sufficient length is needed. This control

was not conducted with the electropores formed in this chapter, however it may be of

interest to conduct in the future under this method and with varying lipid head and

tail groups.

Simulations with voltage have also been conducted on asymmetric bilayer systems

[391, 392]. In an asymmetric bilayer, the water dipole orientation is reinforced at the
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more positive side of the membrane (POPS and POPC compositions), thus directional

pores are formed depending on the lipid composition. In an asymmetryic DOPS:DOPC

bilayer, it was noted to break at an applied field of -450 mV nm-1 (which regarding

bilayer thickness corresponds to ~-3.4 V through the membrane) [419] which is higher

than the values calculated in this thesis and is lipid-side dependent [420]. This may

be of interest if trying to simulate voltage dependent proteins under asymmetric lipid

compositions.

More to note for this system are previous simulations on the theory of electropo-

ration under a high voltage [378], where membrane thinning under voltage occurs (as

seen previously with the non-conducting pores under a high voltage). Again noted,

this is due to the Maxwell stress generated (which occurs at two surfaces who have

differing dielectrics). This event has been noted in membrane thinning by [421, 422]

and also in membrane rupture [423, 424]. Based on the new DIB method [386], this

could be investigated with such hydrophobic proteins using this manner which can be

used to measure membrane thinning as well as a change in bilayer thickness under

voltage.

Another aspect to the water-hydrophobic region transition is to note the electropo-

ration with POPC and water-vacuum-water systems in simulation. At higher induced

voltages, water bridges were noted through the vacuum and the bilayer. The water

bridges had dipoles parallel to the field [222], which raises the possibility within the

models of this thesis that induced voltage levels and water filling may be an issue of

timescale within simulation. Thus, it may be of interest to conduct a long-low voltage

simulation to check this aspect.

A direct comparison between MD and experiments may not be valid for this system.

PME is used in this thesis, but is known to introduce artifacts (faster than direct

calculation) in the charge profile and sensitive to the system length perpendicular
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to the bilayer plane [425]. Therefore within the voltage and applied fields, precise

electrostatic contributions may generate errors in potentials therefore exact values

cannot be extrapolated. Another MD limitation is the water model used within these

voltage simulations. Based on the various water models [257] and the influence on

water dipoles on membrane and within hydrophobic regions, it would be of interest

to compare such models. The basic SPC water model was used here and it would be

of interest to also use a model which presents a lone pair electron charge, such as the

TIP4P model [259]. However, it has been shown that the water model used did not

affect the evaporation of water under a field [406] therefore changes (if any) may be

slight.
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Chapter 6

Conformational States of a Ligand

Gated Ion Channel

This chapter is based on the the following publication;

Conformational State of the Ligand Gated Serotonin Receptor, A Simulation Study.

Trick et al, in preparation.

”Got a long list of Starbucks

Lovers”

Taylor Swift

6.1 Introduction

The Cys-loop receptor family of pentameric ligand-gated ion channels (pLGIC) have

been resolved to multiple structures in recent years. The charge selectivity of pLGIC’s

is determined by the selectivity filter [426]. The constriction within the homology

model of GlyR (based on nAChR) [427], GABAA, GABAC [428], and GluCl channels

[54] suggest that the transmembrane (TM) selectivity filter contributes to the conduc-

tion of the pore. However it is thought that the charge near the intracellular entrance
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is also critical for selectivity [429].

Recently the x-ray crystal structure of another cys-loop cation selective pLGIC,

the serotonin-gated 5-hydroxytryptamine type 3 (5-HT3A) receptor has been solved

[430], whose conformational state is in question (figure 6.1).

A. B.

C.

Extra-
cellular 
domain

Trans-
membrane
domain

Intracellular
domain

Fig. 6.1: Cartoon representation of the 5-HT3 receptor, (pdb: 4PRIR). A. Full receptor,
transmembrane domain indicated with dashed yellow lines and orientation indi-
cated. B. Top down view of A. C. Top down view of transmembrane region.
Opaque, central helices indicate pore lining M2 helices. Protein is coloured ac-
cording to chain.

Before the crystal structure was solved, it was known via experimental data and

homology models that the central gate in the pore of the 5-HT3 involves the M2
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region, discovered to be the pore lining pathway [431]. However, without a definitive

structure at that moment in time, the position of the gate was in debate. Scanning

cysteine accessibility method (SCAM) has been used extensively to determine the

helical nature of the TMD. Within the open state 13 positions were modified, however

only 3 positions were modified in the closed state, with the pattern of modification

consistent with an α helix [432]. This method has also given an indication into which

residues are pore facing (V291, L293, L287 and S280) for validation of homology

models [433]. Pre-crystal structure homology-models estimated the F loop to be the

key serotonin binding site with a total of 6 loops known to be involved in binding (A

to F). Mutations in these loops results in the assumption that lateral movement is

involved in the transduction of signal from agonist binding [434]. A summary of pre-

crystal structure data is concluded in a recent minireview [435]. With the structure

now available these elements can be studied more accurately and precisely.

The 5-HT3 is homologous in structure to other pLGIC (unlike the G protein coupled

receptor, 5-HT) however the conduction state of the pore cannot be concluded entirely

from the structure. It was crystallised in complex with an inhibitor, which is expected

to stabilise a non-conducting form of the channel, therefore it is expected to be a closed,

or possibly a desensitised state. The dimensions of the constrictions are between those

of an open and closed channel [436]. The M2 helices are similar to those seen in the

GLIC and GluCl (open) structures, however they differ from previously seen closed

forms of the many structures of GLIC and ELIC. The M2 helices and dimensions of

5-HT3A are shown in figure 6.2.
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Fig. 6.2: M2 helices of 5-HT3 receptor. A. Top down view of M2. Inward, pore facing
residues are shown in stick form. B. Profile of 2/5 M2 helices with sphere repre-
sentation of cavity, inward pointing residues are indicated again in VdW form and
labelled to one letter code. C. Radius calculation of pore region from the crystal
structure. Image to scale and corresponding to residue positions of B.

