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Abstract

In ion channels, fenestrations are lateral openings that connect the membrane to
the protein’s ion-conducting pore. They are well known to act as access pathways
for lipophilic drugs in voltage-gated sodium channels and have been implicated in
inheritable diseases. Despite their clear functional importance in many ion channel
families, no such fenestrations have previously been reported in the superfamily
of pentameric ligand-gated ion channels (pLGICs). This channel family has been
the subject of in-depth study for decades, but many questions on the precise
details of channel gating and pharmacology still remain. The glycine receptor
(GlyR) is an inhibitory pLGIC that is responsible for regulation of motor control in
the spinal cord. Its activation and drug interactions are the focus of this thesis.

Here, I developed an improved umbrella sampling workflow aimed at improving
convergence speeds of potentials of mean force (PMF). I benchmarked this
workflow on test systems of drug molecules permeating through lipid bilayers
of different lipid compositions. I found that my improved workflow outperforms
common practices in umbrella sampling, and also quantified errors arising from
boundary conditions commonly applied to the calculation of PMFs.

The main finding of this DPhil is the identification of a state-dependent, drug-
permeable fenestration in GlyR. I analysed 55 published GlyR structures in differ-
ent functional states for potential fenestrations and consistently detected a state-
dependent fenestration near an anaesthetics binding site at each subunit interface.
Observed to be almost exclusively occluded in the closed state, the fenestration
widens considerably in open state structures, exhibiting a similar ‘bottleneck’ radius
across structures. I then employed my improved umbrella sampling workflow
to quantify the translocation energetics of fipronil. Comparison of the resulting
potential of mean force (PMF) profiles shows that fenestration-based entry of
fipronil is energetically favourable to membrane permeation. My results thus
provide the first characterisation of a drug-permeable fenestration in GlyR.

Additionally, through investigations of precisely how binding of the positive
allosteric modulator ivermectin destabilises the orthosteric inhibitor strychnine,
allosteric networks in GlyR that tie conserved ligand binding loops to the trans-
membrane domain were described. Finally, intermediate activation states of
the Gloeobacter ligand-gated ion channel (GLIC) were probed in computational
electrophysiology. We demonstrate that intermediate, asymmetric activation
states of the channel already display partial conductivity.
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Life is sustained chemical nonequilibrium. The state of equilibrium is only

reached in death1,2. This sustained nonequilibrium is what allows the work that

makes life possible to be carried out. Ion channels are one of the strategies that

arose in evolution to harness it3,4. Biological membranes are the focus points of

electrochemical gradients that arise from imbalances of ion concentrations on

either side. Cells expend metabolic energy (in the form of adenosine triphosphate,

ATP) maintaining these gradients5. Ion channels can then open as a reaction

1
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to, for example, ligand binding6, membrane deformation7, or changes in the

membrane potential8, to allow ions to flow down their electrochemical gradient.

They fulfil a variety of roles in the cell, including signal transduction9,10, cell

volume regulation11,12, and pH control13,14. One aspect that makes ion channels

such crucial components is the extremely high speeds of signal transduction they

allow—ion channel gating occurs on millisecond timescales, while phosphorylation

cascades can take minutes15 and nuclear receptors with genomic responses often

operate on timescales of hours16,17. In this thesis, pentameric ligand-gated ion

channels (pLGICs) were studied with computational methods. A particular focus

lay on the glycine receptor (GlyR).

1.1 Pentameric ligand-gated ion channels

The family of pentameric ligand-gated ion channels (pLGICs) is a group of

proteinaceous ion channels that mediate fast synaptic transmission18. In reference

to a conserved disulphide bond in the extracellular domain, it is also referred

to as the Cys-loop receptor family18. This family is a major component of the

synaptic integration machinery19. It has excitatory and inhibitory members, and the

combined sum of their effects—plus the effects of other ion channels—determines

whether sufficient depolarisation of the membrane potential occurs to trigger an

action potential. Its members differ by ligand sensitivity and ion selectivity, with

acetylcholine-gated and serotonin-gated channels displaying cation selectivity

and gamma-amino butyric acid (GABA) and glycine receptors being selective

for anions20–22. The structures of these four neurotransmitters are shown in

Fig. 1.1. In pLGICs, selectivity for anions or cations is primarily determined through

electrostatic interactions between the permeating ions and ionisable residues

lining the channel pore, particularly at the intracellular end of the pore23,24.

A large degree of structural and functional similarity among members of

the pLGIC family facilitated their study, with results obtained for one member

informing our understanding of the family as a whole. In particular, work on
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Cation-selective Anion-selective

Serotonin

Acetylcholine

Glycine

Gamma-aminobutyric acid (GABA)

Figure 1.1: Structures of four neurotransmitters that act on pentameric ligand-gated
ion channels. Acetylcholine and serotonin bind to cation-selective channels. GABA and
glycine activate anion-selective channels.

nicotinic acetylcholine receptors (nAChR) and bacterial ion channels such as the

Gloeobacter and Erwinia ligand-gated ion channels (GLIC and ELIC) provided

a structural and functional framework to contrast and compare the different

channels. The high degree of homology allowed the structures of nAChR25

(2004), ELIC26 (2008), and GLIC27 (2009) to inform our understanding of the

glycine receptor, as well28,29. GLIC in particular continues to be a source of insight

on pentameric ligand-gated ion channels in general. Chapter 6 reports the results

of a study in which intermediate activation states of GLIC were investigated. The

overall structure of pLGICs is explained on the example of the glycine receptor

in Section 1.2.1 and shown in Figs. 1.2 and 1.3.

Physiological roles of pLGICs include, but are not limited to, signal transmis-

sion at the neuromuscular junction30, regulation of nausea31, contributions to

addiction32, fast inhibitory transmission in the central nervous system33, anxiety34,

and memory functions34. Mutations in these receptors are associated with a

variety of diseases, including epilepsy35, congenital myasthenic syndrome36,

and hyperekplexia37.
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1.2 The Glycine receptor

The glycine receptor is an inhibitory pLGIC that is primarily expressed in the spinal

cord, where one of its main functions is the regulation of motor control38,39. Binding

of the neurotransmitter triggers a structural rearrangement, which leads to the

opening of an ion-conducting pore and the influx of chloride ions into the cell. This

influx increases polarisation of the membrane potential, making action potentials

less likely40. Study of this ion channel has been ongoing for decades. The earliest

evidence that glycine can act as an inhibitory neurotransmitter dates back to

the late 1960s41. Glycine receptors were then purified and later cloned in the

1980s42,43. In 2015, the first structures of the glycine receptor were published44,45.

1.2.1 Overall structure and function

While there is a significant degree of variety between subunits of pentameric ligand-

gated ion channels, many elements are highly conserved. This allows a similar

nomenclature to be used in discussions of different members of this channel family.

The structure of a glycine receptor subunit is shown in Fig. 1.2. It is broadly

similar to structures of other pLGICs. The classical pLGIC subunit has an

extracellular domain (ECD) formed of an extended β-sheet of ten β-strands (β1–

10). This ECD connects to a transmembrane domain (TMD) which consists of

four transmembrane α-helices (M1–M4). The linkers between helices M1 and

M2 and between M2 and M3 are relatively short. M3 and M4, on the other

hand, are separated by a large loop that forms the subunit’s intracellular domain

(ICD). These loops are the least conserved regions between different subunits

and appear to be structurally flexible46,47 — to date, no structure with a fully

resolved ICD has been published.

These subunits associate as pentamers to form functional channels (Fig. 1.3 A).

GlyR has five orthosteric binding sites. These sites are located at each subunit

interface in the ECD. Ligand recognition occurs through six conserved binding

loops A–F48. Each subunit carries all six of these loops, but loops A–C and D–F
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Figure 1.2: Labelling of the secondary structure elements and ligand binding loops (loop
A–F, grey) of a Danio rerio glycine receptor α1 subunit (PDB 3JAF44).

are located on opposite sides (Fig. 1.2). The binding site is thus formed of loops

A, B, and C of one and loops D, E, and F of the other subunit at the interface

(Fig. 1.3 B). Loop C is the most critical binding loop as it physically covers the

binding site49. To distinguish between the two subunits at each interface, that

which contributes its loop C is referred to as the principal (or +) subunit. Its

counterpart is called the complementary (or –) subunit.

The extracellular domain is linked to the transmembrane domain, both directly

via the β10–M1-linker and through an allosteric network, a particular focus point

of which is the M2-M3 linker50. Conformational changes in the ECD, caused

for example by ligand binding, trigger rearrangements in the TMD (and vice

versa) through a ‘conformational wave’51–53. Crucially, this communication occurs

rapidly, conferring sub-millisecond-timescale gating cycles on the channel54. This

allosteric network is subject of study in chapter 5 of this thesis, where the opposing
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effects of an inhibitor binding in the ECD and an activator binding in the TMD

are investigated.

Following ligand binding in the ECD, the conformational wave arrives in the

TMD. Here, the channel pore is formed by the M2 helix of each subunit (Fig. 1.3 C).

It is between these M2 helices that the narrowest constriction in the channel lies

and that gating occurs. M2 has thus seen particular interest. In nomenclature

that originated in the study of nAChRs55, its residues are numbered in a prime

notation. The then-presumed intracellular end of M2 was designated as residue

1′ and the immediately following residues were numbered accordingly. Nowadays,

negative numbering in this notation is used to indicate residues on M2 that are

located below the originally presumed intracellular end of M2 (Fig. 1.3 D).

Two residues on M2 in particular are responsible for the gating behaviour of

the channel. The five L9′ residues form the activation gate57–59, and the five P-2′

form the so-called desensitisation gate56,60. The rearrangements of M2 during the

gating cycle are shown in Fig. 1.4. In the closed state, the constriction at L9′ acts

as a hydrophobic gate25,61 — geometrically wide enough to accommodate ions,

the hydrophobicity in this region would require the stripping of the hydration shell

which imposes too large an energetic penalty for permeation62–64. As discussed

above, ligand binding in the ECD leads to a widening of the pore in the TMD.

The open state is short-lived, however, and desensitisation quickly sets in65. The

desensitised state’s M2 helices adopt a V-shaped configuration: the extracellular

half of the pore is similarly wide open as that of the open state, but the intracellular

end constricts at P-2′. After ligand unbinding and recovery from desensitisation,

GlyR returns to the resting state66.

1.2.2 Subunit combinations

Pentameric ligand-gated ion channels can exist as hetero- or homopentamers of

different subunits. There are 17 different nAChR subunits (α1–10, β1–4, γ, δ, and

ε) in vertebrates68,69. The GABAA-receptor shows even more complexity, with a

total of 19 different subunits (α1–6, β1–3, γ1–3, δ, ε, ϑ, π, ρ1–3)70.
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Figure 1.3: A: Side view of a glycine receptor pentamer (PDB 3JAF44). B: Close-up
view of one of the five orthosteric ligand binding sites, located at the subunit interface
in the extracellular domain. Glycine is bound between the principal (orange) and the
complementary subunit (blue) (glycine coordinates from PDB 6UD356). C: Extracellular
view onto the pentamer shown in A. The view is centred on the ion-conducting pore. The
five helices in the centre are each subunit’s M2 helix. D: Illustration of the M2 helices of
two opposing subunits. The pore-lining residues are shown as sticks and labelled with
their prime notation55.
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P-2′

G2′

T6′

L9′

T13′

S16′
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Figure 1.4: Changes of M2 helix orientation during the gating cycle. The constriction
sites in the pore lie at P-2′, L9′, T13′, and A20′, with L9′ forming the most constricted
site in the closed state (magenta, PDB 3JAD). In the transition to the open state (orange,
PDB 3JAE), the M2 helices move apart from one another, and key residues like L9′ turn
away from the pore. This results in an expansion of the pore throughout its entire length.
During desensitisation (blue, PDB 3JAF), the M2 helices come together at the intracellular
end of the pore, and the P-2′ constriction stops ion flow. NB: the open-state structure
used here has been challenged as artificially wide open59. This figure is replicated in the
appendix with an MD-stabilised open-state structure (Fig. A.1). The observations made
here stand, regardless of which of the two open-state structures is used. Radius profiles
were calculated with HOLE267.
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The glycine receptor, on the other hand, is comparatively simple: only 5

subunits have been identified, α1–4 and β. The majority of glycine receptor

pentamers shares the same subunit composition: prenatally, the predominant form

of GlyR is the α2-homopentamer. Adult receptors, on the other hand, are mostly

α1β-heteropentamers71. These heteropentamers consist of four α1 subunits and

one β subunit. The latter is required for synaptic localisation as it is responsible

for interactions with the anchoring protein gephyrin72. Incorporation of β-subunits

into GlyR pentamers additionally reduces the channel’s sensitivity to picrotoxin73.

1.2.3 Pharmacology

The glycine receptor is an important drug target and has multiple binding sites

for agonists, positive allosteric modulators (PAMs), and inhibitors. The Glycine

Receptor Allosteric Ligand Library (GRALL) is a database of such compounds

and their known or suspected modes of action74. A number of ligand binding

sites throughout the extracellular and transmembrane domains of the channel

have been described (Fig. 1.5). Of these binding sites, the orthosteric bind-

ing site and the overlapping ivermectin / alcohol binding site were investigated

further in this thesis.

The orthosteric binding site

The orthosteric binding sites lie at the subunit interfaces in the extracellular domain

and are formed of six conserved binding loops A–F (Fig. 1.3 B). Besides glycine,

β-alanine and taurine are endogenous agonists of the glycine receptor79.

This site is also where a competitive inhibitor of GlyR—strychnine—binds.

Strychnine is a highly selective, high-affinity inhibitor that was invaluable in the

early advancement of our understanding of glycine receptors80 that, for example,

saw use as a radiographic probe81.

Loop C plays a large role in the differential effects of orthosteric agonists and

inhibitors. When an agonist enters the binding site, this loop covers the binding
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top-ECD

orthosteric

tropeine

alcohol

ivermectin

ion pore

(-)-neurosteroid

(+)-neurosteroid

Confirmed Putative

extracellular

intracellular

Figure 1.5: The GRALL database categorises ligands by strength of evidence. The
strongest form of evidence in GRALL is direct, high-resolution structural evidence of
binding at the glycine receptor. Such evidence is available for some compounds in the so-
called top-ECD, orthosteric, ivermectin, and ion pore binding sites. Shown here, in order,
are AM-3607, glycine, ivermectin (all PDB 5VDH75) and picrotoxin (PDB 6HUG76). Less
strong evidence of binding at the glycine receptor is available for the tropeine, alcohol, and
activating (+) or inhibiting (-) neurosteroid binding sites. Such weaker evidence could be a
high-resolution structure of a different pLGIC combined with concordant evidence in GlyR,
for example. Shown in these putative binding sites here are, in order, granisetron (PDB
6NP0, 5HT3A-receptor77), propofol (PDB 5MVM, GLIC), tetrahydrodeoxycorticosterone
(PDB 5OSB, GLIC-GABAAR-chimera78), and pregnenolone sulfate (PDB 5OSC, GLIC-
GABAAR-chimera78).
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site more closely. Antagonist binding, on the other hand, generally causes Loop

C to adopt a more open conformation49,82.

The competing effects of strychnine and ivermectin (described below) are

investigated in chapter 5.

The ivermectin / alcohol binding site

High-resolution structural information locates the ivermectin binding site on GlyR

in the subunit interface within the transmembrane domain44. Strong evidence

suggests that an alcohol / anaesthetics binding pocket overlaps with the confirmed

ivermectin binding site83–86. These compounds are all activators of GlyR in one

way or another. Ivermectin, for instance, is a potentiator of glycine-induced

currents when applied at low concentrations, and acts as a full, current-inducing

agonist when applied at higher concentrations87.

In addition to its role as a drug target, this site has also been shown to interact

with lipids in structural studies88 and simulation89.

In a 2012 study, Islam and Lynch reported that the insect-GABAR pore blocker

fipronil is also an inhibitor of the human glycine receptor. They suggest that in

addition to its pore blocking site, it might interact at the alcohol binding site90.

This claim is further discussed in chapter 4, where it is developed into the first

description of fenestration-based drug access in a pLGIC family member.