Based on the nature of other pLGIC’s gating and the residues in the M2 helix, it

is thought that there could possibly be a hydrophobic gating mechanism in the TMD

of the 5-HT3 channel, thus being of relevance to this thesis and also the conductive

state itself. The structure shows a key leucine residues (L9') within the M2 helices,

174



Conformational States of a Ligand Gated Ion Channel

seen in other pLGIC [48, 54, 437] which are known to be hydrophobically gated (and

a radius of ~2-3 Å which is known from previous hydrophobic cut-off values to be of

interest).

Simulations of pLGIC’s

Many simulations have been conducted on ion channels [438] and for this family of

pLGIC’s. Ion permeation has been simulated for nAChR which demonstrated a lower

water density within the channel pore [72]. Simulations of the closed ELIC structure

show there is complete dehydration in the pore, from the center to the extracellular

side in the simulation [74], with the gate position closure point for the homologous

GLIC at the L9' region [48, 426, 428, 439]. This L9' residue is also present in this

5-HT3 structure (L260). Dehydration events around the L9' have also been simualted

in GlyR, GLIC and GluCl [440–442].

MD utilising Brownian Dynamics (BD) have been used to calculate barrier heights

for Cl- and Na+ through the GLIC channel [228]. BD and hybrid MD/continuum elec-

trostatics were used to calculate ion energies and barriers through the anion conducting

GluCl. Most recently, Yoluk et. al. have simulated three different conformations of

GluCl via umbrella sampling [233]. “Multiscale” simulations have also been conducted

by Zhu et al [316] on GLIC where MD and a mixed elastic network model (ENM) were

applied to the protein to induce a conformational change. Movement induced helical

tilting and an iris like movement were accompanied by a drying transition. Multiple

simulation studies have also noted that simulation of the open, GLIC protein resulted

in spontaneous closing of the channel [316, 443, 444] and a change in the M2 helical

tilt angle [54, 443].

Thus, MD can be used to look at permeation, gating and conductive states of

many pLGICs. However, it is still computationally demanding to study the entire
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channel when it is noted that the main gate is indeed in the the pore lining L9'

position. Therefore the smaller M2 helical construct (figure 6.2) can be used with

“short” umbrella sampling windows and free energy calculations could be used to look

at the possible conductive state of the 5-HT3 receptor by utilising previous methods

used in this thesis (umbrella sampling) and adapted equilibrium simulations to deduce

if this is a functionally closed or open form of the 5-HT3 channel.

6.2 Methods

6.2.1 System Preparation

The transmembrane M2 helices were embedded in a self assembled lipid bilayer (POPC)

in a CG martini representation [260]. After AT conversion [267], water molecules

(~25,000 TIP4P [259]), the protein, lipids (~320), and counter ions were present in the

system (ionic concentration of 0.15 M). For the umbrella sampling windows, either

ion or a water molecule were placed at their respective positions. Water molecules

or ions which overlapped with the molecule of interest were repositioned by energy

minimization before simulation. Energy minimisation was run for 5000 steps. All

simulations were carried out with GROMACS version 4.5.5 [288, 324] with the OPLS

United-Atom forcefield [445].

Equilibrium simulations were conducted with long range electrostatic interactions

treated with the Particle Mesh Ewald method [240] with a short range cut off of 1 nm,

and a Fourier spacing of 0.12 nm. Simulations were performed in the NPT ensemble

with the temperature being maintained at 310 K with a v-rescale thermostat [256] and

a coupling constant of τ t = 0.1 ps. Pressure was maintained semi-isotropically using

the Parrinello-Rahman algorithm [446] at 1 bar coupled at τ p = 1 ps. The time step for

integration was 2 fs with bonds constrained using the LINCS algorithm [253]. Analysis
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was conducted with GROMACS routines, MDAnalysis [284], and locally written code.

Water flux was calculated by counting water molecules crossing through an xy plane

centred on the protein within a 20 Å diameter shell from this centre. Water fluxes

were evaluated over the full length of the simulations. Molecular graphic images were

produced with visual molecular dynamics (VMD) [281] and PyMOL [282].

For the equilibrium MD Gaussian network model (GNM) simulations, an elastic

mass-and-spring network are added [447] to all the Cα residues between 7-9 Å within

the structure. The distance was chosen based on Cα distances, any shorter and they

would not connect, and any longer the connections were made across the pore to

opposite helices. The spring had a force constant of 1000 kJ mol-1 nm-2. Simulations

were run with the same set up as previous equilibrium MD simulations in this thesis

for up to 500 ns.

6.2.2 Umbrella Sampling

The starting system for the umbrella sampling was obtained from an energy minimised

structure mentioned previously. The x and y coordinates for positioning were deter-

mined based on the center of mass of the channel. Visual analysis confirmed this was

the center of the pore. The z axis coordinate for water was based on the position of

the oxygen of the molecule (figure 6.3).

The reaction coordinate was defined as the z-axis, ranging from ~±40 Å with the

bilayer centre at z = 0 Å This was used to define ~80 windows along the z axis, with a

distance of 1 Å between successive windows. A harmonic biasing potential was applied

to the z coordinate of one atom of the molecule with a force constant of 1000 kJ mol-1

nm-2 acting on the z coordinate only. Each window was simulated for 2 ns (5-HT3)

or 4 ns (GluCl), completely unrestrained (no position or distance restraints) with no

external networks applied on the protein. Convergence was analysed by calculated
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height of the central barrier as function of time intervals for consecutive 0.1 or 0.2

ns segments extracts from each window. PMFs were computed using the weighted

histogram analysis method (WHAM). PMF profiles were tethered and errors were

calculated by the bootstrapping method within the Grossfield wham script [448].

~ -20  Å

~ 20  Å

Intracellular

Extracellular

Fig. 6.3: PMF windows setup through M2 helices. Windows are calculated at every 1 Å
through the pore lumen. x and y values are chosen from the c.o.m of the protein.
Approximate pathway indicated by yellow line. Protein shown in POPC bilayer.
Intracellular protein region corresponds to ~-20 Å in this image and following
profiles.
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6.3 Results and Discussion

6.4 5-HT3 Serotonin Receptor

Free energy profiles for chloride, sodium and water pathway through the M2 helix

bundle were constructed (figure 6.4).
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Fig. 6.4: Potential of mean force profile of ions and water through 5-HT3 M2 helices. Plot
represents the translocation pathway (on the x axis) through the helices with
calculated energy from that position (y). Grey shade represents the z co-ordinate
of the pore, with secondary vertical lines indicate approximate position of inward
pointing residues (shown in one letter code). Intracellular region corresponds to
the negative z region of the plot, with the extracellular on the right, positive hand
side. Bootstrapping is used to calculate error.
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As the profile shows, a high energy barrier to translocation is noted through the

pore lumen. A barrier of ~72 and 61 kJ mol-1 are noted for Na+ and Cl- ions and 16 kJ

mol-1 for water. These correspond to other PMF values for related pLGIC’s previously

simulated. Such as the ELIC structure [75], Na+ permeation was calculated at ~83 kJ

mol-1 with a barrier at the L9' position. Other studies for the open GLIC structure

resulted in much lower values of 12.5 kJ mol-1 for Na+ [228] (and 17 kJ mol-1 for Na+

[229]) and with other values of 46 kJ mol-1 for Cl- (barrier not at L9' but E-2' position

within the pore) [449]. The structure of nAChR was assumed to be closed based on the

free energy of translocation of sodium through the structure [72], in which a barrier

of 25 kJ mol-1 is calculated at L9' and of 37 kJ mol-1 by others [450].

More recently, a PMF of chloride translocation through a closed MD structure of

the GluCl channel had a barrier of 62 kJ mol-1 [233]. Thus, based on the varying

values of free energy in both closed and open forms of the pLGIC’s indicate that it

is in a closed form, and with the position of the barrier, indicate it could also be

hydrophobically gated.

Firstly to interpret these profiles and determine again, if the proposed 1 Å posi-

tioning of the ion and water provides enough coverage in the 3D space to accurately

predict a free energy landscape for this channel, the gromacs code g_wham [325] was

used to produce a histogram of the overlap of the windows in all the simulations (figure

6.5, A). From the histogram, there is sufficient overlap between the histogram windows

to ensure that there is adequate sampling with the pull force applied and with the

z coordinate positioning. Also to be considered is the aspect of convergence, which

needs to be checked to see if it is adequate for the length of simulations to be used

in the calculation. In the figure (6.5, B), the convergence is considered after ca. 0.5

ns (where the maximum barrier calculated is no longer variable) of which, the PMF

presented on the 5-HT3 channel are based.
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Fig. 6.5: Histogram and convergence profile for M2 helices of the 5-HT3 channel. A. His-
togram of window overlay of Na+ ion positions within simulations. B. Plotted
is the maximum calculated free energy for incremental windows. i.e., 0 - 0.1 ns,
0.1 - 0.2 ns and so on until 1.9 -2.0 ns (point is plotted at 0.05 increments) for a
sodium ion. Shaded grey region is the time which will be omitted from the final
shown profile.

To further validate the free energy calculations, and to assess whether the windows
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are of an adequate length is the movement in the x and y plane of the ion or water

molecule. This is shown by the ion movement in the x and y plane (and protein,

figure 6.6) within the solvent phase of the simulation (B.) and within the L9' region

of the alpha helical channel (C.). For the simulation time length used, based on

the distribution of the ion within the system for both phases, ample movement for

the region is observed in both phases, and is to be assumed gives a proportional

representation of movement within this system.
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Fig. 6.6: Sodium ion movement within PMF windows for 5-HT3 M2 Region. A. Set up of
ion (pink dot) within the c.o.m of the protein (chain coloured cartoon) in which
the z values are varied to explore energy landscape in the pore lumen. POPC
lipid is shown in VdW. Water and other ions are omitted for clarity. Image is
to scale in figures B and C in the x and y directions. B. Graph of protein and
sodium ion c.o.m movement in the simulation for a z value for the ion of 23 Å
where the ion is in the solvent phase of the simulation. C. C.o.m of ion in z = 58
Å which corresponds to the 9' leucine within the pore.

Hydration shells for Na+, Cl- and water transversal through the pores has also
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been calculated for the M2 channel based on rdf cut-offs from a previous chapter

(figure 4.9, chapter 4). It can be noted for both Na+ and Cl-, the first solvation shell

remains intact through translocation through the solvent and M2 helix. In contrast,

depletion of the second solvation shell occurs as the ion passes through the channel,

for all molecules, with a minima near 0 Å, which corresponds to the L9'(figure 6.7).

As seen in other hydrophobic gated LGIC’s such as GLIC where it is suggested the

barrier to the hydrophobic region is present due to the cost of dehydration, and the

barrier to Na+ is due to the dehydration cost imposed by the region [327], the higher

barrier observed for the hydrophobic pores modelled in this thesis may reflect firstly

the large cost of hydration of the hydrophobic constriction and also the cost of removal

of (part of) the second hydration shell. Again, this reinforces the views that looking

at solvation through protein pores can give an insight into their gating mechanism as

suggested in this thesis through hydrophobic β-barrels.
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Fig. 6.7: Hydration shells for water and ions through M2 region. A. Number of water
contacts around a sodium ion with z pathway on the x axis and number of waters
within previously calculated rdf (figure 4.9, chapter 4) shells on the y axis. B.
Chloride and C. Water contacts. For all, calculated radii is indicated. L9' is at
~-1 Å. Graph indicates from the intracellular (negative z region) to extracellular
(positive z) regions.
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Open or Closed?

Based on the free energy calculations conducted here, and comparison to other free

energy studies of cys-loop pLGIC’s, the free energy profiles, the radius of the channel

and the positions of the energy barriers indicate that this structure is closed in terms

of ion translocation, and may be hydrophobically gated like other pLGICs. However,

based on the radius of the pore and the barrier height calculated for water within the

channel, it is possible that water is conductive through the pore. To look at this more,

equilibrium simulations are conducted with the introduction of an adaptation of an

elastic network model which has been used in previous pLGIC simulations.

6.4.1 Equlibrium MD and GNM

The application of an ENM (elastic network model) has been shown in previous MD

simulation studies to improve channel stability, in an open or closed form [436, 442].