1.3 Importance of membrane permeability of small
molecules in drug development

Chapters 3 and 4 of this thesis are concerned with the study of how ligands reach

their site of action in the cell. In chapter 3, I developed an improved umbrella

sampling workflow and tested it on the problem of membrane permeation of

small molecules.

The ability to cross biological membranes is a critical requirement for most

drugs91,92 as it is a large determinant of their absorption, distribution, metabolism,
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and excretion parameters (ADME)93. As a criterion to quickly assess likely

bioavailability due to passive membrane permeability, Lipinski’s rule of five94

can be used. This rule of thumb states that a bioavailable compound is unlikely to

have more than 5 hydrogen bond donors, more than 10 hydrogen bond acceptors,

a molecular mass more than 500 daltons, or an octanol-water partition coefficient

(logP) of more than 5. Often, only compounds passing this initial hurdle are

considered further, e.g. for chemical synthesis and in vitro tests such as the parallel

artificial membrane permeation assay (PAMPA)95 or Caco-2 cell-based assays96.

logP calculation is thus an important part of the early drug discovery process. It

is particularly useful in high-throughput applications due to its ease of computation,

but it comes with an accuracy trade-off. If quantitative permeability estimates

are required, logP values alone do not suffice. They also fail to capture complex

membrane compositions. Molecular dynamics simulations can prove useful

here97. In MD, the desired system composition can be precisely defined and

permeation data can then be obtained, for example through umbrella sampling

simulations98,99. Using the inhomogeneous solubility-diffusion model (ISD)100, an

estimate of the permeability coefficient P can be obtained from the potential of

mean force (PMF ) and the diffusivity D of a compound at any given reaction

coordinate ξ in the membrane system as

1
P

=
∫ ξ2

ξ1

eβ P MF (ξ)

D(ξ) dξ, (1.1)

where β is the inverse temperature 1/kBT . Permeability coefficients obtained

from simulation data in this way can then in theory be compared to experimental

PAMPA or Caco-2 data91, with the caveat that perfect agreement is not expected

due to the more complex nature of the experimental assays.

MD simulation can thus be a useful tool in drug discovery and permeabil-

ity prediction. However, obtaining converged PMF data has historically been

challenging101–103. In the course of this thesis, I encountered these same con-

vergence problems when I tried to calculate PMFs for a complicated system

(chapter 4). To overcome these issues, I developed an improved umbrella
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sampling workflow with enhanced window generation, simulation parameters,

and statistical estimation of PMFs. This workflow is thoroughly tested and

benchmarked in chapter 3, where I break down the individual and combined

effects of its three constituent methods.

1.4 Fenestrations in membrane proteins

In 1977, Bertil Hille carried out functional studies on voltage-gated sodium chan-

nels (Navs)104. His results led him to hypothesise on the presence of a membrane-

exposed access pathway for hydrophobic drugs, decades before the first structures

of ion channels were published. It was not until 1998 that Doyle et al. reported the

first structure of the KcsA potassium channel105, and not until 2011 that William

Catterall’s group published the first structure of a voltage-gated sodium channel106.

In this 2011 publication, the authors report the presence of hydrophobic tunnels

that laterally connect the ion-conducting pore to the channel’s membrane envi-

ronment. They coined the term "fenestration" for such tunnels and refer back to

Hille’s work, believing to have identified the hypothesised drug access pathway.

Since this seminal work, fenestrations have been identified and characterised in

a variety of different ion channel families. Fenestration-based drug access has

also been referred to as membrane to channel inhibition (MCI)107. The functional

importance of this mechanism is demonstrated by the recent identification of

disease-related mutations in fenestration regions, a discovery that gave rise

to the term fenestropathy108.

1.4.1 Voltage-gated sodium channels

Voltage-gated sodium channels (Navs) were the original focus of the study of

fenestrations. It has long been understood that resting-state block of Navs is

mediated through them104. Since the initial publication of the bacterial NavAb

structure106 (Fig. 1.6 A), ever more structural data on the sodium channel and
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its fenestrations has become available109–111. One early study tested the resting-

state block caused by lidocaine, benzocaine, and flecainide112 (Fig. 1.7). The

authors found that mutating a phenylalanine residue at the fenestration to the larger

tryptophan reduced the drugs’ affinities for NavAb. Mutation to alanine, on the other

hand, increased the affinity — most dramatically of the largest of the compounds,

flecainide, which the authors argue is most restricted by the fenestration radius.

extracellular

intracellular

A B

Figure 1.6: Example illustration of fenestrations. A: The bacterial voltage-gated sodium
channel NavAb (PDB 3RVY106) has four fenestrations, one at each subunit interface in
the pore module. B: The TREK-2 K2P channel (PDB 4XDK113) has two fenestrations in
the transmembrane domain.

The importance of fenestration radii is intuitive. It was nicely illustrated through

work on the sodium leak channel NALCN carried out by Schott et al114. This

channel is structurally related to Navs, but it is known for its pharmacological

resistance. Its fenestrations are obstructed by four key bulky residues. The

authors tested the efficacy of common channel blockers on the NALCN wild-type

and a mutant in which one bulky residue for each of its four fenestrations was

mutated to alanine. They found that these mutations significantly increase the

channel’s susceptibility to phenytoin (Fig. 1.7). This study demonstrates that

fenestration dimensions are indeed important determinants of drug access.

The fenestrations of voltage-gated sodium channels have been extensively

studied with molecular dynamics simulations115,116. These studies report fen-

estration radii in Navs during simulations that mostly fall between 1 and 3 Å

and vary slightly between fenestration and channel types. They also provide



1. Introduction 15

evidence of and insight into fenestration permeation and describe differing binding

affinity through the use of metadynamics. Other studies carried out µs-timescale

simulations and demonstrated fenestration permeation without any bias117,118.

While the relative importance of fenestration-based compared with pore-based

drug access is still under discussion109,119, the fact that drug access through

fenestrations does occur is undisputed. Outside of voltage-gated sodium channels,

drug-permeable fenestrations have been described in other channel families, as

well. The following is by no means a complete list and is only intended to serve as

further evidence of the importance of fenestrations across ion channel families. A

selection of known fenestration-permeating drugs is shown in Fig. 1.7 to illustrate

the wide range of sizes and chemical diversity found in these compounds.

1.4.2 Potassium channels

The family of potassium channels is large and functionally and structurally diverse124.

Interactions between drugs and fenestrations have been described in the voltage-

gated human ether-à-go-go-related gene (hERG)125 and Kv1.5126 channels. An

interaction-dependent fenestration has been identified in KCNQ1, where it only

opens when the channel associates with its auxiliary KCNE1 subunit and un-

dergoes a structural rearrangement127.

Among two pore domain potassium channels, the mechanosensitive TREK-

2113,121,122,128 and TRAAK129 channels have been confirmed to have fenestrations.

The former is a target of norfluoxetine (Fig. 1.7), while lipid occupancy of fen-

estrations in the latter has been reported. It is possible that lipid-fenestration

interactions contribute to mechanosensation130. Fenestrations in the TWIK-1

channel have been probed with structural methods and MD simulations131,132. As

an example, the TREK-2 structure with its fenestration is shown in Fig. 1.6 B.

1.4.3 Voltage-gated calcium channels

The presence of fenestrations in voltage-gated calcium channels is understood

as a conserved structural feature133. They are critical for closed-state inacti-
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Figure 1.7: Compounds that are either known or suspected to interact with ion
channel fenestrations, shown as chemical formula and in liquorice representation.
Lidocaine, benzocaine, and flecainide are inhibitors of voltage-gated sodium channels112.
(Nor)fluoxetine’s fenestration interaction has been demonstrated in the AMPA glutamate
receptor120 and the TREK2 K2P potassium channel121,122. Memantine is a fenestration-
going inhibitor of NMDA glutamate receptors123. Phenytoin has been shown to inhibit
the sodium leak channel NALCN if bulky, fenestration-blocking residues are mutated to
alanine114. Demonstrably, molecules of a diverse range of sizes and functional groups
have the potential for fenestration-based pore access.
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vation of Cav2.2, for example134, and were also implicated in dihydropyridine

binding in general135.

1.4.4 Glutamate receptors

Fenestrations have also been found in ionotropic glutamate receptors. To wit,

the NMDA receptor was found to be susceptible to memantine, with strong

evidence that it interacts with fenestrations in the channel123. The importance

of fenestration-based membrane-to-channel inhibition is well-understood in this

family107. Another glutamate receptor, the AMPA receptor, was also shown to

be a target of fenestration-going fluoxetine120 (Fig. 1.7).

1.4.5 Pentameric ligand-gated ion channels

This section has reported just some of the available evidence of fenestrations

in the better-studied ion channel families. One family for which evidence of

fenestrations is conspicuously unavailable is that of the pentameric ligand-gated

ion channels. It comprises nicotinic acetylcholine receptors, 5-HT3-receptors,

GABAA-receptors, glycine receptors, and glutamate-gated chloride channels,

covering a vast range of physiological roles. It is thus somewhat surprising that

drug-permeable fenestrations have not been discovered or discussed in this

entire channel family—fenestrations are only mentioned as extensions of the

ion-conduction pathway in the extracellular domain136.

The discussion of how ligands reach their site of action starts in chapter 3,

where the membrane permeation of small molecules is studied. This discussion

continues in chapter 4. Here, I aim to lay the foundation for future discussions

of fenestrations in pLGICs. Through the use of MD simulations, I provide further

context for electrophysiology data on the glycine receptor that appears congruent

with membrane-to-channel inhibition. Structural data and simulation results

provide the first evidence of a state-dependent, drug permeable fenestration

in glycine receptors.
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1.5 Aims of this thesis

This thesis is aimed at the study of pentameric ligand-gated ion channels, par-

ticularly the glycine receptor, with computational methods. The key research

question of chapter 4 was whether or not fenestration-based drug access in

the glycine receptor is possible or likely. Addressing this question required a

large number of difficult-to-converge umbrella sampling simulations to be run.

Limiting the amount of simulation time needed thus became a second aim of the

thesis and led to the development of an improved umbrella sampling workflow

that combines three previously described components. Chapter 3 describes

the detailed benchmarking of this workflow that I have carried out on test cases

of drug-membrane permeation. In addition to testing the performance of this

workflow, a goal of this project was to quantify the error that is introduced in

potential of mean force calculations when symmetry or periodicity are enforced

as boundary conditions, as they commonly are.

In a collaborative project, results from simulation methods and wet-lab bio-

chemistry were combined to further our understanding of allosteric signalling in

the glycine receptor. Using molecular dynamics simulations, I helped answer

the question of how ivermectin binding in the transmembrane domain of GlyR

is able to disrupt strychnine binding in the orthosteric site. This is reported

in chapter 5 of this thesis.

A second collaboration aimed to elucidate the activation cycle of the Gloeobac-

ter ligand-gated ion channel (GLIC) further. While it is useful to discuss channel

states as either open, closed, or desensitised, in reality, there is large structural

variety within and between these groupings. Our collaborators employed a spe-

cialised cryo-EM data analysis pipeline to solve structures of GLIC in intermediate

activation states. My simulations on these structures aimed to answer the question

of how open-like a structure has to be to allow the flow of ions through the channel.

These results are reported in chapter 6.
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2.1 Molecular dynamics

As atoms are quantum objects, quantum mechanics provides the most correct

description of molecular systems. However, due to their theoretical and math-

ematical complexity, QM calculations become prohibitively expensive for large

systems. With current hardware, systems larger than a few hundred atoms cannot

readily be studied with quantum mechanical methods. Molecular mechanics

offers a way to study larger systems by employing a few approximations. A

classical Newtonian description of the system is built in which the potential energy

is calculated as a function of nuclear coordinates only, while electronic positions

are assumed to average out around the nuclei in accordance with the Born-

Oppenheimer approximation. This reduced level of detail allows simulations of

systems that are millions of atoms in size on microsecond timescales, but it also

means that electronic effects such as polarisation, ionisation, and the breaking

and formation of covalent bonds are beyond the scope of a pure molecular

mechanics-based approach.

The theory underlying molecular dynamics simulations is detailed here fol-

lowing the examples of Leach137 and Allen and Tildesley138.

The objective of molecular dynamics simulations is to apply Newton’s equation

of motion to a molecular system to calculate the evolution of atomic coordinates

over time. To this end, MD simulations utilise the molecular mechanics-based

description of the system of interest to calculate its potential energy from its atomic

positions. The parameters at the foundation of this calculation are collectively

referred to as a force field and usually include terms to describe bond stretching,

angle bending and torsional motions as well as parameters to calculate potentials

between atoms not linked with covalent bonds. The force on each atom is obtained

as the derivative of the potential energy with respect to the atomic positions, which

via Newton’s second law F = ma yields accelerations of each atom. Through

integration over a finite, small time step the next set of coordinates is obtained.
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This process is repeated until a trajectory covering the desired amount of time

has been calculated.

All simulations in this work are carried out with GROMACS version 2021.7139–145.

2.1.1 Force fields

Force fields are the collections of parameters and functional forms that are

used to calculate the potential energy from the atomic positions. The limitations

inherent in the molecular mechanical approach make a universal force field that

could describe every chemical species in every conceivable condition impossible.

Instead, force fields are carefully parametrised to reproduce a subsection of

experimental findings (i.e. heats of vaporisation or bond lengths) for specific

subsets of chemical space (i.e. proteins or DNA), and care has to be taken that

a suitable force field is chosen for the research question at hand.

A large number of force fields has been developed over the years. The

following functional form (Eq. 2.1) is frequently used,

UMolecularMechanics =
∑

bonds

Ubonds

+
∑

angles

Uangles

+
∑

torsions

Utorsions

+
∑

pairs

Uelectrostatic

+
∑

pairs

Uvan der W aals

(2.1)

where the potential energy U is described as a sum of various energy terms arising

from bonded and non-bonded interactions that are considered independently.

These energetic contributions will be discussed in detail in the following.

Bonded interactions

Bond stretching

In molecular mechanics, molecules are approximated as spheres connected by
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springs. These springs can be described by Hooke’s law, which relates the force

on a spring to its extension and its spring constant. In the molecular mechanics

analogy, the extension of the spring is the deviation from a reference bond length

x0 and the spring constant is a measure of the strength or stiffness of the bond.

This formulation treats bond stretching as a form of harmonic oscillation (Fig. 2.1).

Ubond(x) = kbond

2 (x − x0)2 (2.2)
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Figure 2.1: The bond-stretching potential of a C-C bond as defined in the AMBER99SB-
ILDN force field with its reference bond length of 0.1525 nm and its spring constant of
259 408 kJ mol−1 nm−2.

Covalent bonds are strong interactions and the spring constants are cor-

respondingly large. As a consequence, deviations from the reference bond

length x0 are usually small, but frequencies of oscillation are very high. This

has consequences for the time step that can be used in integration. This will

be discussed further in Section 2.1.4.

Angle bending

The energy required to bend a bond angle is implemented analogously to the

bond stretching terms. A harmonic potential term is used.

Uangle(θ) = kangle

2 (θ − θ0)2 (2.3)
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Figure 2.2: The angle-bending potential of an N-C-O angle as defined in the
AMBER99SB-ILDN force field with its reference angle of 105.9° and its spring constant
of 334.72 kJ mol−1 rad−2.

It is of note that substantially less energy is required for small angle deforma-

tions than for bond stretching. This is due to the much smaller force constants

used to accurately reproduce experimental observations of molecular behaviour

through, for example, infrared spectroscopy or X-ray crystallography.

Torsional potential terms

The torsional angle ϕijkl of four sequentially bonded atoms i, j, k, and l is defined

as the angle between the two planes formed by i, j, k and j, k, l, respectively.

Since, generally, a full rotation of 360° about the j, k bond is possible, the harmonic

potentials used for bonds and angles are not suitable descriptors of these dihedral

angles. The functional form of the dihedral potential instead makes use of the

inherent periodicity of the trigonometric functions (Eq. 2.4), where kϕ relates to

the barrier height, n is the multiplicity, and ϕs determines the minima of the

torsional potential.