Therefore, to look at the MD conducting state of the pore via water and ion translo-

cations, both a standard protein restraint (positional) and a Gaussian version of an

elastic network model (termed GNM, figure 6.8) is used for comparison.
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Fig. 6.8: GNM model of 5-HT3 receptor M2 helices. Top view cartoon representation of M2
helices (coloured by chain) with harmonic springs indicated between the helices
by lines, connections shown within 7 to 9 Å.

Within the 100 ns positional restraint simulation and the longer, 500 ns GNM sim-

ulation of the M2 helices, the radii and water flux were used to evaluate the conductive

state of the helices (figure 6.9).
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Fig. 6.9: Radius and water plot of 5-HT3 M2 helices under GNM and positional restraints.
A. Radius profile of M2 for GNM, positional restraints (REST) and the crystal
structure. 0 Å indicates 9' leucine. B. Water molecules through the M2 helices un-
der the GNM. Dashed lines indicate average phosphate headgroup position. Light
blue spheres indicate water, with darker lines being individual waters through. z
region shown corresponds to the protein position. White indicates a dry, L9'
region at ~53 Å. 30 Å indicates the intracellular end of the protein.

With the application of a Gaussian network connecting the helices, more flexibility

occurs towards the ends of the pore, noted in the shaded range of radii in simulation

(figure 6.9. A), unlike the positional restrained pore. However, even with the two

different restraint applications, at the 0 Å position (corresponding to the L9') remains
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the minimum radius for both simulations and near to that of the crystal structure

value. Based on the radius of the GNM (~2.0 Å), this suggests and supports the

assumption from the free energy profiles that this is the hydrophobic gate within this

protein.

In simulation, no ion flow is noted through either of the pores. This may be a

problem of inadequate timescale for the restrained form, however based on the GNM

having the same minima (and simulated for 500 ns), this is suggestive that an increase

in time of the simulation would not result in an ion conduction event. Water flux is

noted through each of the pores (~0.1 ns-1) and is comparable to that of the closed,

14-3L β barrel pore simulated in chapter 3. Therefore, supporting the assumption

that the structure is in a closed conformation. The small water events noted could

be due to the structure not being in a fully closed conformation, or the protein is

partially water conductive in its closed state. Another possibility is that by using the

M2 helices only introduces either side to the bulk and this is not physiological for this

channel. The extracellular and intracellular domains disrupt the bulk water near the

pore, thus they may not be even water accessible. However, even with no water or ion

conduction and the high energy barriers calculated, it is suggestive that this channel is

closed. A sufficient test for such a barrier would be the simulation under CE voltage,

seen within chapter 5. Theoretically, this would take ~10 days to simulate and would

give a firmer assumption to the channel state (and also an indication on the breaking

voltage of such a motif).

6.5 GluCl - Glutamate Gated Chloride Channel

To test the methodology that short, small umbrella sampling windows on the M2 he-

lices of this class of ion channels can give an accurate representation of the free energy

landscape, simulations were run with two, molecule modulated states of the glutamate-
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gated chloride receptor (GluCl). Agonist or antagonist bound crystal structures are

common in the production of an open or closed crystal structure, thus it would be of

interest if the removal of such a molecule (and not the characterisation, parametrisa-

tion and docking which would be time consuming in comparison) and the use of short

simulation windows would an accurate representation of the conductive state of the

channel. Simulated here are the partial agonist bound, potentially open ivermectin

structure (pdb: 3RHW, [54]) and the allosterically modulated POPC bound channel

(pdb: 4TNW, [55]) whose state is in question. A summary of both is in table 6.1.

PDB ID Ligand r(L9’) Å State

3RHW Ivermectin 3.6 open

4TNW POPC 2.1 ?

Table 6.1: Summary of GluCl channels simulated.

The 3RHW structure is thought to be in a partially open state based on the pore

radius (open at L9' with minimum of 2.3 Å at the -2', Pro234). Ivermectin is a known

partial agonist and comparison to the apo, closed form [54] there is a M2 tilt ~8 ◦ away

and increased radius at L9'. The 4TNW structure is of more interest as it is thought

to be an allosterically modulated form between the open and closed states due to the

bound POPC, which is also in the same site as ivermectin. The pore is ’straighter’ in

comparison to 3RHW, and reported to be wider than that of the closed form.

Between 3RHW and 4TNW, there is a large relative movement seen in the ex-

tracellular and the transmembrane domain and a helical tilt of 8.7◦ (in 4TNW, from

3RHW). M2 helices and initial radius of both structures are shown (figure 6.10).
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Fig. 6.10: M2 helices of GluCl receptor and radii A. and B. (A. pdb 3RHW, Ivermectin, B.
4TNW, POPC) Profiles of 2/5 M2 helices shown for clarity. colour of each will
be consistent throughout this chapter. For both, inward, pore facing residues
are shown in VdW spheres with corresponding one letter code. C. Radius cal-
culation of pore region from the crystal structures. Image to scale, colour, and
corresponds to residues positions in A. and B. Arrow indicates L9' positions with
a difference of 1.5 Å between the helices.

Using the same simulation technique as the 5-HT3 receptor, free energy profiles

for chloride, sodium and water through the M2 helical lumen were conducted for both

conformations of the GluCl receptor (figure 6.11) .
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6.5.1 Ions and Water
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Fig. 6.11: Potential of mean force profile of ions and water going through both GluCl M2
structures. A. 3RHW. B. 4NTW from the intracellular (left) to the extracellular
regions (right). Both graphs display the translocation pathway (on the x axis)
through the helices with calculated energy from that position (y). Initial grey
shade represents the z co-ordinate of the pore. Colour is consistent for B. as A.
Bootstrapping is used to calculate error. Profiles shown were calculated using
1.5 to 3.5 ns of simulation.
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The calculated potential of mean force for both proteins indicates multiple differences

between the two. Within the 3RHW structure, high barriers are noted for both Na+

and water of ~33 and 29 kJ mol-1. In contrast, the free energy profile recorded for Cl-

is indeed the lowest with a maximum barrier of 13 kJ mol-1, and also a favourable free

energy for the channels intracellular region. For a chloride channel, a lower free energy

of translocation and favourable interactions for chloride is not surprising, however with

the high water barrier, translocation in this state is questionable. In the 4TNW profile,

all indicate a similar barrier height of 12, 13, and 11 kJ mol-1 for sodium, chloride and

water. With smaller barriers corresponding to the same region in both profiles for the

Cl- ion.

These values are far lower than the previously calculated profiles for 5-HT3 in this

chapter and other profiles previously mentioned, suggesting that they are not a closed

state which is initially assumed. However, the position of the barrier at L9' (L254),

emphasises the role of the hydrophobic residue at this position in the helix. Looking

at open pore PMF values for pLGIC’s for the open GLIC structure [228] a barrier of

12.5 kJ mol-1 and 17 kJ mol-1 have been calculated for Na+ [228, 229]. These values

correspond to the 4TNW structure, thus suggesting it may be in a more “open” state.

Comparison with 3RHW indicate values correspond to that of the nAChR closed form

with a barrier of 25 kJ mol-1 [72] at L9'. Free energy calculations of GluCl reported

a barrier of 62 kJ mol-1 for the closed form, ~42 kJ mol-1 for a partially open/closed

form and ~21 kJ mol-1 for the open conformation (pdb: 4TNV) [233]. Based on

these values (also conducted by short, umbrella sampling windows) and the varied

values calculated in this chapter, the conductive state of these two proteins cannot be

decisively deduced at present.

To determine if these profiles are indeed accurate in their representation of the

free energy landscape, and that the 1 Å windows are sufficient within these channels,
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convergence akin to the 5-HT3 for the 4TNW structure is analysed (figure 6.12).
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Fig. 6.12: Convergence profile for M2 helices of GluCl. Plotted is the maximum calculated
free energy for incremental windows. i.e., 0 - 0.2 ns, 0.2- 0.4 ns and so on until
3.8 - 4.0 ns (points are plotted at 0.1 increments) for chloride ion within the
4TNW structure.

The convergence calculated is dissimilar to the profile for the 5-HT3, since a de-

crease and then a plateau is not seen or reached within the simulation length. Even

up to the 4 ns windows simulated, with variability seen through each of the time

points indicated that the simulation is not converged. The same trend is seen for the

3RHW structure (data not shown). A longer time for each window could be used

for convergence, however this negates the utility of a quick estimate method being

investigated. Another possibility could be the stability of the protein itself, which will

be questioned later. For comparison and consistency in this chapter, the PMF profile

shown previously is between 1.5 and 3.5 ns of each simulation window.

Water hydration shells for Na+, Cl- and water conducting through the pores have
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been calculated for the M2 helices of the GluCl receptor (figure 6.13) based on rdf

cut-off distances calculated within a previous chapter (figure 4.9, chapter 4). For both

ions in both pores, there is a decrease in the second ion solvation shell through the

protein region similar to the 5-HT3 and previous hydrophobic nanopore simulations in

this thesis. A larger change is seen for the Cl- ion shells, which may be related to its

native chloride conductance. As before, there is no depletion from the first solvation

shell. Unlike the 5-HT3 receptor, there is no precise minima at the L9' residue, but

highly variable water depletion through the pore. This could be due to the inconclusive

conductive state of each of the structures.
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Fig. 6.13: Hydration shells for GluCl M2 helices. A. to C. Correspond to 3RHW and D.
to F. 4TNW. A. and D. Number of water contacts with the positioned sodium
ion (distances of 3.1 and 5.4 Å) with z pathway on the x axis and number of
waters within previously calculated rdf (figure within chapter 4) shells on the y
axis. B. and E. Chloride (4.0 and 6.3 Å) and C. and F. Water contacts (4.8 Å).
For all, calculated radii is indicated. Profile is from intracellular (negative z) to
extracellular (positive z).

Based on the utility of the application of a GNM to the channel previously studied

in this chapter, similar connections were applied to 4TNW (400 ns) and 3RHW (100

ns), in which pore radius and flux were analysed for an indicated into their conductive

states (figure 6.14).
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Fig. 6.14: Radius and flux of GNM M2 helices of GluCl. A. Radius profile of GNM model
structures of GluCl. 0 Å indicates L9'. Dashed line indicateds radius of a water
molecule. B. Water flux through the M2 helices under GNM simulation. Grey
region indicates simulation length for 3RHW structure.

Pore radius, which is used as a measure of pore “openness” is varied between the

two forms, which is to be expected based on the initial conformations. For the 3RHW

structure (only simulated for 100 ns due to time constraints towards the end of this

thesis), a trend comparable to the radius profile of the static structure (figure 6.10)

is noted with a decreasing radius towards the intracellular region (negative) with the

minimum corresponding to P243. However, highly variable regions are noted at the N

and C termini. This could be due to the limitation of the positioning of the GNM in

the model, with the constriction falling below the cut-off and the larger, extracellular

region falling above. In the physiological form, the GNM would be continued in

both directions by protein, thus the termini are expected to be less flexible than

simulated here. Within the POPC modulated form, the constriction radius is that of

the crystal structure (figure 6.10) and also highly conserved again at the L9' residue,

re-emphasising the importance of this residue and its position in channel gating.
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Seen in ENM simulation studies [442], is the decrease in radius at L9' position from

3.3 Å in the static, crystal structures down to 1.8 Å in the ENM of GluCl in an open

conformation. This change it not seen in these structures, which could be down to the

initial conformation of the helices. In relation to water and ion flow through the pores,

based on the PMF profiles (figure 6.11), the conductive states of both suggest that

ion flow could be possible through both structures. However, in each of the simulated

models, no ion flow was noted through the pores, but higher water flows were observed

(~3.5 ns-1) than in the closed 5-HT3 receptor, relating to their more open nature than

that of the closed serotonin channel.

Unlike the 5-HT3 receptor simulated, within umbrella sampling windows, major

deformation has been noted in the M2 helices (5-HT3 data not shown, figure 6.14).