Udihedral (ϕijkl) = kϕ (1 + cos (nϕijkl − ϕs)) (2.4)
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To allow a better description of torsions in asymmetrical systems, Eq. 2.4 can

be expanded as the sum of torsional contributions with individual values for kϕ, n,

and ϕs. As an example of this, the torsional potential of the OS-CT-CT-OS dihedral

as defined in the AMBER99SB-ILDN force field146 and its individual contributions

are shown in Fig. 2.3. The two contributions’ parameters are listed in Table 2.1.

Table 2.1: Parameters of the two contributions to the OS-CT-CT-OS dihedral of the
AMBER99SB-ILDN force field.

Contribution kϕ n ϕs

1 0.6025 3 0
2 4.91620 2 0
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Figure 2.3: The dihedral potential of an OS-CT-CT-OS dihedral as defined in the
AMBER99SB-ILDN force field. It is formed as a sum of two contributions of the functional
form of Eq. 2.4 with the parameters in Table 2.1.

Accurate modelling of torsional degrees of freedom is especially important.

Bond stretching and angle bending are relatively hard degrees of freedom due

to their implementation as harmonic oscillators with large force constants. On

the other hand, a wide range of dihedral angles is usually explored in simulations

because the energy barriers involved in changing dihedral angles are often

comparable to the thermal energy kT at the temperature of interest. For example,

kT ≈ 2.58 kJ mol−1 at 310 K. This means that rotations about single bonds in

particular are responsible for a major part of structural variability.
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Nonbonded interactions

Electrostatic interactions

Electrostatic interactions between two charged atoms 1 and 2 with charges q1

and q2 at a distance r12 are modelled through Coulomb’s law:

UCoul = 1
4πϵ0

q1q2

r12
, (2.5)

with the vacuum permittivity ϵ0 of 8.8542 × 10−12 F nm−1. Even at distances

beyond 1 nm, electrostatic interactions still contribute significantly to the overall

potential (Fig. 2.4). This is problematic: applying a cut-off and only calculating the

electrostatic potential to nearby atoms introduces large errors, but considering

each pair of atoms in the simulated system is expensive as it scales with the

square of the number of atoms in the system. A solution to this problem is

discussed in Section 2.1.7.
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Figure 2.4: The Coulomb potential between two singly charged ions with identical
(repulsive force) or opposing charges (attractive force) in water.

This implementation of the electrostatic potential is not only applied to nominally

charged species like ions. Instead, to reflect the fact that some elements are
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more electronegative than others and will more strongly attract the electrons

that form covalent bonds, each atom is assigned a partial charge. The actual

electronic distribution in a molecule is then represented as a distribution of partial

point charges, and electrostatic potentials between point charges are calculated

in the same way with Eq. 2.5.

Van der Waals interactions

Even between non-bonded, uncharged atoms there are interactions. This is

made clear in the case of noble gases, for example, which otherwise could not

exist as a liquid phase even near absolute zero. These interactions are due to

van der Waals forces and have attractive and repulsive components. At long

distances, an attractive force acts between particles because of dispersion, where

instantaneous dipoles are formed by random fluctuations in the electron cloud

around each atom. These dipoles can be self-reinforcing between close atoms,

giving rise to the attractive component. The strongly repulsive force on two atoms

that approach one another closely results from a violation of the Pauli exclusion

principle, as when the atoms approach one another their electron orbitals start to

overlap. No electrons in an orbital may share the same set of quantum numbers,

resulting in a large energetic penalty for decreasing interatomic distance.

For computational efficiency – and because electronic effects cannot be

described in molecular mechanics – these van der Waals interactions are routinely

described by the Lennard-Jones potential,

ULJ = 4ϵ

[(
σ

r

)12
−
(

σ

r

)6
]

, (2.6)

which has a strongly repulsive component that decreases with r12 and a weakly

attractive component that decreases with r6. Thus, for two atoms approaching one

another, the Lennard-Jones potential will decrease to a minimum at rmin = 21/6σ

before rapidly increasing (Fig. 2.5). The formulation in Eq. 2.6 combines the

attractive and repulsive contributions into a single, simple equation that relies

on two parameters that have to be empirically determined for each atom type
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in a force field: σ, the distance between two atoms at which the Lennard-Jones

potential is 0, and ϵ, the depth of the energy well at rmin.
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Figure 2.5: The functional form of the Lennard-Jones potential with its r−12 repulsive
contribution and its r−6 attractive contribution. ϵ is the depth of the energy well at the
minimum of the potential energy, and σ is the distance when the potential is zero.

If different atom types are present in a simulation, the Lennard-Jones pa-

rameters for their interaction can be obtained from the individual parameters via

combination rules. For example, for two species A and B, the parameters for

the A-B Lennard-Jones interaction can be obtained via the Lorentz-Berthelot

combination rules:

σAB = 1
2 (σA + σB)

ϵAB = √
ϵAϵB

It is important to note that the formulation of the Lennard-Jones potential as

a pairwise potential is an approximation. In reality, multi-body effects contribute

significantly to the potential energy in condensed phases. Their inclusion is
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computationally expensive, however, so most force fields instead modify the

parameters of their pair potentials slightly to account for these multi-body effects.

This improves the accuracy in simulations of condensed phases, but as a conse-

quence, these parameters are not suitable for the description of an interaction

between an isolated pair of atoms.

2.1.2 Integration methods

The force field is used to calculate the potential energy of the system as a function

of the nuclear coordinates. The forces F on each atom are then obtained

as the derivative of the potential with respect to atomic coordinates. From

here, MD simulations produce trajectories by calculating the evolution of atomic

coordinates over time utilising Newton’s equations of motion. Integration of these

equations gives time-dependent expressions for the velocities and coordinates.

An iterative procedure is used, where previous coordinates and velocities are

used to determine a new set of coordinates after a short time step ∆t. For the

first simulation step starting from a static structure, when no initial velocities are

present, they can be chosen randomly from a Maxwell-Boltzmann distribution

at the desired temperature (Fig. 2.6).

Two different integration methods were used in this work.

The leap-frog integrator

The leap-frog integrator uses the positions x and accelerations a at time t and

the velocities v at time t − 1
2∆t to update the positions and velocities as such:

a(t) = F(t)
m

v
(

t + 1
2∆t

)
= v

(
t − 1

2∆t
)

+ ∆t a(t)

x(t + ∆t) = x(t) + ∆tv
(

t + 1
2∆t

)
,

where m is the atom mass. The velocities at time t + 1
2∆t are calculated first

from those at t − 1
2∆t and the accelerations at time t, and are then used with
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Figure 2.6: The Maxwell-Boltzmann distribution is a probability distribution of molecular
speed v. At low temperatures, most particles have low speeds, and the speed distribution
is narrow. At higher temperatures, molecular speeds are more broadly distributed and
cover a wider range of speeds. The highest-probability speed is higher, but a smaller
number of particles have this particular speed.

the positions at time t to calculate the positions at t + ∆t. As such, positions are

available at each time step, and velocities are available at each half time step

— they leap-frop over one another as the simulation progresses. The leap-frog

integrator is computationally efficient, but has the disadvantage that positions

and velocities are not synchronised. The kinetic energy is not calculated for the

same time point as the potential energy, which prohibits the use of simulation

methods that need to process the total energy as the simulation is ongoing. One

example of this is the expanded ensemble methods, for which the velocity-verlet

integrator has to be used (see Section 2.2).

The velocity-verlet integrator

The velocity-verlet integrator is different from leap-frog in that positions, velocities,

and accelerations are all given for the same time t. This is achieved by first
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calculating the next set of positions as

x(t + ∆t) = x(t) + ∆tv(t) + 1
2∆t2a(t).

To then obtain the velocities at t + ∆t, the accelerations at both t and t + ∆t are

needed. a(t + ∆t) is calculated from the positions x(t + ∆t) calculated before.

With these accelerations, the new velocities are then

v(t + ∆t) = v(t) + 1
2∆t [a(t) + a(t + ∆t)]

= v
(

t + 1
2∆t

)
+ 1

2∆ta(t + ∆t).

Since the velocities and positions are determined at each whole time step,

the total energy of each time step is known as the simulation progresses. The

downside of the velocity-verlet integrator is that, in its current GROMACS imple-

mentation, it cannot fully utilise GPU acceleration. It is therefore only employed

here when necessitated by the use of, for example, an expanded ensemble

method (see Section 2.2).

2.1.3 Energy minimisation

Generally, before a simulation can be started, the input coordinates have to be

slightly modified in a process called energy minimisation. The goal is to find a

minimum on the potential energy surface from which to start the simulation. This

is necessary because large potential energy values yield large forces, which then

result in large movements of atoms in a single time step. These large movements

can then cause more unfavourable configurations of the system; for example,

atoms might end up very close to one another, resulting in large repulsive Lennard-

Jones potentials. This way, the simulation can become increasingly unstable, and

with larger and larger atom displacement per time step is said to ‘blow up’. When

atom overlap is severe, potentials may become too large to be stored in a single-

precision 32 bit floating-point number, causing abrupt termination of the simulation.

The most commonly used energy minimisation algorithm is steepest descent.

It is a gradient-based method, meaning the derivatives of the potential energy—

the forces—are used to inform small movements of atoms in the search of an
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energy minimum. In the iterative procedure, the coordinates xn+1 at step n + 1

are calculated from the forces Fn on each atom as

x(n + 1) = x(n) + Fn

max (|Fn|)hn, (2.7)

where max (|Fn|) is the largest scalar force on any atom at step n, which is used

as a normalisation factor. hn is a variable step size that has to be defined for the

first minimisation step and is then updated throughout the run of the algorithm.

The potential energy based on the new set of coordinates is calculated, and the

move is accepted if the new potential energy is lower than before and rejected if it

is not. When a move is accepted, the step size hn is increased by 20 %. If it is

rejected, the step size was too large and the system crossed over a local energy

minimum. hn is then multiplied by 0.2 to reduce the step size. The algorithm

stops when either a user-defined maximum number of steps has taken place,

the potential energy has decreased below a user-defined threshold, or when an

energy minimum has been found and the potential energy no longer changes.

2.1.4 Bond constraints

The choice of time step is important: smaller time steps mean the calculation

of a trajectory covering a certain time takes longer, but too large a time step

makes the system become unstable due to the effects described in Section 2.1.3.

Therefore, the time step should be chosen to be as large as is possible while

still maintaining a stable simulation.

Looking at this problem from another perspective: interesting conformational

changes of a molecule such as bond rotations are low-frequency motions. On

the other hand, bond stretching terms have high-frequency motions, but the bond

lengths are of less interest because they oscillate very close to their reference

values. However, the maximum length time step that can be chosen must still

be able to resolve the highest frequency motions in the system. This conflict —

uninteresting motions of the system forcing the use of a small time step and thus

a slow simulation — can partially be solved by the use of constraint algorithms.
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Bond constraints can be used to force bond lengths to their reference value.

This eliminates their bond vibration and thus reduces high frequency motions in

the system. Commonly, all bonds between heavy atoms and hydrogen atoms in

a simulation system are constrained. This allows the use of a longer time step,

frequently of 2 fs instead of 1 fs. In this work, the LINCS algorithm147 was used

to constrain all bonds between heavy atoms and hydrogen atoms except in the

case of water, which was constrained with the SETTLE algorithm148. After initial,

unconstrained coordinates for the next time step have been calculated through

integration of Newton’s equation of motion (see Section 2.1.2), these algorithms

correct the coordinates to enforce the constraints.

2.1.5 Periodic boundary conditions

Correct treatment of boundary conditions is crucial for the accurate calculation of

thermodynamic properties from simulation. Most of the time, we are interested in

bulk properties, not interactions with system boundaries or surfaces. However,

simulation systems would have to be enormously large for a significant number of

molecules in the centre of the system not to interact with the boundaries. Periodic

boundary conditions enable the study of bulk phenomena in small systems,

saving computational time.

In a simulation under periodic boundary conditions, the simulation system is

replicated in space, surrounding the system with identical copies of itself (Fig. 2.7).

Mirror particles directly copy the actual system’s particle’s motion, and if a particle

leaves the central system, it is replaced by a mirror particle entering from the

opposite end. In this way, bulk behaviour can be simulated even in relatively small

systems. A minimum size of the simulation system arises as a consequence of

having to prevent a particle from interacting with its own mirror images. This is

done by implementing a cut-off for short-ranged non-bonded interactions beyond

which their potentials are set to zero, and following the minimum image convention

under which only the closest copy of a particle is considered for these interactions.

This closest particle need not be in the same copy of the simulation system. Thus,
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the box length has to be at least twice the cut-off distance. Efficient implementation

of the cut-offs is done using neighbour lists (see Section 2.1.6). Long-ranged

non-bonded interactions have to be treated differently (see Section 2.1.7).

Figure 2.7: Illustration of periodic boundary conditions. The actual simulation system in
the centre is surrounded by identical copies of it. If a particle leaves the box, its mirror
image enters the box on the opposite side from such a copy.

2.1.6 Cut-offs and neighbour lists

Non-bonded potential terms trail off with increasing distance. This is especially

true for the Lennard-Jones potential, the magnitude of which decreases with r6.

However, during the force evaluation part of an MD step, non-bonded interactions

of all pairs of atoms are calculated. The potential energy of a pair of atoms at

considerable distance will be very close to zero, and in a large enough system,
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most atoms will be so far away from most other atoms as to barely interact with

them. To reduce the number of force calculations necessary, a cut-off distance

for non-bonded interactions is defined beyond which the potential energy is set to

zero. This reduces the number of necessary force evaluations, but by itself does

not meaningfully speed up the overall calculation. The reason is that the distance

between each pair of atoms would still have to be calculated and compared to

the cut-off distance to decide whether or not the force has to be determined.

Neighbour lists were implemented to reduce the number of distance calculations

that need to be carried out during a simulation.

Neighbour lists are based on the argument that in condensed phases, atoms

cannot dramatically change their positions in a few femtoseconds. Therefore, it is

assumed that each atom’s neighbours will remain the same for a brief period of

time. For each atom in the system, a neighbour list holds a reference to all atoms

that are within and slightly beyond the distance cut-off. Only these atoms are then

considered for non-bonded interactions. The neighbour list has to be updated

at certain intervals to account for atoms entering and leaving the cut-off radius.

This way, the expensive calculation of all N(N − 1) distances in the simulation

box does not have to be carried out at every step.

The sudden switch from a finite potential just below the cut-off to a potential of

zero just above the cut-off introduces artefacts. One common way to address this

is to shift the potential energy by addition of a constant that ensures the potential

reaches zero at the cut-off distance. This improves energy conservation and has

no effect on the forces, as the constant term disappears in differentiation.

2.1.7 Long-ranged interactions

Electrostatic interactions modelled with Coulomb’s law only decrease with r1 as

compared to the Lennard-Jones potential’s r6. These interactions are usually still

significant at distances near the cut-off used in the calculation of Lennard-Jones

interactions (Fig. 2.4), and implementing a plain cut-off introduces significant

artefacts. Instead, electrostatic interactions are split: a short-ranged component
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benefits from the performance improvements of the cut-off and neighbour list,

and a long-ranged component ensures that electrostatic interactions beyond

the cut-off are still considered.

The short-ranged electrostatic component is calculated as described in Sec-

tion 2.1.1. This calculation occurs in direct space. The long-ranged component, on

the other hand, is usually calculated with the smooth particle mesh Ewald (SPME)

method149, which handles its calculations in reciprocal space. This approach

employs fast Fourier transforms (FFTs) to efficiently calculate the electrostatic

potential, allowing PME to scale as O(n log n).

PME enables more accurate treatment of electrostatic interactions and is

computationally efficient. However, since it considers all periodic images in the

force evaluation and does not use the minimum image convention, it can artificially

impose long-ranged order on the system that may not be desired. Another point

of note is that PME requires a charge-neutral system and will create a uniformly

charged background to neutralise any charge imbalances, if present. Systems

should therefore always be created with neutralising ions in the solvent.

2.1.8 Temperature and pressure coupling

Natively, molecular dynamics simulations sample from the microcanonical en-

semble, in which the number of particles N, volume V, and total energy E are

constant. However, if results from simulations are to be compared to experimental

findings, it makes sense to match experimental conditions as closely as possible.

Most experiments are not carried out under conditions of constant volume and

total energy, but instead under constant temperature T and constant pressure

P. Thus, simulating in this isothermal-isobaric NPT ensemble requires control of

both temperature and pressure during the simulation.