Within an umbrella sampling window, protein helical deformation and unfolding oc-

curs within 2 ns of ion restraint within the protein region. This reflects a possible

non-native physiological state of the helices and instability. Within the 4 ns window,

helical deformation is noted throughout the structure, indicating that this may not be

an accurate assumption for the free energy state of these proteins.
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Fig. 6.15: Stability of M2 helices of 4TNW during sampling. A. to C. Snapshots of the
protein (cartoon, chain coloured) in the bilayer (grey surface) during an umbrella
sampling simulation of 4 ns. Chloride is positioned at 53 Å which is the same z
value as L9'. A. 0 ns. B. 2 ns. C. 4 ns. D. Time evolution of secondary structure
in simulation calculated by DSSP [451]. Blue region represents changing α-
helical regions of the structure.

Established from these simulations and free energy calculations for this type of

protein structure, short, unrestrained, truncated umbrella sampling windows are not

an accurate and predictable method for estimating conductive states based on free

energy calculations. This could be due to the fact that these proteins are modulated

by external molecules which are not included in simulation, and create a destabilising

effect. Secondly, each state is not in a definite open or closed state, which could
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also reflect on the stability of the protein. It would be interesting to simulate more

via equilibrium methods to investigate the true nature of the pore and possibly the

whole protein in MD. To predict more accurate, agonist/antagonists could be included,

however time scales (and previously mentioned methods) could make this inefficient.

Also to be considered are the roles of possible protein Cα restraints or possibly the

introduction of a GNM into the umbrella sampling windows, as done so by Yoluk et

al [233].

6.6 Conclusion

From this chapter, I have revealed that the 5-HT3 channel is in a closed conformation to

cations and anions based on free energy calculations and is hydrophobically gated. The

short windows and free energy windows on this stable structure established a possible

protocol for looking at other ion channels, their conductivity and state. However, the

method is limited to structures which are present in an anticipated stable form, shown

by the variation in the GluCl calculations.

M2 helices

The use of the M2 helices for simulation, and not simulating the entire protein has been

shown to influence and be selectivity dependent, thus the estimate of selectivity and

permeation can be estimated from this region. With it being suggested that within

the 5-HT3 receptor, a single ring of charged amino acids at the intracellular end of

the pore (E250) can control the selectivity with mutation (E250A) resulting in a non

selective channel [452]. Next to this pore facing glutamate is residue R251 (R0') which

has been shown to be conserved in pLGICs, and a change in its charge state being

associated with a change in pore selecitivty [453]. In the GlyR channel, mutations of
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this conserved residue did not generate any functional channels [454], however within

the α7-GluClβ chimera channel [455] and ρ1 GABAR [439] (both pLGIC’s, at R0’),

channels were functional and demonstrated lower, moderate changes in their selectivity

ratio for both ions.

Therefore it is of interest to consider other, non-lumen facing residues. General

mutations within the M2 helices of GlyR also change the selectivity from being anion

to cation selective, (P250∆, A251E and T265V), with the corresponding three inverse

mutations making the α7 nAChR anion selective [456]. Within the 5-HT3 pore simu-

lated in this chapter, D247 is not included in the pore lining residues, therefore this

may have an even larger reflection on the high energy barrier calculated.

Remainder of the channel

However, use of the M2 region alone is thought not to be substantial enough to deter-

mine accurate conductivities, selectivity and even a possible gated state of the channel

with various conformations of the extra- and intracellular domains of the protein are

known to determine the state of the pore.

It is known that ion flow through the channels is dominated by the narrowest region,

with emphasis on residues at the narrowest parts (M2 helices) and also the charged

rings at the intracellular and extracellular regions [457], and the cytoplasmic domain

[458]. Origin of the ion selectivity in the Cys-loop family of membrane proteins have

been investigated with charged amino acids in the extracellular domain (ECD) aiding

conductance and selectivity. Previous investigations using computational, structural

and electrophysiology of nAChR concluded in negative residues in the ECD contribut-

ing to the cationic selectivity of the channel [459]. Also electrophysiology has been

conducted on a heteropentameric nAChR channel with focus on the residues on the

permeation pathway on the intracellular turn of the M2 channel, 4 Glu and 1 Gln of
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the differing subunits at -1'contributing to the cationic conductance [460].

Single channel conductance and ion selectivity is not wholly to do with the M2

region in nAChR or 5-HT3 channels. Experimentally it is shown that the intracellular

domain of eukaryotic pLGIC’s, especially the TM3-TM4 linker, are associated with

conductance and gating of the proteins [461, 462], with simulation indicating key

residues within the 5-HT3 receptor within the M2-M3 loops [463]. Positive residue

insertion in the extracellular loop region of the 5-HT3 M2-M3 channel resulted in

a non-functional construct (A24K, A275K) [452]. Considering the 5-HT3A isoform,

rings of charges in the extracellular vestibule influence the ion permeation (D113 and

D127). Neutralising mutations of these charges or reversal (e.g. D113K) changes the

conductance of the channel, with complete loss of current with the D127K mutation

[464].Therefore, even with the calculated barrier height within the M2 helices, within

for example an open structure as simulated, selectivity cannot be assumed from free

energy calculations of the M2 region alone.

Also seen within the nAChR channel, there is a suggested extracellular domain

selectivity filter composed of a ring of lysine (K42) residues, 24 Å above the lipid

membrane that is thought to act to stabilise ions in the extracellular vestibule of

the channel [465]. That is similar feature is observed in the GluCl channel, with 3

layers of positive residues (lysine) within the ECD. It is thought these positive residues

could act as an electrostatic well for Cl- ions, since free energy profiles have an energy

minimum of ~10 kJ mol-1 in this region [442].

Looking more closely at the different isoforms of the 5-HT3 receptor, assembled

as homomers of 5-HT3A (simulated in chapter) or heteromers of 5-HT3A and 5-HT3B.

In electrophysiology, the differing forms produce differing channel currents of 0.4 pS

(A form) [466, 467] and 16 pS [468] (B form). Interestingly, the M2 helices of 5-

HT3B appear not to be cation selective (or less selective than that of 5-HT3A [468]).
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Now with the high resolution crystal structure being determined and with homology

modelling for other conformational states, the investigation of the mechanism of the

role of that mutation can be investigated. It is proposed that these arginine residues

in the intracellular region of the 5-HT3A may cause electrostatic repulsion of cations

[469], causing a lower conductance than that of the 5-HT3AB form. With similar

arginine residues in the TM3/TM4 linker [458] and involved in cation repulsion [469].