Temperature coupling is achieved by manipulating the velocities of the system.

This is based on the relation of temperature T and velocity v via the kinetic

energy Ekin as
3
2NkBT = Ekin = 1

2mv2,
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so changes in the overall velocities directly correspond to changes in the instan-

taneous temperature and vice versa. Immediately changing the velocities to

match the desired temperature at every integration step, however, would result in

unphysical behaviour of the system and prevent proper sampling of the ensemble.

Instead, the simulation system is coupled to a heat bath of the desired temperature

Tbath in such a way that the change of the system’s temperature over time is

dT (t)
dt

= 1
τT

(Tbath − T (t)) ,

where τT is a coupling constant that determines how closely the the system’s

temperature is coupled to the heat bath’s. This is the formulation of the Berendsen

thermostat150. During one time step of ∆t, the temperature changes by

∆T = ∆t

τT

(Tbath − T (t)),

which gives a scaling factor λ to apply to the velocities to reach the new temperature

as

λ2 = 1 + ∆t

τT

(
Tbath

T (t) − 1
)

.

In this work, the velocity-rescale thermostat151 was used. It is a modified

version of the Berendsen thermostat that includes a stochastic term. This is

necessary for proper sampling of thermal fluctuations.

Pressure coupling is generally achieved by varying the size of the simulation

box. A scaling factor λ has to be determined, which can then be applied to the

box vectors and atomic coordinates. In the Berendsen barostat150, a ‘pressure

bath’ is defined in analogy to the heat bath used for temperature coupling. The

rate of change of the pressure is

dP (t)
d(t) = 1

τP

(Pbath − P (t)),

with a coupling constant τP defined analogously to τT for temperature coupling.

From the rate of change of the pressure, the scaling factor for the simulation

box volume is obtained as

λ = 1 − κ
∆t

τP

(P − Pbath),
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where κ is the isothermal compressibility of the simulation box. In cases where the

simulation system is mostly made up of water, a value for κ of 4.5 × 10−5 atm−1 is

reasonable. From the scaling factor λ the new atomic positions x′
i are obtained as

x′
i = λ1/3xi.

Pressure coupling can be applied isotropically, semi-isotropically, or anisotropically.

In the isotropic case, the same scaling factor is applied in all three spatial

dimensions. In the anisotropic case, each dimension can have its own scaling

factor and can change independently. The semi-isotropic case is most relevant to

the study of membrane systems. Here, it is assumed that the membrane lies in

the xy plane, and the same scaling factor is used for the x and y components,

while the z component can be scaled independently to more accurately mirror

conditions in a membrane system.

In this work, the C-rescale barostat152 was used. It is an evolution of the

Berendsen barostat that includes a stochastic term in addition to the deterministic

term. This allows correct modelling of pressure fluctuations in the system.

2.1.9 Simulating electric fields

Biological membranes generally have ion gradients across them. From this charge

gradient results an electric membrane potential. It can be useful to simulate the

effects of this membrane potential, which is possible through simulation of an

external electric field. This electric field can be imagined as the result of placing

the plates of a parallel plate capacitor at opposite ends of the simulation box and

applying a voltage to them. In practice, the strength of the simulated electric field

E in volts per nanometre can be defined as an input parameter to the simulation.

The force experienced by charged species i with charge qi in the simulation box

as a result of this field is calculated during the force evaluation step as

Felectric field = qiE,
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and is then used for updating the coordinates the same way forces obtained

from application of the force field are.

The external field is specified via its field strength, but comparisons to the

membrane potential are usually more useful. The strength of the simulated

potential can be obtained from the field strength by multiplying it with the length of

the simulation box along which the field is applied. This implies, however, that the

potential changes with box size fluctuations that result from the pressure coupling

in simulations in the NPT ensemble. In principle, then, the NVT ensemble should

be used when precise knowledge of the electrical potential in the simulation box is

needed, but the fluctuations are rather minor in practice. A more serious problem

arises due to the use of periodic boundary conditions. Dipoles in the system will

partially align with the electric field, creating an internal field that opposes the

external field. This causes a screening effect, reducing the effect of the external

field in the simulation box, and is one of the reasons why much higher potentials

than measured in live cells are often used in simulations.

2.2 Expanded ensemble methods

Expanded ensemble methods are related to replica exchange methods, and

both can be used to enhance sampling in a simulation by exploring a variety

of conditions that might differ in temperature, force field parameters, umbrella

potentials, alchemical states, or other factors. In replica exchange, these different

states are sampled in parallel. One simulation per set of parameters is running

at all times, and exchanges of coordinates between adjacent conditions are

periodically attempted. Expanded ensemble methods are a serialised version of

this parallel workflow with only one simulation system that periodically attempts to

move to adjacent conditions. One advantage of expanded ensemble methods over

replica exchange methods is that the hardware requirements are more flexible.

In parallel applications, each condition has to be simulated at the same time,

and communication between the simulation ranks has to be fast. Cross-node or
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cross-GPU communication can be a serious bottleneck, limiting the number of

conditions that can be tested in parallel. In the expanded ensemble approach,

on the other hand, this limitation does not apply.

Expanded ensemble methods have successfully been used for alchemical

transformations153,154 and umbrella sampling155, with modified Hamiltonians and

umbrella potentials, respectively. Simulated tempering156 is the application of

the expanded ensemble framework to different temperatures (Fig. 2.8). As

in the parallel-tempering replica exchange approach, the goal is to overcome

potential energy barriers through sampling at higher temperatures. This allows

sampling of more regions of phase space that would be inaccessible if only the

actual temperature of interest were sampled. Spending simulation time at higher

temperatures allows faster crossing of energy barriers.
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Figure 2.8: Overview of how simulated tempering and parallel tempering collect samples
from a range of temperatures. In simulated tempering, a single system is simulated and
moves to adjacent rungs on a temperature ladder are periodically attempted. Parallel
tempering simulates one replica per temperature and attempts coordinate exchanges
between adjacent temperatures at certain intervals.
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2.2.1 Theory

In a regular MD simulation, the probability P of observing the system in a par-

ticular configuration x is proportional to the Hamiltonian of the system in its

particular ensemble via

P (x) ∝ e−H(x).

The expanded ensemble quite literally expands this proportionality by providing

more ensembles n to be sampled from, and P (x) becomes

P (x, n) ∝ e−H(x,n). (2.8)

The different states n can vary in a number of ways as described above. In the case

of simulated tempering, the states differ in temperature. For example, a simulation

in the NPT ensemble could be expanded by a series of NPT ensembles at

different constant temperatures T , which are sampled by changing the reference

temperature of the thermostat. The Hamiltonian in Eq. 2.8 is then given by

H(x, n) = βnH(x) − gn, (2.9)

where βn = 1/kBTn is the inverse temperature of state n and gn is the weight

of the state. The temperatures of each state remain constant throughout the

simulation, while the weights of each state are updated throughout the simulation

to ensure equal sampling across all conditions.

A simulation runs in a certain state n for a set number of simulation steps, after

which a move to the adjacent states n + 1 and n − 1 is attempted and accepted

or rejected with a Metropolis criterion defined as

w (Tn → Tn±1) = min
(
1, e(βn±1−βnH(x)−(gn±1−gn)

)
. (2.10)

In this way, a single simulation can visit all temperature states if suitable weights

gn are chosen. Importantly, correct ensembles are sampled and equilibrium

and detailed balance are maintained by this approach. The Hamiltonian H(x)
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contains kinetic and potential energy contributions and thus depends on the

velocities and positions of each atom in the system, which have to be available

at the same time as a move is attempted. For this reason, the velocity-verlet

integrator (Section 2.1.2) is used for expanded ensemble simulations.

2.2.2 Obtaining initial weights

The weights gn are updated throughout the simulation until all states are evenly

sampled. The weights are then equal to the energy difference between the states.

This relation is used to help choose suitable starting weights, which in turn helps

accelerate the weight update procedure. The following approach was used in

this thesis after first being described by Park and Pande157.

Based on the facts that the weights are related to the energy difference between

the states, and that optimal weights should result in equal probabilities of the

moves n → n + 1 and n + 1 → n, Park and Pande obtained initial guesses

for the weights gn. Equal probabilities can only be achieved if the differences

between the Hamiltonians are equal, i.e. ∆Hn→n+1 = ∆Hn+1→n. Approximating

the Hamiltonian through the potential energy U of the system gives

∆Hn→n+1 ≈ ∆βn→n+1Un − ∆gn→n+1

and

∆Hn+1→n ≈ ∆βn+1→nUn+1 − ∆gn+1→n,

which, when equated, give an expression for the approximate relative weight

between two states as

∆gn→n+1 ≈ (∆βn→n+1)
Un + Un+1

2 . (2.11)

An initial guess of the weights g is obtained by running short simulations — 500

ps per temperature suffice — at each of the temperatures and calculating the

average potential energy Un of the system at condition n. The relative weight

between two adjacent states is calculated from the temperature difference and

the mean of the potential energies through Eq. 2.11. Since only relative weights
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are needed for the Metropolis criterion in Eq. 2.10, the absolute values of the

weights are of no consequence. However, since each state must have a weight

value assigned to it in the GROMACS implementation, the first weight should

be set to an arbitrary value, with the remaining values being calculated from the

relative weights obtained through Eq. 2.11.

2.2.3 Updating the weights

The initial guess of the weights is then updated throughout the simulation. This is

done using the Wang-Landau algorithm158, which works by building a histogram

hn counting how often each state n is visited. At each attempted move t, the

histograms and weights are updated by incrementing the histogram count of the

new state and by adding the Wang-Landau increment δ to its weight g as

ht+1
n = ht

n + 1

and

gt+1
n = gt

n + δ.

The increment δ is a positive energy value (in units of kBT ) with the purpose of

encouraging the system to move away from the current state. By slightly increasing

the energy of state n, moves to state n ± 1 are made more likely. Over time, this

causes the simulation to visit all states more or less equally, yielding a flatter

histogram hn. Flatness of the histogram is judged by comparing the ratio of the

histogram counts hn to the mean h̄ = ∑
n hn/N with the Wang-Landau ratio η and

the total sum of histogram counts N . When the criterion η < hn/h̄ < η−1 is met

for all states n, the histogram is considered flat, the Wang-Landau increment δ

is scaled by a factor α < 1, and the histogram counts are reset. The procedure

is then repeated until δ shrinks below a user-defined threshold, at which point

the weights are considered equilibrated and are no longer updated. At this point,

all states are equally likely to be sampled.
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2.3 Umbrella sampling

The free energy surface of a biomolecular simulation system is highly multidi-

mensional and exceptionally complex, making free energy changes in processes

of interest difficult to calculate. The dimensionality of the free energy surface

can be reduced by choosing adequate collective variables (CVs) to describe the

process of interest. Suitable choices of collective variables depend on these

processes — the distance of a ligand from a membrane bilayer, a torsion about

a bond, or angles between protein subdomains are all possible examples, as

are combinations of such factors. The free energy surface along such collective

variables, known as the potential of mean force (PMF), is more readily calculable.

However, ‘more readily’ still means complicated in all but the simplest cases.

Calculating the PMF of a process from an unbiased simulation is problematic

because the probability of sampling higher energy regions on the potential energy

surface is naturally much lower than that of regions of lower energy, meaning

that less data is available on energy barriers. As a result, unbiased simulations

usually do not generate enough data to accurately calculate PMFs.

Umbrella sampling aims to overcome this issue of data generation in high-

energy regions. This is done by taking the region of interest of the reaction

coordinate and dividing it into a discrete set of windows. One simulation system

per window is then generated. For example, to calculate the PMF of a full rotation

around the central C-C bond in butane, 24 windows could be generated in which

the torsional angle is offset by 15° each to cover a full rotation of 360°. A restraint

potential is then applied to ensure that each window samples its assigned region

of the reaction coordinate. The most commonly used functional form of this

restraint potential is that of a harmonic restraint. For each simulation window,

additional potential energy terms Ubias that result from this harmonic restraint

enter into the force calculation as

Ubias(ξ) = kbias

2 (ξ − ξ0)2 , (2.12)
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where kbias is the force constant of the biasing potential, ξ is the reaction coordinate

and ξ0 is the centre point of the umbrella window to which the reaction coordinate

is restrained. While these umbrella potentials ensure that data points from all

regions along the reaction coordinate are collected (Fig. 2.9), the PMF of interest

is that of the unbiased system. The biases applied to improve sampling thus

complicate calculation of the PMF. They need to be accounted for and their effects

have to be removed from the raw data before the PMF can be obtained.

This section will briefly discuss current approaches to umbrella sampling,

including how to obtain the starting configurations, how to calculate the PMFs

from the simulation data, and how to assess convergence.

2.3.1 Window generation methods

The reaction coordinate is divided into smaller windows and the system is re-

strained to sample these subregions. Before data collection in each window

can begin, the system must be made to adopt the desired configuration. In

very simple cases no special care is required to generate appropriate starting

conditions. Umbrella sampling simulations of the backbone torsions of the alanine

dipeptide, for example, can all be started from a single input structure. The system

will then quickly adopt the configuration to which it is restrained, and the simplicity

of the system means undesired structural distortions are unlikely.

In larger systems, more control over the starting configurations is generally

required. A standard approach is to use a non-equilibrium method like steered MD

to force the system to move along the reaction coordinate. Starting configurations

for umbrella sampling simulations can then be extracted from the resulting trajec-

tory. This approach has successfully been used in a number of studies159,160, but

it can be problematic. The forces exerted on the system during non-equilibrium

pulling can cause deformations that alter the chemical environment and can thus

influence the PMF. The PMF therefore depends not only on the reaction coordinate

but also on the parameters of the pull. As a consequence, a selection of pull
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Figure 2.9: Overview of the role of Ubias in umbrella sampling, explained for the example
of a simple one-dimensional distance. A: The system is restrained to a reaction coordinate
of ξ0 by Ubias(ξ) (Eq. 2.12). As the distance ξ deviates from ξ0, a harmonic potential is
applied. B: To sample all regions along the reaction coordinate, independent windows
with individual ξ0 values are set up and run. The system is thus restrained to different
values along ξ and samples from all regions are collected.
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parameters such as pull speed or direction should be tested and the resulting

PMFs compared to one another.

An alternative approach was used by Cetin et al.161 in a recent study to calculate

PMFs of ions passing through the pore of the nicotinic acetylcholine receptor.

To obtain configurations with ions at the desired position along the reaction

coordinate, the authors manually modified the coordinates of an ion to place it

onto its starting point along the pore axis. Since space at this location would

already be occupied by water molecules, this manual placement was followed

by two rounds of energy minimisation during which strong position restraints

were placed on the ion. Overlapping water molecules were thus pushed out of

the way and starting configurations for umbrella sampling were obtained. One

advantage of this method is that it is not sensitive to a pull direction as the steered

MD approach is. It is only feasible for very small molecules of interest, however,

as larger molecules would have more overlap with other atoms which could not

be resolved by simple energy minimisation.

2.3.2 Choice of umbrella potentials

The umbrella potential restrains the system to a subsection of the reaction

coordinate. Both its strength and the number of windows have to be chosen

carefully because the calculation of the PMF depends on sufficient overlap

between neighbouring umbrella windows. If the force constant of the harmonic

restraint is set too high, or if the windows are spaced too far apart, the regions

sampled by adjacent windows will not overlap sufficiently and the calculated

PMF will be incorrect. If the harmonic restraint is too weak, however, it might

not be able to restrain the system to regions of high energy along the reaction

coordinate, causing both problems of overlap between windows and coverage

of the reaction coordinate. The ideal umbrella potential is thus strong enough to

restrain the system to every point along the reaction coordinate while not being

too strong to prevent sampling a broad enough range around the reference value

of the restraint (ξ0 in Eq. 2.12).
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2.3.3 Calculation of the potential of mean force

During the simulation of each umbrella window, the values of the reaction coor-

dinate are saved to a file. These coordinate values ξ combined with the centre

of the restraint ξ0 of the window and the strength of the umbrella potential kbias

allow the calculation of the force necessary to restrain the system to a particular

configuration along the reaction coordinate. Based on this information from

biased simulations, numerical approaches can determine the unbiased free

energy surface along the reaction coordinate without the restraints. Two such

approaches will briefly be discussed here.

Weighted histogram analysis method

The application of the weighted histogram analysis method (WHAM) to umbrella

sampling was first described by Kumar et al.162. It works by building a histogram

hi(ξ) from each of the Nw biased umbrella simulations, splitting the reaction

coordinate into discrete bins. These histograms are the results of biasing the

underlying probability distribution by Ubias(ξ), and the goal is to obtain the original

unbiased probability distribution P (ξ). This is done by iteratively solving the

WHAM equations,

P (ξ) =

Nw∑
i=1

hi(ξ)
Nw∑
j=1

nje
−β(Ubias, j(ξ)−fj)

and

e−βfj =
∑

ξ

P (ξ)e−βUbias, j(ξ),

where nj is the number of data points in histogram hj and the Nw fj are free

energy constants. After solving this equation system, the PMF can be calculated

from the unbiased probability distribution via

PMF(ξ) = −kBT ln P (ξ)
P (ξ0)

,

where ξ0 is an arbitrarily chosen reference point at which the PMF is set to zero.
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WHAM is a computationally efficient method, but its reliance on binning can

be problematic as it introduces a bias dependent on user input.

Multi-state Bennet acceptance ratio

The multi-state Bennet acceptance ratio (MBAR) of Shirts et al.163 is a newer

estimator that does not rely on binning the data along a reaction coordinate

and instead uses the raw data directly. It can be considered an application of

WHAM with a bin width of zero.

MBAR works directly on the configurations x generated in the K umbrella

windows by considering the reduced potential energy ui(x) of these configurations.

The reduced potential energy is defined as

ui(x) = βi (Ui(x) + piV (x) + µin(x)) ,

with βi being the inverse temperature of state i. Ui is the potential energy function

of the system and here includes the umbrella potentials Ubias of window i. pi

is the pressure of state i and µi the vector of chemical potentials, which are

needed for simulations run in the NPT and µV T ensemble, respectively. Each

of the K umbrella windows contributes Nk pairs of independent configurations x

and corresponding reduced potential energies ui. From these, the free energies

fk of each of the K states are calculated by iteratively and self-consistently

solving the MBAR equations

f̂i = − ln
K∑

j=1

Nj∑
n=1

e−ui(xjn)∑K
k=1 Nkef̂k−uk(xjn)

.

Once the free energies of each of the biased states are known, the PMF can be

calculated by reweighting to the unbiased state. At this point, MBAR also allows

straightforward temperature reweighting, enabling the use of data from simulations

carried out at different temperatures to inform the PMF at a desired temperature.

One downside of this is that it can quickly become computationally expensive, with

available memory becoming the limiting factor to how many states can be included.
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2.3.4 Convergence criteria

It is desirable to keep simulations as short as possible to save computational

resources. So when is an umbrella sampling simulation long enough? In general,

a sensible end point to aim for is convergence of the PMF profile. Convergence

can be assessed by calculating the PMF over subsets of the available simulation

data. Starting with few data points and gradually including more data in the

PMF calculation should initially lead to stark changes in the PMF. The calculation

approaches convergence once inclusion of more data points no longer significantly

changes the PMF. It is important to note, however, that convergence does not

necessarily imply correctness of the PMF, which makes other criteria useful. These

criteria depend on the exact nature of the system at hand. In the case of the

translocation of a small molecule through a symmetrical lipid bilayer, for example,

one would expect the PMF in bulk solvent on either side of the membrane to

have the same value, and for the PMF to reflect the symmetry of the system. If

these criteria are not met, longer simulations or enhanced sampling schemes

should be considered.

2.4 Homology modelling

Homology modelling is a technique used to generate a target protein structure

from its sequence based on a sequence alignment to a related protein of known

structure. It is a useful technique when structures of closely related proteins

are available, for example of a homologue from a different species with high

sequence identity. Even though artificial intelligence-based structure prediction

tools like AlphaFold164 have found widespread use in recent years, homology

modelling remains an important technique.

In this work, the MODELLER software165 was used to build connecting loops

into unresolved regions in structures obtained through cryo-electron microscopy.

For this purpose, target and template sequence only differ in the addition of the
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connecting linker, and care was taken that atoms resolved in the structure remain

invariant during the relaxation steps run by MODELLER.

2.5 Measuring of cavities in protein structures

The properties of solvent- and small molecule-accessible pockets, tunnels, path-

ways and pores in proteins are of special interest. Permeability of ion channels and

accessibility of drug binding sites depend on their physical dimensions. One of the

earlier tools for the calculation of ion channel radius profiles was HOLE67. It was

originally intended for use on static structures, but has recently been adapted for

use on trajectories as part of an effort to incorporate HOLE2 in MDAnalysis166,167.

The Channel Annotation Package CHAP168 is a more powerful tool that natively

handles GROMACS trajectories and calculates pore hydrophobicity and water

number density as well as pore radius to allow study of the phenomenon of

hydrophobic gating.

HOLE and CHAP are well-suited to the study of pores, but they struggle when

one end of the cavity of interest lies within the protein. CAVER169 is useful in

these cases. It employs a Voronoi diagram-based approach to describe tunnels

connecting the surface of the protein to regions in its core. Originally intended

for the study of buried ligand binding sites, it has been used for the description

of fenestrations in this work. These are tunnels that connect the membrane

environment of an ion channel directly to its ion conducting pore.

The accessible volume of ligand binding pockets is an important readout in

ligand binding studies. In this work, PyVOL170 was used to measure pocket

volumes at different stages of a simulation pipeline.
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3.1 Introduction

Most drugs have to pass cell membranes on the way to their site of action171–173.

Hydrophobicity and membrane partitioning behaviour strongly influence a drug’s

absorption, distribution, metabolism and excretion properties (ADME) and need

to be considered early on in drug development174,175. The importance of these

factors was distilled into Lipinsky’s "rule of 5"94, which offers criteria to predict

membrane permeability based on a compound’s size, number of hydrogen donor

and acceptor groups, and octanol-water partition coefficient (logP). logP values

are useful predictors and can readily be calculated from chemical structures.

However, they are often insufficient determinants of membrane permeation176,177.

Membranes are highly complex assemblies whose precise composition can vary

between species and cell types178. Lipids affect overall membrane behaviour

through their different head groups, fatty acid chain lengths, degrees of saturation,

and rigidity. It is thus no surprise that octanol-water partition coefficients often

do not adequately represent membrane partitioning behaviour.

Molecular dynamics simulations have been used in the past to more accurately

study the effects of membrane composition on solute partitioning91,179, but slow

convergence of free energy calculations has been an issue in the past. It is

thus common practice to enforce symmetry and/or periodicity of the potential of

mean force (PMF) as a boundary condition. However, there are undoubtedly

errors that arise from these constraints180,181. As their magnitude is hard to

determine, these errors are difficult to account for, meaning that the use of these

constraints should ideally be avoided.

In this chapter, I develop a workflow for umbrella sampling simulations that

shows accelerated convergence of PMFs and reduced hysteresis than commonly

used methods. I benchmark its three components — non-standard window

generation, Simulated Tempering-enhanced Umbrella Sampling182, and temper-

ature reweighting for maximal data utilisation — individually to determine the
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effectiveness of each by calculating the PMFs of permeation of eight different

small molecules through two different lipid bilayers. A focus lies on obtaining

symmetrical and periodic PMFs without the need to enforce these characteristics

as boundary conditions.

3.2 Systems and molecules studied

This section will introduce the two lipid bilayer systems and the eight small

molecules that were simulated to create the dataset for this study.

3.2.1 Lipid bilayers

Permeation through two different lipid bilayers was tested in this study: a pure

POPC bilayer, and a cholesterol-doped POPC bilayer with 30 mol% cholesterol

(Fig. 3.1 and Table 3.1).

Table 3.1: Composition of the two membrane systems investigated in this study.

System POPC Chol-doped POPC
# POPC 48 42
# Chol — 18
# Na+ 7 8
# Cl- 7 8
# H2O 2916 3270
# Atoms 15194 16786
Box size [nm] 4 x 4 x 10 4.25 x 4.25 x 10

POPC

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Fig. 3.2) is a phos-

phatidylcholine phospholipid.

Phosphatidylcholine lipids are the most common class of phospholipids in

mammalian cell membranes183. POPC is a useful model lipid because it combines

a cis-unsaturated (oleic acid, 18:1) and a saturated (palmitic acid, 16:0) fatty acid,

giving it intermediate behaviour in terms of membrane rigidity and fluidity compared
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Figure 3.1: Visualisation of the two simulation systems used in this study. The bilayers
are formed of POPC (yellow) and cholesterol (magenta). They are surrounded by
water molecules (blue surface) and 0.15 M sodium chloride (purple and green spheres,
respectively).

with fully saturated and poly-unsaturated lipids184. While fully saturated DPPC

with two palmitoyl groups only undergoes phase transition at 41.3 °C, POPC has a

gel-to-liquid crystalline (Lβ-to-Ld) phase transition temperature of −2.5 °C185. Since

many membranes are known to display liquid-crystalline behaviour overall186 and

phosphatidylcholines are the most common phospholipid in the membrane, pure

POPC bilayers can be appropriate simplified membrane models. They are thus

commonly used in MD studies187–190.

Cholesterol-doped POPC

Cholesterol (Fig. 3.3) is a sterol lipid. It has a polar head group in the form

of a hydroxyl group, which is attached to a rigid tetracyclic structure that also



3. A novel umbrella sampling workflow 55

O

O

O

O

O
P

O O

O
N

Figure 3.2: Structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). The
phosphocholine head group is shown on the right side of either representation, the oleyl
component makes up the upper left section, and the palmitoyl component is on the bottom
left.

carries an aliphatic chain. Cholesterol constitutes 20 to 50 mol% of mammalian

membranes191–193. As such a significant component, it strongly affects membrane

behaviour. It intercalates between the phospholipids, orienting its hydroxyl group

toward their head groups (Fig. 3.1). In this arrangement, it enforces increased

order of the phospholipid tails through the rigidity of its sterol tetracycle, while

the lateral diffusion seen in liquid-crystalline (Ld-phase) bilayers is maintained.

This causes the bilayer to form a distinct liquid-ordered (Lo) phase. The enforced

order on the lipid tails increases membrane thickness and reduces the area per

lipid, increasing the barrier of permeation of solutes191,194.

In this study, a POPC bilayer with 30 mol% cholesterol was used as a con-

sensus value from the range of cholesterol contents that is reported for vari-

ous cell types.

3.2.2 Compounds

Eight compounds of varying chemical complexity were tested in this study.
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Figure 3.3: Chemical structure and liquorice model of cholesterol. All hydrogens are
omitted from the model representation for visual clarity.

Benzene

The simplest molecule investigated in this study is benzene (Fig. 3.4). It is included

as a baseline compound: small and rigid, it should sample water and membrane

phases well. A dependence of its partition coefficient based on membrane

composition has previously been reported195, with reduced partition coefficients

at higher cholesterol concentrations. Thus, a difference in PMFs collected in the

POPC and POPC+Chol systems is expected.

Figure 3.4: Chemical structure and liquorice model of benzene

Lindane

Lindane (γ-hexachlorocyclohexane, Fig. 3.5) is a neurotoxin that was used as

an insecticide until its agricultural use was banned in 2009196. It is an inhibitor

of insect GABA receptors197,198. The reduction of its partitioning coefficient with
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increasing cholesterol content of membranes was described by Antunes-Madeira

and Madeira199.

Cl

Cl

ClCl

Cl
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Figure 3.5: Chemical structure and liquorice model of lindane

Isoflurane

Isoflurane (Fig. 3.6) is an inhalational anaesthetic. Its precise mode of action is

unclear, though it has been shown to activate glycine and GABA receptors200,

TRPA1201, and RyR1202, and inhibit ELIC203 and voltage-gated sodium channels204.

Dickinson et al. described reduced partition coefficients of isoflurane in bilayers

that contain cholesterol205.
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Figure 3.6: Chemical structure and liquorice model of isoflurane

Thiopental

Thiopental (Fig. 3.7) is a barbiturate modulator / agonist of GABAA receptors

and has seen use as a general anaesthetic206, for lethal injections207, and as

"truth serum"208. Its partition coefficient was determined for different membrane

compositions by Korten et al209. They found partition coefficients to decrease
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with increasing cholesterol content. The secondary amines act as weak acids,

and the compound is commercially available as its sodium salt. However, with a

pKa value of 7.5210, more than half the molecules are expected to be protonated

and uncharged at physiological pH. It is this uncharged form of the drug that

was tested in this study.

HN NH

OO

S

Figure 3.7: Thiopental

Fluocinolone Acetonide

Fluocinolone acetonide∗ (Fig. 3.8) is a corticosteroid used to treat skin condi-

tions. Takegami et al demonstrated that its partition behaviour is influenced

by cholesterol177.
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Figure 3.8: Chemical structure and liquorice model of fluocinolone acetonide

∗Throughout this study, "fluocinolone" is used as a shorthand for fluocinolone acetonide.
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Chlorpromazine

Chlorpromazine (Fig. 3.9) was one of the first antipsychotic drugs. Its adaptation

was a strong contributor to the phasing out of lobotomy procedures211. Luxnat et al.

determined partition coefficients of chlorpromazine drug with different membrane

compositions and found a strong effect of cholesterol content212.

N
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Cl

Figure 3.9: Chemical structure and liquorice model of chlorpromazine

Accurately capturing the protonation state of chlorpromazine is a challenge,

as it is an amphipathic compound and can be protonated at the terminal amino

group. A vast range of pKa values of the molecule is reported, with values ranging

from around 9.3 in aqueous solution213 to in 7.8 Triton X-100214. Its logP value of

5.4213 shows that the hydrophobic features of chlorpromazine dominate its overall

behaviour. However, it is possible that chlorpromazine could integrate into a lipid

bilayer like a phospholipid, with its hydrophobic component embedded in the core

of the membrane and its charged head group at the membrane-water interface.

This would make membrane permeation unlikely while still allowing a high logP

value. Alternatively, counter ions could move with the compound, allowing it to pass

through the bilayer215. In this study, I have chosen to simulate the deprotonated

form of chlorpromazine. This decision is based on a study by Elferink carried out

on chlorpromazine and a structural relative with a quaternary ammonium instead

of the tertiary amine head group216. Elferink found that unlike the quaternary

ammonium derivative, chlorpromazine is able to permeate through lipid bilayers.

Since the quaternary ammonium derivative would be able to associate with a
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counter ion, but cannot lose its charge outright, this suggests that loss of the

charge is the determinant for membrane permeability, and that chlorpromazine is

deprotonated while inside the bilayer. A likely model for chlorpromazine membrane

permeation follows from pKa value determinations by Chen et al.214: protonated

chlorpromazine embeds into the outer layer of the membrane with its hydrophobic

core while its head group is oriented towards the membrane-water interface.

In this new environment, it has a lower pKa value of 8.0, thus suggesting that

about 25 % of all molecules should be deprotonated. This deprotonated form is

then able to cross the bilayer. However, fine-tuning protonation states of these

compounds is beyond the scope of this work. As the focus lies on the impact

of cholesterol content on permeation PMFs, the most likely protonation state to

encounter cholesterol — the deprotonated state — was chosen for all windows.

It must be noted, however, that this is a clear limitation of this study, and further

work would be required to arrive at values that match experimental predictions.

Paroxetine

Paroxetine (Fig. 3.10) is a selective serotonin reuptake inhibitor-type (SSRI)

antidepressant. It is a base with a pKa of 9.9217, meaning it should be protonated

at physiological pH. However, Ngo et al. have demonstrated that paroxetine

partitions into large unilamellar vesicles formed of DOPC218. Though there is less

evidence than for chlorpromazine, it appears likely that similar considerations

on the protonation state apply here. As such, paroxetine was modelled in the

deprotonated state to capture the most likely interaction between it and cholesterol.

Again, it has to be acknowledged that this simplified treatment of protonation states

is problematic and limits how meaningful comparisons to experimental data are.

This trade-off was made here as the focus of this study is on enhanced sampling

and improved convergence in umbrella sampling rather than the reporting of

accurate partition coefficients.