This could be related to the gating conformational change of pLGIC, where ligand

binding is proposed to cause a lateral twisting through the protein, resulting in a twist

of the M2 pore changing it from an open to a closed state (or vice versa) thus changing

their conductive state [279, 454, 470]. Twist motion has been associated with channel

gating [471, 472] and seen within the well studied pLGIC, nAChR, changes between

open and closed models indicate this twist motion, opening the M2 helices [436].

Targeted MD simulations of the α7 nAChR have indicated that a change in the bottom

ligand binding site, which is the region thought to allosterically translate motion to the

pore domain. With substrate targeting, the channel partially opens within 4 ns with

key charged residues involved in ligand binding [473]. Acetylcholine binding to nAChR

resulted in ligand binding domain movement, with an ~1 Å outward displacement

within the extracellular domain β subunit. This resulted down to straightening within

the M2 which changes the pore diameter [474] linking the ECD to motion within the

helices and accounting for the different M2 helical tilt angles.

Within computational models of GluCl , a variety of pore sizes have been calculated

[442], which have also been noted in other studies [427, 453, 456]. These models give

variations in the open channel state noted via electrophysiology which could also be

accountable for the states crystallised and simulated here. Five conductive states

have also been observed for GlyR [426]. Therefore suggesting that there may be no

definitive open state if for example, one is running free energy calculations on the
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protein to analyse its conformational state.

Short (16ns) constant electric field simulations have also been applied to the

cationic nAChR channel [? ]. A small voltage (100 mV) resulted in a conduction

cation event with transient water in the pore region. A higher field caused more

cations to traverse the pore, thus suggesting that it could be possible to simulate such

pores, especially the 5-HT3 under such voltage, and also using the CE implemented

voltage shown in chapter 5.

With the structure of the 5-HT3 solved, biochemical mutation data can be mapped

onto the conductance and gating states of the channel, therefore an assumption of the

whole protein may give more accurate barrier/accessibility results than looking at the

M2 region only. However, there is computational limitation to the simulation of an

entire channel of this size. Also with some of these mutational studies, it is unknown

if they could be involved in the selectivity, conduction and gating pathways directly,

which is what these type of computational studies examine.

pH dependence

With the questioned role of charged residues in the selectivity and conductive states

of these pores, it has been found that within a nAChR channel, 4 of the glutamate

residues (at -1') are de-protonated within the pH range of 6-9, and that 2/4 of the

residues contribute to the size of the current measured through the pore. Therefore

they are thought to adopt positions which alter the current through the pore based

on their protonation state [460].

pH has also been questioned in the GLIC crystal structure, was formed under

acidic conditions [53]. In simulations in which the acidity was removed, to a pH of

~7, rapid channel closure at the hydrophobic leucine region occurred followed by a

quaternary twist at the ECD region of the M2 helices [444] and is considered to be pH
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gated [475]. Therefore, pH may be a factor to consider for the 5-HT3 conductive state,

not just the M2 helices but as an entire protein channel. The structure simulated in

this thesis was crystalised at pH 7.4, however acidification for example could be used

to assess key residues for conduction.

Several simulations have noted dehydration events around the L9' of LGIC’s [440–

442] however some note this could be down to imprecise protonation states of the

channels, with others suggesting that with different protonation states result in a sim-

ilar dehydration event [441, 442, 444] due to external factors, for example membrane

potential and ionic current. Thus pKa needs to be established and considered for

conductive states and gating of the pores, considering the charged residues within the

lumen of the 5-HT3 channel and also the influence of surrounding residues.

Accuracy and other free energy methods

Comparison to other free energy calculations of pLGIC’s is vast and varied. Brownian

dynamics (BD) and hybrid MD/continuum electrostatics are used to calculate the free

energy of Na+ and Cl- through the channel with barriers noted at 9’ L254 and 2’ P243

for Na+ of ~25 kJ mol-1 and for Cl- ~15 kJ mol-1 [442]. BD simulations also indicate

permeability ratios for both ion species with Cl- being more permeable than Na+.

These values are comparable to the values calculated and indicate that 15 kJ mol-1 is

the appropriate value for an open, chloride ion channel.

Ion permeation barriers have also been calculated in the nAChR and GlyR pLGIC’s.

ABF calculations with both Na+ and Cl- of both pores indicate a barrier correspond-

ing to anion rejection of ~35 kJ mol-1 for Cl- within nAChR with the barrier associated

with the hydrophobic region. Within the GlyR model, a barrier of ~29 kJ mol-1 is

found for Na+. However, no hydrophobic barrier akin to the nAChR channel is ob-

served [450], therefore the various free energy methods used are all indicating similar
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barriers within the open and closed structures.

The use of the ENM/GNM may be a useful direction for the study of these M2

helices. It is known from MD relaxation that closed state channels are often formed

[316, 444]. This is undesirable if simulation involves a structure of a questionable

state. Demonstrated in [442] is the use of such a ENM-protein method on maintaining

channel stability and openness through a simulation, be it for the full receptor. Also

simulated under ENM were hybrid MD/BD simulations and ABF calculations for

free energy calculations [476, 477]. Due to the size of the system in this case, the

TMD domain of the channel is an all atom form, however the extracellular region

is at a lower resolution in a continuum electrostatic representation thus being more

computationally and time efficient. I have tried to extrapolate this from the structure

in this chapter with the use of just the M2 construct.

Recently, a free energy profile using umbrella sampling methods was constructed

of an entire GluCl channel using varying conformations derived from simulation (with

the removal and addition of agonist glutamate to induce conformational change) [233].