Ngo et al. also found paroxetine’s partitioning into membranes to increase

with temperature and decrease with cholesterol content219.
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Figure 3.10: Chemical structure and liquorice model of paroxetine

Sertraline

Sertraline (Fig. 3.11), like paroxetine, is an SSRI-type antidepressant. It was the

second compound studied by Ngo et al. and was also found to have temperature-

dependent and cholesterol-dependent changes of its partition coefficient219. In

spite of its pKa of 9.16220, it was modelled in the neutral, deprotonated state

based on evidence of membrane partitioning218 and following the same line of

argument as for chlorpromazine and paroxetine.

H
N

Cl

Cl

Figure 3.11: Chemical structure and liquorice model of sertraline

3.3 Methods

For all systems, the umbrella sampling reaction coordinate was defined as the

centre-of-mass distance between membrane and small molecule (Fig. 3.12).
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0 1 2 3-1-2-3 nm

Figure 3.12: Illustration of the reaction coordinate used in this study. Top: Cholesterol-
doped POPC bilayer. Bottom: Pure POPC bilayer.

3.3.1 Shared MD parameters

For this study, the chosen force fields are SLipids for POPC and cholesterol221,222,

TIP3P for water223, and GAFF2 for the eight small molecules224. The LINCS

algorithm147 was used to constrain bonds to hydrogen in all molecules except

for water, which was constrained with SETTLE148. A timestep of 2 fs was used

for integration of the equations of motion. Long-ranged electrostatic interactions

were calculated with the smooth particle mesh Ewald approach149, while a Verlet

cut-off scheme was applied to short-ranged interactions. A pressure of 1 bar was

maintained in all simulations using a semi-isotropic C-rescale barostat152 with a

coupling constants of 5 ps. Temperature was maintained at variable values in

a range from 310 to 358 K with the V-rescale thermostat151, as indicated later,

using a 1 ps coupling constant. During all umbrella sampling simulations, EDR

energy files and reaction coordinates were written every 0.1 ps. The centre of

mass-distance in the membrane-normal direction between the lipid bilayer and

the small molecule was chosen as the reaction coordinate. An umbrella potential
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of 1000 kJ mol−1 nm−2 was applied to harmonically restrain the system to certain

values along this reaction coordinate.

3.3.2 Bilayer preparation

The two bilayers used in this study — pure POPC and POPC with 30 mol%

cholesterol (Fig. 3.1) — were assembled with the CHARMM-GUI Membrane

Builder225–229. Final system contents are listed in Table 3.1. These systems were

then energy minimised with the steepest-descent algorithm and equilibrated in a

procedure that saw stepwise release of position restraints (Table 3.2).

Table 3.2: Overview of the parameters used in each equilibration step of the bilayer
systems. Head group restraint force constants are in units of kJ mol−1 nm−2, while the
dihedral restraints have force constants in units of kJ mol−1 rad−2

Step nsteps timestep [fs] Restraint force constants
head groups POPC tail dihedrals

1 125000 1 1000 1000
2 125000 1 400 400
3 125000 1 400 200
4 250000 2 200 200
5 250000 2 40 100
6 250000000 2 0 0

Step 6 constitutes 500 ns of simulation without any restraints or bias on the

system to ensure proper equilibration and phase behaviour of the lipid bilayer.

The output of this equilibration step is then used to generate the individual

umbrella windows.

Cholesterol restraints

During the analysis of the initial set of simulations on the cholesterol bilayer,

bilayer asymmetry as a result of cholesterol flip-flopping was observed in some

umbrella windows. An MDAnalysis-based analysis utilising LeafletFinder166

was employed to quantify flip-flopping. This analysis confirmed that a significant

degree of cholesterol flip-flopping occurs, particularly at the higher temperatures
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sampled in STeUS simulations. Because of this, a new set of simulations with

harmonic flat-bottom restraints was run. These restraints applied a force of

1000 kJ mol−1 nm−2 to the oxygen atom of the cholesterol head group if it moved

more than 1.3 nm away from its starting position in the membrane-normal direction.

These restraints still allowed cholesterol to move freely within and slightly beyond

its leaflet while preventing a full flip-flop.

3.3.3 Window generation

The individual umbrella windows were obtained by generating conformations in

which the ligands are placed along the reaction coordinate across the bilayers.

The effectiveness of two different approaches is compared in this study.

Alchembed

In Section 2.3.1, I briefly described a window generation method employed by

Cetin et al. in their study of nicotinic acetylcholine receptors161. The authors

manually positioned ions along the channel pore and resolved van der Waals

clashes with energy minimisation coupled with strong position restraints on the

ion of interest. This approach works well, but is limited by the size of the group of

interest, as larger molecules are more likely to have irresolvable overlap. We were

inspired by this approach and work carried out by Jefferys et al. on Alchembed,

a method for the embedding of proteins into lipid bilayers230. Here, the authors

used a soft-core implementation of the Lennard-Jones (LJ) potential to gradually

switch on van der Waals interactions between a protein and the membrane in

which it was to be embedded. In combination, these two papers suggested the

use of a soft-core LJ potential for the generation of umbrella sampling windows.

We will refer to this method as Alchembed-based window generation.

Though it is possible to scale the standard implementation of the LJ potential

by some alchemical variable λ as

ULJ(r, λ) = 4ϵλ

[(
σ

r

)12
−
(

σ

r

)6
]

, (3.1)
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where σ and ϵ are the LJ parameters of an interaction pair and r is the distance,

this does not resolve the problem of atom overlap giving rise to forces that are too

large for the integrator to handle. This is because the repulsive r−12 component

assumes very large values even when multiplied by small scalar values of λ

(Fig. 3.13 A). If a soft-core implementation of the form

ULJ,softcore(r, λ) = 4ϵλ

[
1

(α(1 − λ) + (r/σ)6)2 − 1
α(1 − λ) + (r/σ)6

]
(3.2)

is used instead, scaling by λ yields a continuously and gradually increasing

repulsive potential (Fig. 3.13 B). This gives rise to moderate forces which are

handled well by the integrator and gently resolve atom overlaps. Here, α is a

soft-core parameter that controls how quickly the scaled potential approaches

the fully switched-on LJ potential with λ.
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Figure 3.13: Visualisation of the effects of λ-scaling on the Lennard-Jones potential in
its standard (A, Eq. 3.1) and soft-core (B, Eq. 3.2, with α = 1) implementations. The
repulsive contribution of the standard implementation is barely affected, while it scales
continuously with λ in the soft-core implementation. At λ = 0 and λ = 1, both potentials
are identical.

Experimental details To create umbrella windows with Alchembed, initial con-

figurations are obtained by positioning the target compound roughly 3.75 nm

above the membrane bilayer and, for each of 75 further windows, translating it
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by 0.1 nm along the membrane-normal. The clashes in these 76 configurations

are resolved by brief simulations of 1000 steps with a time step of 1 fs. In these

simulations, the Lennard-Jones interactions of the target compound are coupled

to λ. The simulations start at λ = 0, and λ was increased by ∆λ = 0.001 each

simulation step, while α was set to 0.1. Thus, λ reached 1 in 1000 steps. At this

value, Lennard-Jones forces are fully switched on. When these simulations

are coupled with harmonic position restraints on the target compound, they

allow a gentle resolution of clashes while the reaction coordinate values are

maintained (Fig. 3.14).
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Figure 3.14: Alchembed-generated windows for sertraline. All atom overlaps are
effectively resolved while the spacing along the reaction coordinate is well-maintained.
Note that phosphorus atoms of all POPC molecules from all 76 windows are shown, but
only very minor movements are necessary to resolve clashes.

We reasoned that this approach would reduce hysteresis artefacts that are of-

ten observed when umbrella sampling is started from steered MD simulations231–233.

Steered MD

To evaluate the effectiveness of Alchembed-based window generation in the

reduction of hysteresis artefacts, additional umbrella windows were generated



3. A novel umbrella sampling workflow 67

from a steered MD simulation for comparison. Starting from the first Alchembed-

based window with the ligand roughly 3.75 nm above the membrane, 100 ns-long

steers were started with a pull rate of 0.1 nm/ns. The pulls were automatically

stopped once the reaction coordinate reached a value of more than 0.51 times the

box vector to ensure the minimum image convention was maintained. During these

simulations, flat-bottom restraints were applied to the ligands to restrain them to

a cylinder parallel to the membrane-normal. The trajectory was analysed using

MDAnalysis166,167, dividing the reaction coordinate space visited in the simulation

into equally spaced windows and writing out the frames of the trajectory closest

to each of these windows. Artefacts of the pull are visible in slight disturbances

of the membrane (Fig. 3.15).
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Figure 3.15: Steered-MD-generated windows for sertraline. During the steer, the ligand
moves freely within the cylindrical restraint. As in Fig. 3.14, phosphorus atoms from all
POPC molecules of all 76 windows are shown. The membrane appears thicker here
for two reasons. The box volume fluctuates because the simulation is carried out in the
NPT ensemble. This causes slight up-and-down movements of the membrane. Secondly,
individual lipids can be influenced by the steer and are slightly pulled along with sertraline
as it moves through the bilayer.
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3.3.4 Data collection

For each compound, two different sets of windows were created as input for

umbrella sampling simulations. Both sets of windows were then simulated

under two different umbrella sampling protocols: standard umbrella sampling

as implemented in GROMACS through the pull code, and Simulated Tempering-

enhanced Umbrella Sampling (STeUS), a method that was developed by Sousa

et al182. All umbrella windows were simulated for 100 ns.

Standard Umbrella Sampling

Standard umbrella sampling simulations were carried out at 310 K with the pa-

rameters described in Section 3.3.1. The leap-frog integrator was used to solve

the equations of motion, which allowed offloading the constraint solution and

coordinate update steps to the GPU for enhanced performance.

Simulated Tempering-enhanced Umbrella Sampling

The theory behind simulated tempering in general was explained in Section 2.2.

In their 2023 paper Simulated Tempering-Enhanced Umbrella Sampling Improves

Convergence of Free Energy Calculations of Drug Membrane Permeation, Sousa

et al. report on an improved method to apply simulated tempering to umbrella

sampling182. Simulated tempering is implemented natively in GROMACS as a

special case of the expanded ensemble free-energy code and can be combined

with the pull code to enable umbrella sampling windows to also sample a tem-

perature ladder. The inclusion of high-temperature windows allows the system

to overcome energy barriers more readily, which improves sampling both along

the reaction coordinate and along orthogonal degrees of freedom which often

hinder convergence234. However, while this approach does help overcome energy

barriers, it at the same time reduces the number of data points available for the

analysis. As the PMF is temperature-dependent235,236, only data points collected

at the same temperature can be combined to inform the PMF. Normally, simulated

tempering simulations enforce even sampling of each temperature rung. This
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means that for every additional rung, the number of data points sampled at the

temperature of interest is reduced. This is where the contribution of Sousa et al.

lies: the authors provide a patch for the GROMACS source code that modifies

the implementation of the Wang-Landau algorithm.

This modification reads the content of the user-defined SIMTEMP_OCCUP_STATE0

environment variable, in which the desired relative occupancy of the ground state

(between 0 and 1) can be set. The updated algorithm ensures that the ground

state is sampled at the desired, higher percentage, and all higher temperature

states are sampled evenly. For example, for a temperature ladder with nine

states and a specified ground state occupancy of 20 %, the ground state would

be sampled at the specified 20 % and the eight higher-temperature states at 10 %

each. It is this modification that makes simulated tempering useful for umbrella

sampling, allowing both the overcoming of energy barriers and the collection of

sufficient simulation data in the ground state.

Experimental details Before STeUS simulations can be run, initial guesses of

the weights for each state have to be provided. As described in Section 2.2.2,

these guesses can be obtained from the average potential energies extracted

from short simulations of the system run at each of the temperatures.

As an example, to run a simulated tempering simulation that samples 310,

332.5, 355, 377.5, and 400 K, the following mdp options could be used.

free-energy = expanded

simulated-tempering = yes

sim-temp-low = 310 ; for example

sim-temp-high = 400 ; for example

simulated-tempering-scaling = linear

temperature-lambdas = 0 0.25 0.5 0.75 1 ; for example

init-lambda-weights = 0 200 400 600 800 ; for example

nstexpanded = 500

lmc-move = metropolis
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lmc-stats = wang-landau

init-wl-delta = 1

lmc-weights-equil = wl-delta

wl-ratio = 0.7

wl-scale = 0.8

wl-oneovert = yes

integrator = md-vv

These commands instruct GROMACS to run an expanded ensemble sim-

ulation, namely the special case of a simulated tempering simulation. It will

linearly interpolate between 310 and 400 K using temperature-lambdas. The

initial guesses of the weights are provided as a vector to init-lambda-weights

that has to match temperature-lambdas in length. Moves between adjacent

temperatures will be attempted every 500 steps and are accepted or rejected

based on the Metropolis criterion. The weights will be updated throughout the

simulation using the (STeUS-modified) Wang-Landau (WL) algorithm with an

initial WL-δ of 1 that is scaled by a factor α = 0.8 when the histogram counts

are sufficiently flat as compared to the WL-ratio η = 0.7 (see Section 2.2.3). To

help prevent "burning in" to suboptimal weights, the WL-δ is set to scale with the

reciprocal of the number of steps (or simulation time, hence "oneovert") in the

large sampling limit. The velocity-verlet integrator has to be used for simulated

tempering, which unfortunately limits some forms of GPU utilisation in current

versions of GROMACS. This might be improved in future versions.

Unless otherwise stated, these mdp parameters were used throughout this

study, with a temperature ladder of nine temperature steps that bridged 310 K

and 358 K in steps of 6 K and a ground state occupancy of 20 or 40 %.

3.3.5 Calculation of PMFs

Statistical estimators are needed to obtain an estimate of the true underlying

potential of mean force (PMF) from the finite, biased simulation data. In this
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study, the Weighted Histogram Analysis Method (WHAM)162,237 and the Multistate

Bennet Acceptance Ratio (MBAR)163 estimators were used.

WHAM

GROMACS’s own WHAM implementation — gmx wham180 — was used here to

calculate the PMF based on the runs’ TPR input files and the reaction coordinate

output files. In the case of STeUS simulations, the output files were prepro-

cessed and only the subset of data collected at the temperature of interest

was used in WHAM.

To quantify the errors that result from the common strategy of enforcing

symmetry and periodicity boundary conditions on the PMF, some PMF calculations

were carried out with the -sym and -cycl flags passed to gmx wham.

MBAR

Data collected at higher temperatures can inform the PMF at the ground state

temperature through statistical reweighting238,239. To evaluate the effectiveness of

temperature reweighting to the STeUS simulations carried out here, the pymbar163

implementation of MBAR was used to calculate PMFs at the ground state tem-

perature using all available simulation data. The form of the reduced potential

ukn used for the MBAR calculations was

ukn = βk(Ukn + Bkn + pVkn), (3.3)

where βk is the inverse temperature 1/kBTk, Ukn is the potential energy, Bkn is

the umbrella bias, p is the pressure (held at 1 bar by the barostat), and Vkn is

the volume of the system. The indices n indicate the uncorrelated configurations

of the system which are extracted from the trajectory after estimation of the

autocorrelation time240. The indices k denote the simulation conditions, which are

specified by the centre of the umbrella bias of each window and the temperature of

the system. For a STeUS study that samples 9 temperatures and has 76 umbrella

windows, there are k = 9 × 76 = 684 states to consider in MBAR.
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Effectiveness of temperature reweighting The potential energy of the system

U is a key component of the reduced potential energy. If reweighting between

different umbrella windows sampled at the same temperature is carried out, the

βU terms cancel out. However, if different temperature states are sampled, the

difference in potential energy between the two states has a large influence on

the size of the weight. Systems with larger numbers of atoms have a steeper

temperature dependence of the potential energy U (Fig. 3.16). The larger ∆U is,

the smaller the weight of data collected at other temperatures becomes. Thus,

if the system size is too large, the potential energy differences even between

minor temperature steps are too large for temperature reweighting to meaningfully

inform the PMF of the target state.
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Figure 3.16: Temperature reweighting is only effective in small systems. As the system
size increases, the gradient of the potential energy with respect to the temperature
increases, as well. The larger the potential energy difference between two states is, the
smaller the weight becomes in reweighting. Trying to apply reweighting across wide
temperature gaps in large systems is not beneficial as the weights of data points from the
other state are all effectively zero.