Within this study, short windows of 2 ns were run at every 0.5 Å through the lumen of

three different conformations of the GluCl receptor, termed closed, half open/closed

and open based on the radius of the M2 helices. Energy barriers for Cl- were reported

through the pore at the L9' position of ~63 and 42 kJ mol-1 and within the “open”

structure ~21 kJ mol-1. These results agree with the calculated closed state values

for the 5-HT3 profiled in this chapter, but also to the hydrophobic barriers calculated

in the 14-β stranded, three leucine hydrophobic pores within this thesis (and paper

[299]).
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Chapter 7

Conclusion

“They tell you I’m insane”

Taylor Swift

The work presented in this thesis addresses several aspects of the computational

simulation of hydrophobic gating within nanopores and ion channels. Initially, the

chemical nature of amino acids was varied and modelled in a number of biomimetic

nanopore models to show any influence on water flow through (chapter 3). Building

such motifs resulted in the energetic understanding of how hydrophobic residues in

the models constructed are interacting with water, ions and hydrophobic molecules

(chapter 4). It was found that the breaking of such barriers could be effected by

external forces such as voltage (chapter 5). The underlying hydrophobic theme was

then used to explore the functional state of the crystal structure of an ion channel

(chapter 6).

7.1 Computational Design of Nanopores

Firstly, a computational approach to building and simulating β-barrel nanopores has

been investigated in which a number of porin and lytic proteins were systematically
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explored as mimics for the size of the barrels. Modeller derived barrels and equilibrium

simulations of 100 ns in DPPC bilayers suggest that stable barrels can be formed in this

manner for further investigations. Within the pores, the shape and chemical nature can

also be modified; be it central or terminal construction, and polar or apolar residues,

this can result in a different conductive state of the pore based on the size of the

models. With the 14 strand β-pores, I have been able to computationally transplant a

hydrophobic barrier to water and ions based on the dimensions of hydrophobic gates

within channel proteins.

Based on this method, transplantation of other motifs that can influence gating

and selectivity of their native proteins is seen to be the next reasonable direction.

This could be a charged constriction as seen in e.g. OmpF and OmpC porins [298],

a titrable residue observed in the protonation state of His37 in influenza M2 channel

[478], or replication of the phenylalanine, tryptophan and leucine selectivity filter in

the Helicobacter pylori urea transporter, which has been characterised computationally

[479]. In the case of the latter two (and hydrophobic gating), protein conformation

also contributes to the residue behaviour, and to replicate this change in dimensions,

barrel size can also be modulated in terms of the number of strands to imitate a change

in conductive radii.

7.2 Hydrophobic Gates

Secondly, a hydrophobic barrier has been characterised within a computational model

nanopore. Free energy calculations have been used to estimate ion species and wa-

ter molecules going through hydrophobic regions of this nature, extending previously

studies on hydrophobic nanopores and the energetics of transport through them. An-

other outcome would be the use of water as a proxy for the ionic conductance of a

pore. Shown in the work of this chapter is that high barriers to water permeation
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do actually correspond to regions which are functionally closed to ions. In turn, this

allowed for the prediction of conductivity from shorter simulations without sufficient

ion conduction events. The nature of hydrophobic transport through such regions has

also been investigated on longer time scale simulations, however still are not sufficient

for an accurate estimate of such energies. The free energy simulation method used

may also be transferable to other proteins or motifs in which hydrophobic barriers

could be investigated, as a relatively quick way of establishing if such barriers are

present. I have worked on the assumption that short, small spaced windows can be

used to explore the free energy that will in theory not allow much protein movement,

shown in previous free energy calculations [232].

Umbrella sampling has been used in this chapter to investigate the free energy,

however there are other methods available [336]. Examples of this, thermodynamic

integration or free energy perturbation, which can be used to calculate the maxima

within the hydrophobic bands or regions. Metadynamics can also be used for perme-

ation simulations, such as translocation of ions through potassium selectivity filters

[480], in which a single simulation can be used instead of multiple, allowing for a more

efficient method for free energy calculations on many molecule types.

7.3 Simulation of Voltage

Within chapter 5, it has been demonstrated that electrowetting of a hydrophobic gate

within a β-barrel nanopore is feasible in a simulation using both constant electric

field methods and a “computational electrophysiology” type protocol to implement

a voltage. The conducting water within the hydrophobic region is similar to other

proteins with hydrophobicity [402], CNTs [224], and theoretical nanopores [203, 351]

under a simulation voltage and electroporation under higher voltages.

Higher voltages were applied to try and break the hydrophobic barrier within the
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larger model nanopores, resulting in the breakdown of the bilayer around the protein.

To allow higher voltages, simulations could be performed using a lipid with a higher

voltage threshold to induce these breaks. These could include e.g. the branched chain

archaeal lipid DPhPC and related species which are known in simulation to break at

higher thresholds [218]. There is also (as mentioned throughout this thesis) scope for

the use of various water models which could induce a differing dipole, and polarisability

under a potential difference.

7.4 High-throughput Selection of Protein Gates

Finally, with the protocol for hydrophobic biomimetic pores devised, this was then

utilised on a protein pore which possibly contained a hydrophobic gate. It has been

shown that the 5-HT3 channel is in a closed conformation to cations and anions, based

on free energy calculations, and is hydrophobically gated. Short umbrella sample time

scales, 1 Å windows, and simulation of only the M2 helices can give an accurate

value, corresponding to other calculated values of closed state channels. This creates

a possible protocol for looking at other ion channels, their conductivity and state.

However, the method is limited to structures that are present in an anticipated stable

form.

Use of harmonic restraints, in the form of an elastic or Gaussian network have been

shown to modulate and stabilise closed and open forms of pLGICs [316, 444], and has

been used in combination with free energy methods (ABF) [442] to predict accurate

barriers. Use of only the M2 helix within this thesis, led to the observation of abnormal

motion at the N and C termini and within the helices themselves. Incorporation of such

networks into the M2 helices under umbrella sampling would reduce atypical protein

movement, thus providing a more accurate measure of the free energy landscape.
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Limitations of Molecular Dynamics

When using MD to simulate a system, it is important to remember the limitations

of the method. Problems can arise from the fact that force fields are imperfect, an

example being the free energy of solvation of amino acids which often have an error

of ~1 kJ mol-1. As such, the error of the calculations within this thesis can be carried

along. When considering polarisation within these force fields, water molecules can

reorientate as shown here, however their partial charge is fixed [235]. Therefore, as

repeated within this simulation, it would be advantageous to use a more detailed water

model [257], however this would lead to a decrease in computational efficiency to a

high degree. Other limitations include the simulation of pH and the inability of proton

transfer in simulation, and also the general limitation in simulation timescale and size

that can lead to low sampling problems.
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