Error definitions

Two different PMF errors are considered in this study. As the simulation systems

are symmetric, the potentials of mean force should be symmetric about the centre

of the system at a reaction coordinate value ξ = 0 nm, as well. This symmetry
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is quantified through the mean absolute error of symmetry, MAEsym, as

MAEsym = 1
N

∑
|PMF (ξ) − PMF (−ξ)| , (3.4)

where N is the total number of reaction coordinate pairs [ξ, −ξ]. PMF profiles

do not necessarily have perfectly symmetrical spacing in reaction coordinate

space. To ensure meaningful MAEsym values even in these cases, PMF values for

symmetrical reaction coordinate pairs were obtained through linear interpolation

with numpy.interp241.

The second error considered here is the difference in PMF between the two bulk

water components. Though already captured by MAEsym, it is also independently

considered because it is visually striking. The PMF at the minimum reaction

coordinate value PMF (ξmin) is defined as 0 kcal mol−1. The sum of all sampling

errors can be estimated in the offset of PMF (ξmax) from this value. Since this

bulk offset can give immediate clues about the degree of correctness at a glance,

it is chosen as the second error under consideration in this study.

3.3.6 Calculation of partition coefficients

Partition coefficients are calculated from the PMF profiles obtained in this study.

These coefficients are not expected to match experimental results: since the aim

of this study is the improvement of convergence speeds rather than the correct-

ness of PMFs, no optimisation of ligand parameters was carried out. Instead,

they are calculated here to facilitate comparisons between results collected in

the cholesterol-free and cholesterol-doped POPC bilayers. The free energy of

partitioning ∆Gpart into the region of the reaction coordinate ξ between ξlow and

ξhigh can be obtained from the PMF via integration182 as

∆Gpart = −β ln 1
ξhigh − ξlow

∫ ξhigh

ξlow

e−βP MF (ξ)dξ, (3.5)

which can then be used to calculate the partition coefficient Kp as

Kp = e−β∆Gpart . (3.6)
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In this work, the integration is carried out with the trapezoidal rule as implemented

in numpy.trapezoid. ξlow and ξhigh are chosen as −1.5 and 1.5 nm, respectively,

which roughly correspond to the hydrophobic core of the membrane.

3.4 Results

The goal of this study is to compare convergence behaviour of potentials of mean

force (PMF) obtained with different methods and in different bilayers. Convergence

and correctness of PMFs will be assessed as follows. In these umbrella sampling

set-ups, the compounds’ starting and ending positions lie on opposite sites of the

membrane in bulk solvent. As the simulations are run under periodic boundary

conditions, there is only one aqueous compartment, and the environment of the

compound at either extreme of the reaction coordinate is chemically identical.

The PMF should therefore be identical here, as well, and a bulk offset of the

PMF is a clear sign of error. Furthermore, as the membrane bilayers under

study are symmetrical and have identical leaflet composition, the PMF profile

as a whole should be symmetrical.

How symmetrical is symmetrical enough? In computational chemistry, "chem-

ical accuracy" is an often-used target. A commonly cited value for chemical

accuracy is 1 kcal / mol242. Applied here, a PMF is considered correct when both

its bulk offset and its mean symmetry error (Eq. 3.4) are less than 1 kcal mol−1.

We define the convergence speed of a PMF as the amount of simulation data

needed to meet this criterion. The effect of each constituent method of the

umbrella sampling workflow — window generation, data acquisition, and statistical

estimation — on convergence speed will be discussed here.

As an example, Fig. 3.17 contains data for two different ligands tested on

the POPC bilayer with steered MD-based windows and standard umbrella sam-

pling. Lindane showed fast convergence behaviour, while chlorpromazine is

slow to converge.
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Figure 3.17: Convergence criteria used in this study, explained on a fast-converging
(lindane) and a slow-converging (chlorpromazine) ligand. The effect of extending the
umbrella sampling simulations is shown in the top row. The PMF profiles become
progressively more symmetric. The plots on the bottom row display the evolution of
the symmetry errors with increasing simulation time. For lindane, both errors drop below
1 kcal mol−1 after 50 ns of simulation time, while even 100 ns are insufficient to reduce
the bulk offset of chlorpromazine below that threshold (red arrows).



3. A novel umbrella sampling workflow 76

All PMF convergence plots (like those shown in the top row of Fig. 3.17) are

included in the appendix (Section B). To facilitate the comparison of convergence

speeds between different conditions, each system’s convergence information

will be summarised by a single value: the simulation endpoint at which both

MAEsym and the bulk offset are less than 1 kcal mol−1. This abstraction eases

convergence comparisons significantly.

In this study, the convergence speed of each ligand in two bilayers was

determined. The effects of the choice of umbrella window generation method, um-

brella simulation method, and statistical estimator are compared, and a definitive

recommendation is made based on the data.

3.4.1 Individual impacts on convergence speeds

The umbrella sampling workflow has three components: window generation, data

acquisition, and PMF calculation. In this study, different options were tested for

each of these components. Their individual effects are outlined below in detail

on the example of the pure POPC bilayer. This detailed description is followed

by an overview of convergence speed impacts of each workflow component

on both bilayers.

Window generation: Alchembed vs. sMD

The first component of the umbrella sampling workflow is window generation.

Fig. 3.18 shows PMFs obtained for each of the eight compounds on the POPC

bilayer with standard umbrella sampling and WHAM at the 100 ns endpoint.

After 100 ns of simulation time per window, the differences between PMFs are

mostly minor. Benzene, lindane, isoflurane, and sertraline appear very similar in

behaviour between both window generation methods. Thiopental and paroxetine

appear to have slightly less symmetrical PMFs calculated from Alchembed-based

windows, whereas fluocinolone’s and chlorpromazine’s Alchembed-based PMFs

are more symmetrical. Their steered-MD based PMFs are not yet converged

at 100 ns as is visible from their bulk offset values beyond 1 kcal mol−1. It is
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Figure 3.18: Comparison of PMFs for the 100 ns endpoint obtained with alchembed-
based or sMD-based windows in the POPC bilayer. Data was acquired with standard US,
and PMFs were calculated with WHAM.
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encouraging to see that 100 ns of simulation time was sufficient for the Alchembed-

based PMFs of all eight compounds to converge.

To determine if one of the two window generation methods leads to faster

convergence, the error analysis described in Fig. 3.17 is carried out.

0 20 40 60 80 100
Last unconverged time point in study [ns]

benzene
lindane

isoflurane
thiopental

fluocinolone
chlorpromazine

paroxetine
sertraline

sMD
Alchembed

Figure 3.19: Amount of simulation time needed for PMF convergence according to the
two error metrics described in Fig. 3.17.

This error analysis revealed that the convergence speed for all compounds

except for benzene is as high or higher when Alchembed-based windows are

used (Fig. 3.19). Lindane, thiopental, fluocinolone, chlorpromazine and parox-

etine benefit dramatically, reducing the required simulation times by tens of

nanoseconds per window.

The impact that the choice of window generation by itself has on convergence

speeds in both bilayers is shown in Fig. 3.20. Across both bilayers, Alchembed-

based windows perform as good or better than sMD-based windows in 13 out

of 16 comparisons.

Data acquisition: Standard umbrella sampling vs. STeUS

STeUS can improve sampling in cases where convergence is slowed down by

orthogonal degrees of freedom. If, however, these orthogonal energy barriers are
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Figure 3.20: Impact of the window generation method on convergence speeds across all
compounds and both bilayers. Alchembed- or sMD-derived windows were simulated with
the standard umbrella sampling protocol, and PMF profiles were calculated with WHAM.
Convergence was assessed with the error metric described in Fig. 3.17, and the last
unconverged time point of each compound-membrane combination is shown.

small, simply more simulation time is needed, and visiting higher temperatures that

do not inform the PMF can be actively harmful for convergence speed. The original

authors of the method thus state that the choice of ground state occupancy needs

to be made carefully182. As a rule of thumb, compounds which are expected

to have easily-converging PMFs should be sampled at a higher ground state

occupancy, while slowly-converging compounds should spend more time at higher

temperatures to help overcome these energy barriers. In this study, ground

state occupancies of 20 and 40 % were tested. The comparison of the resulting

PMFs is shown in Fig. 3.21.

These PMFs are all calculated from sMD-based windows. For comparison, the

PMF obtained with standard umbrella sampling from Fig. 3.18 is replicated here

as the dashed red line. The importance of choosing an appropriate ground state

occupancy is made particularly clear in the cases of thiopental, fluocinolone,

and chlorpromazine, where inappropriate values prevent convergence even

after 100 ns of simulation time. The comparison of convergence speeds is



3. A novel umbrella sampling workflow 80

2
0
2
4
6
8

benzene lindane

2
0
2
4
6
8

isoflurane thiopental

2
0
2
4
6
8

fluocinolone chlorpromazine

3 2 1 0 1 2 3

2
0
2
4
6
8

paroxetine

3 2 1 0 1 2 3

sertraline

Ligand-membrane CoM distance [nm]

PM
F 

[k
ca

l /
 m

ol
]

standard US STeUS, 20% STeUS, 40%

Figure 3.21: Comparison of PMFs for the 100 ns endpoint obtained with standard US or
STeUS in the POPC bilayer. Different ground state occupancies were tested. Windows
are sMD-based. PMFs were calculated with WHAM.
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shown in Fig. 3.22.
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Figure 3.22: Amount of simulation time needed to converge PMFs based on the simulation
method used.

The strong effect of the choice of ground state occupancy is striking. For

most of the compounds tested here, STeUS will perform significantly better than

standard US with one value of ground state occupancy and worse with the other

value. Which value performs better depends on the compound and thus requires

testing at the outset of new studies. STeUS is found to be a powerful tool to

improve convergence, as reported by its original authors182.

Starting from sMD-based windows, STeUS was found to be a strong accelerant

of convergence in both bilayers (Fig. 3.23). With an appropriate choice of ground

state occupancy, STeUS performed as good or better than standard umbrella

sampling in 13 out of 16 comparisons.

MBAR vs WHAM

One downside of the STeUS methodology in its original description is that the

majority of simulation data is collected at temperatures other than the temperature

of interest and is not used to inform the PMF. However, this is theoretically
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Figure 3.23: The individual impact of the choice of umbrella sampling protocol on
convergence speeds of sMD-derived windows. STeUS can be a powerful accelerant
of convergence—in 13 out of 16 comparisons, a STeUS method is among the fastest
converging systems.

possible through temperature reweighting, though its effectiveness is often limited

in practice (see Section 3.3.5). To test if including information recorded at higher

temperatures can help inform the ground state PMF for the systems simulated

in this study, PMFs of STeUS simulations were also calculated with the MBAR

estimator163 to carry out temperature reweighting. The MBAR-calculated PMFs

are compared to their WHAM counterparts in Fig. 3.24.

At the 100 ns endpoint, MBAR with temperature reweighting performs as well

or better than WHAM without it. The convergence speed analysis comparison

for MBAR and WHAM is shown in Fig. 3.25.

This analysis reveals that the systems studied here are small enough for

temperature reweighting to have a noticeable effect. PMFs calculated with

temperature-reweighting MBAR appear to require up to tens of nanoseconds

of simulation time less per window.

In both bilayers, temperature reweighting of STeUS simulations was found

to have a positive impact on convergence speeds (Fig. 3.26). In 31 out of
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Figure 3.24: Comparison of PMFs obtained at the 100 ns endpoint for sMD-based
umbrella windows sampled with STeUS, calculated with WHAM (dashed lines) or MBAR
(solid lines).
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Figure 3.25: Amount of simulation time needed to converge PMFs. The comparison
between WHAM and MBAR is shown for both ground state occupancies of the STeUS
simulations. Temperature reweighting is highly effective in these systems.

the 32 WHAM-MBAR comparisons carried out on STeUS simulations of sMD-

based windows, MBAR with temperature reweighting leads to as fast or faster

convergence.

3.4.2 Effects of combinations of workflow components on
convergence speeds in the POPC bilayer

Thus, Alchembed-based window generation, STeUS, and temperature reweighting

with MBAR have all been demonstrated to be beneficial for PMF convergence

individually. There are 10 possible combinations of these components. The

convergence speed analysis for all combinations of components on the POPC

bilayer is presented in Fig. 3.27.

This rather dense plot contains the results of 360 µs of simulation data. Each

marker on the plot represents one of the ten combinations of window generation

method, umbrella sampling method, and statistical estimator and shows how

quickly the PMF for one of the eight compounds tested in this study converges

with this method combination. For example, the plot shows that the choice of
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Figure 3.26: Comparison of convergence speeds of PMF calculations of STeUS
simulations, carried out with MBAR or WHAM. MBAR allows straightforward temperature
reweighting during the calculation of PMFs from STeUS simulation data. This was found
to be highly effective, with in some cases drastic improvements of convergence speeds.

components barely matters for benzene, as, even in the worst case, the PMF

converges after 10 ns per window. On the other hand, the choice of method has

a huge impact in the case of chlorpromazine. Its convergence speeds range from

less than 10 ns for STeUS simulations with 40 % ground state occupancy to more

than 100 ns when standard umbrella sampling or STeUS with 20 % ground state

occupancy are performed on sMD-based windows.

Alchembed-based windows perform as well or better than sMD-based ones

25 out of 40 times. The case of fluocinolone is of particular interest here:

Alchembed-based windows improve standard umbrella sampling, but detract

from STeUS simulations (with 20 % ground state occupancy). Fluocinolone is the

most complicated ligand to converge. A possible explanation for this behaviour is

that, while Alchembed-based windows generally improve PMFs, the additional

variation in window starting positions introduced by sMD (see Fig. 3.15) is actually

more beneficial as it might help rigid fluocinolone initially break alignment with

the membrane leaflets.
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Figure 3.27: Convergence speed comparison across all methods and compounds for
data collected in the POPC bilayer. For each compound and each combination of umbrella
sampling workflow components, the last time point at which the resulting PMF had not
converged according to the criteria described in Fig. 3.17 is marked. The shape, colour,
and outline of each marker on the plot denote the workflow components used to calculate
this PMF. Raw PMF profiles for each data point are included in the appendix (Section B).
This plot expands on the information contained in Figs. 3.20, 3.23, and 3.26 by including
all possible combinations of workflow components.
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For all 8 compounds tested in this study, a STeUS simulation is in the group

of best-performing methods. A clear result of this study is that STeUS always

performs as well as or better than standard umbrella sampling, provided an

appropriate ground state occupancy is chosen. In the case of sertraline, for

example, STeUS with a ground state occupancy of 40 % outperforms standard

umbrella sampling. If a ground state occupancy of 20 % is set instead, then

standard umbrella sampling performs better than STeUS unless temperature

reweighting with MBAR is carried out. The situation is reversed for fluocinolone,

where the best results are obtained with a ground state occupancy of 20 %, while

none of the simulations with 40 % have converged after 100 ns. Thus, STeUS

is shown to be superior to standard umbrella sampling, provided that the initial

time investment to find suitable parameters is made.

For a system of this size (see Table 3.1), temperature reweighting with MBAR

is possible and overall beneficial for convergence. In 29 out of the 32 STeUS

simulations tested in the POPC bilayer, temperature reweighting made the PMF

converge as fast or faster. If the simulation system of a STeUS simulation is

small enough, temperature reweighting with MBAR should be used for further

performance gains.

3.4.3 Cholesterol flip-flop complicates PMF calculation in the
cholesterol-doped POPC bilayer

During the analysis of PMFs in the cholesterol-doped membrane systems, it

became apparent that membrane fluidity might prove problematic to obtaining con-

verged, symmetrical PMFs. This is because cholesterol, with its rigid, bulky core

and its charge-neutral head group, has a much lower energy barrier to movement

between membrane leaflets than phospholipids such as POPC. The movement

of cholesterol between leaflets ("flip-flopping") is a well-studied, physiologically

relevant phenomenon243–246, so on the one hand, capturing it in these simulations

is encouraging. However, umbrella sampling relies on a sufficient degree of

similarity between the individual windows. This similarity is not maintained in
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these simulations, as the number of flip-flop events between windows is not

consistent (Fig. 3.28 A). On average, ≈8 flip-flops occur in each STeUS window.

The highest total count observed in a single window is 20. Considering that the

system only contains 18 cholesterol lipids, these numbers are surprisingly large.
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Figure 3.28: Flip-flopping is rare at 310 K, but its probability is increased at the higher
temperatures sampled in STeUS simulations. A: Cholesterol flip-flop counts for each
umbrella window of an example system run with standard umbrella sampling and STeUS.
B: Average number of cholesterol flip-flop events across all umbrella windows and
compounds. The application of loose flat-bottom restraints on the cholesterol head
groups all but prevents flip-flopping. Thus, stable membrane systems that facilitate PMF
calculations are obtained. Error bars indicate standard deviations.

For this reason, it was decided to limit the range of motion of cholesterol.

Loose harmonic flat-bottom restraints were applied to the oxygen atom of the

cholesterol head group, applying a force only when it moved more than 1.3 nm

away from its starting coordinate along the membrane normal. This restraint
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allowed unrestrained and unbiased diffusion of cholesterol within its starting leaflet

and into the membrane centre while preventing outright flip-flops (Fig. 3.28 B).

PMFs collected in the thus restrained system are discussed below. The overall

analysis graph of the unrestrained system is included in the appendix (Fig. B.1).

3.4.4 Convergence speeds in cholesterol-doped POPC

The graphical analysis of the convergence speeds of the different methods is

shown in Fig. 3.29. The comparison to convergence speeds in the cholesterol-

free POPC bilayer (Fig. 3.27) shows that, overall, the presence of cholesterol

reduces convergence speeds.

Alchembed-based window generation is again found to be beneficial, perform-

ing as well or better than steered MD-based windows in 27 out of 40 comparisons.

In this bilayer, fluocinolone appears to benefit from Alchembed-based window

much more than in the cholesterol-free POPC bilayer, while the benefits appear

less clear in the cases of isoflurane and chlorpromazine. This variation in

behaviour should be studied further, for example through the generation of random

ligand orientations during Alchembed-based window generation.

STeUS proves itself to be a powerful tool for the acceleration of PMF con-

vergence on this lipid bilayer, just as it did in the case of the cholesterol-free

POPC membrane. As before, a STeUS method is in the best-performing group

of methods for every tested compound. Lindane, thiopental, and fluocinolone

appear to particularly benefit.

Although it is 10 % larger than the cholesterol-free POPC bilayer, this system

is still small enough to benefit from temperature reweighting with MBAR. MBAR

performs as well as or better than WHAM in 27 out of 32 comparisons.

3.4.5 Comparison of PMFs between both bilayers

We have thus conclusively shown that Alchembed-based window generation,

combined with enhanced sampling through the use of STeUS, and the maximisa-

tion of data utilisation through temperature reweighting with MBAR is a powerful
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Figure 3.29: Convergence speed comparison across all methods and compounds for
data collected in the cholesterol-doped POPC bilayer. For each compound and each
combination of umbrella sampling workflow components, the last time point at which
the resulting PMF had not converged according to the criteria described in Fig. 3.17 is
marked. The shape, colour, and outline of each marker on the plot denote the workflow
components used to calculate this PMF. Raw PMF profiles for each data point are included
in the appendix (Section B). This plot expands on the information contained in Figs. 3.20,
3.23, and 3.26 by including all possible combinations of workflow components.
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method to accelerate convergence of PMFs. Converged, symmetrical PMFs for

all eight ligands and both lipid bilayers were obtained (Fig. 3.30).

The effects of cholesterol’s presence in the membrane outlined in Section 3.2.1

are visible in these PMFs. Cholesterol intercalates between the phospholipids

and enforces higher order on their tails, which leads to a thickening of the lipid

bilayer. This thickening is observed in all eight PMF pairs. Similarly, all eight

comparisons show an increased energy barrier to membrane permeation in

presence of cholesterol, as predicted.

To quantify the effects of the presence of cholesterol in the bilayer, partition

coefficients between the hydrophobic core of the membrane (orange shading

in Fig. 3.30) and bulk solvent were calculated. They are listed in Table 3.3 and

compared to predicted logP values reported in PubChem. As correctness of

the partition coefficients was not a goal of this project, no optimisation of ligand

forcefield parameters was carried out. Instead, we were interested in differences

in partition coefficient based on the lipid composition, as the partitioning behaviour

of all eight compounds tested in this study was shown to depend on cholesterol

content (see Section 3.2.2).

Table 3.3: Comparison of logP values obtained from the PMFs of each compound going
through the cholesterol-free and the cholesterol-doped POPC bilayers. Shown are the
average logP values calculated from all converged conditions (see Figs. 3.27 and 3.29)
and their standard deviations. Here, n denotes the number of converged calculations.
As expected, partition coefficients for the latter bilayer are consistently lower. logPo-w
denotes the octanol-water partition coefficients calculated with XLogP3247 and reported
by PubChem.

compound logPo-w logPPOPC logPPOPC+Chol

Benzene 2.1 1.55 ± 0.13 (n=10) 1.42 ± 0.13 (n=10)
Lindane 3.8 4.95 ± 0.25 (n=10) 4.65 ± 0.16 (n=7)

Isoflurane 2.1 2.62 ± 0.08 (n=10) 2.40 ± 0.16 (n=10)
Thiopental 2.9 2.13 ± 0.21 (n=9) 1.87 ± 0.21 (n=7)

Fluocinolone 2.5 4.29 ± 0.12 (n=5) 3.83 ± 0.34 (n=6)
Chlorpromazine 5.2 5.48 ± 0.15 (n=8) 4.84 ± 0.12 (n=8)

Paroxetine 3.5 5.01 ± 0.24 (n=10) 4.51 ± 0.19 (n=9)
Sertraline 4.8 5.46 ± 0.15 (n=9) 5.24 ± 0.21(n=10)
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Figure 3.30: Final, fully converged and highly symmetrical PMFs for all eight compounds
and both lipid bilayers tested in this study. The effects of cholesterol are visible through
a broadening of membrane region and an increase of the energy barriers. Partition
coefficients between water and the hydrophobic core, highlighted in orange, were
calculated (Table 3.3). Multiple conditions lead to convergence. The combination of
workflow components that underlies the profiles shown here is listed in Table 3.4.
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Table 3.4: Chosen workflow components of the PMF profiles displayed in Fig. 3.30 and
Fig. 3.31. The profile resulting from any workflow that leads to PMF convergence (see
Figs. 3.27 and 3.29 ) could have been chosen for illustration. The combinations listed here
were chosen for display in Fig. 3.30 because they correspond to the fastest converging
combination of workflow components for this ligand and membrane.

Compound Pure POPC bilayer Cholesterol-doped POPC bilayer
Benzene Alchembed, STeUS (40 %), MBAR Alchembed, STeUS (40 %), MBAR
Lindane sMD, STeUS (40 %), MBAR Alchembed, STeUS (40 %), MBAR

Isoflurane Alchembed, STeUS (40 %), WHAM sMD, STeUS (20 %), MBAR
Thiopental Alchembed, STeUS (40 %), MBAR sMD, STeUS (40 %), MBAR

Fluocinolone sMD, STeUS (20 %), MBAR Alchembed, STeUS (40 %), MBAR
Chlorpromazine Alchembed, STeUS (40 %), MBAR sMD, STeUS (40 %), MBAR

Paroxetine sMD, STeUS (20 %), MBAR Alchembed, STeUS (20 %), MBAR
Sertraline sMD, STeUS (40 %), MBAR Alchembed, STeUS (40 %), MBAR

The partition coefficients obtained for the cholesterol-doped POPC bilayer are

consistently lower than those for the cholesterol-free bilayer. This is in agreement

with expectations, as cholesterol is known to reduce partitioning for many com-

pounds, including all eight molecules used in this study. This demonstrates the

usefulness of umbrella sampling for the determination of partition coefficients for

precisely defined, heterogeneous chemical environments in contrast to predictions

of octanol-water partition coefficients.

3.4.6 Errors associated with symmetry and periodicity con-
straints

This study was motivated by the fact that obtaining converged PMFs from umbrella

sampling can be a computationally expensive process, requiring a large number of

windows and long simulation times. This problem has previously been addressed

through the use of boundary conditions in the PMF calculation179,248–250. PMFs can

be forced to be symmetrical about the origin of the reaction coordinate and/or to be

periodic so that the first and last window are considered to be identical180. These

boundary conditions artificially cause the PMF to look converged by introducing

errors along its entire length while enforcing symmetry and periodicity. The

workflow described here is able to generate converged PMFs with reduced
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computational cost and without the introduction of systematic errors brought

about by these constraints.

To quantify the errors that are introduced by the application of these constraints,

the PMF profiles presented in Fig. 3.30 are compared to PMFs obtained through

WHAM calculated from 10 ns of standard umbrella sampling on sMD-based

windows, computed with enforced symmetry and periodicity. As recommended

in its original publication, autocorrelation times are estimated by and supplied to

gmx wham180. The PMF comparison is shown in Fig. 3.31.

The data shown in Fig. 3.31 reveal that the differences between constrained

and unconstrained PMFs can appear minor, particularly in cases of easily converg-

ing compounds like benzene. The large differences in PMFs of chlorpromazine

and fluocinolone, on the other hand, demonstrate the risk of this approach. By

employing these boundary conditions, PMFs that are far from converged can

be made to look convincing.

The apparent partition coefficients between the hydrophobic core and bulk

solvent are listed in Table 3.5. A graphical comparison of logP values obtained

from either constrained or unconstrained, fully converged PMF profiles is shown

in Fig. 3.32.

Table 3.5: Partition coefficients calculated for the constrained PMFs shown in Fig. 3.31,
and their value relative to the average logP values obtained for all fully converged PMFs
listed in Table 3.3.

compound logPPOPC,constr. % of logPPOPC logPPOPC+Chol,constr. % of logPPOPC+Chol

Benzene 1.53 99 1.23 87
Lindane 5.33 108 4.54 98

Isoflurane 3.05 116 2.06 86
Thiopental 1.75 82 1.84 98

Fluocinolone 4.71 110 1.87 49
Chlorpromazine 8.76 160 5.39 111

Paroxetine 4.95 99 5.16 114
Sertraline 6.30 115 4.23 81

This comparison further makes the case against the use of symmetry- and

periodicity-enforcing boundary conditions. Such PMFs no longer reliably report
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Figure 3.31: Comparison between the converged PMFs from Fig. 3.30 (dashed lines)
and PMFs calculated by WHAM with enforced periodicity and symmetry, based on 10 ns
of standard US data collected on sMD-based windows (solid lines). The orange region
marks the definition of the hydrophobic core used in the calculation of partition coefficients.
The combination of workflow components underlying each unconstrained profile is listed
in Table 3.4. The workflow underlying constrained PMF calculations is sMD, standard,
WHAM.



3. A novel umbrella sampling workflow 96

Ben
ze

ne

Lin
da

ne

Iso
flu

ran
e

Thio
pe

nta
l

Fluo
cin

olo
ne

Chlo
rpr

om
az

ine

Paro
xe

tin
e

Sert
ral

ine
0

2

4

6

8
lo

gP

POPC, unconstrained
POPC+Chol, unconstrained
POPC, constrained
POPC+Chol, constrained

Figure 3.32: Comparison of logP values calculated from unconstrained and constrained
PMF profiles. Values shown for unconstrained calculations are average values and
standard deviations of all converged calculations (hatched bars, see Table 3.3). Solid
bars represent logP values calculated from PMF profiles obtained with WHAM under
symmetry- and periodicity constraints, based on 10 ns of standard MD on steered MD-
based umbrella windows (Table 3.5).

a lower partition coefficient in cholesterol-doped POPC bilayers. Comparing

these partition coefficients to those obtained from well-converged PMFs shows

that the error is particularly large for fluocinolone, chlorpromazine, paroxetine,

and sertraline. There is no consistent over- or underestimation of the partition

coefficient, complicating the discussion of constrained PMFs even when acknowl-

edging the underlying error. As a result, we argue that potentials of mean force

should not be calculated with these boundary conditions. Instead, enhanced

sampling methods such as the one described here should be used to ensure

correctness of the reported data.
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3.4.7 A failed attempt to circumvent the system size limit for
reweighting

In order to circumvent the system size limit for effective reweighting with MBAR,

I attempted the implementation of an alchemical version of STeUS. This was

inspired by the Replica Exchange with Solute Tempering and Replica Exchange

with Solute Scaling methods (REST and REST2)251,252. These methods were

developed to solve the equivalent problem in parallel tempering replica exchange

simulations: too many replicas are needed to both cover a sufficiently wide temper-

ature range and ensure a sufficient exchange probability. REST2 addresses this

problem by performing Hamiltonian replica exchange instead of parallel tempering.

Instead of changing the reference temperature, the replicas differ by scaling factors

applied to the dihedral and non-bonded interaction terms of the group of interest.

These scaled potentials mimic the effect of higher temperatures without increasing

the overall potential energy U of the system as much as higher temperatures

would. Thus, fewer replicas are needed to span the same "effective temperature"

range and enhance sampling of the group of interest.

Since REST2 is a replica exchange method, it places certain constraints on

the hardware configuration it can be run on. One of the advantages of STeUS

is that each window is truly independent: simulations can be run serially, across

computational resources, and individual windows can be added or extended as

needed. However, once simulation systems become large enough to prevent

temperature reweighting, a large amount of simulation time is "lost".

Because of this, I attempted a combination of these ideas and developed an

expanded ensemble method in which the system moves along an alchemical

ladder instead of a temperature ladder. Each rung on said ladder sampled the

system with a differently scaled Hamiltonian. Early tests looked promising: all

states were visited as expected, the potential energy was similar across all Hamil-

tonians, and the method was able to sample the alanine dipeptide torsion fully.

However, this approach was found to have an unacceptable performance impact.
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In simulated tempering, the temperature of the system is changed by simply

updating the thermostat’s reference temperature. To move in an expanded

ensemble between different Hamiltonians, on the other hand, the free energy

code of GROMACS is employed. The free energy kernel unfortunately carries a

significant performance impact per perturbed atom253. Since this method would

scale the interaction parameters of the ligand and the entire membrane, it is at

present prohibitively expensive. In future versions of GROMACS, or in fact in

other MD codes, this method might be more feasible.

3.5 Discussion and future directions

The calculation of free energy profiles along reaction coordinates is an impor-

tant application of computational methods, but it is often challenging to obtain

converged results. Umbrella sampling is one method with which these profiles

can be calculated. In this study, the individual effects of three components of the

umbrella sampling workflow on overall convergence speed were systematically

studied and compared.

Umbrella sampling windows can be generated in a variety of ways. Here,

the comparison between steered-MD based windows — which are extracted

from a pulling trajectory — and Alchembed-based windows — in which ligands

are alchemically grown along the reaction coordinate — was carried out. We

hypothesised that hysteresis might be a larger problem in steered-MD based

windows as the directionality of the initial pulling simulation can introduce larger

starting condition-dependent disturbances which can take a long time to be

resolved through equilibration. Indeed, we find that umbrella sampling carried

out on Alchembed-based windows converges faster in the majority of the cases

in both bilayers. Its acceleration is twofold: the initial pulling simulation is not

needed, and each window requires less simulation time to reach convergence.

We thus recommend Alchembed-based window generation be attempted at the

outset of future umbrella sampling studies.
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One limitation of the Alchembed-based window generation method as tested

here is that the ligand orientation is precisely matched in all windows. Steered-MD

based windows, on the other hand, have inherent variability of ligand orientations

between windows. During the pull, more favourable orientations might be sampled

that are not explored by growing the ligand in place. In future work on this project,

the effect of randomising ligand orientation during Alchembed-based window

generation to mimic this behaviour of sMD-based windows should be explored.

Simulated Tempering-enhanced Umbrella Sampling182 is a method to enhance

sampling in umbrella sampling studies. In this work, we independently verified its

authors’ claims of enhanced sampling and found that STeUS is indeed superior

to standard umbrella sampling. However, on GPU-based systems, it comes with

a significant performance impact because it requires the velocity-verlet integrator

which does not support some forms of GPU acceleration (see Section 2.1.2). Thus,

we conclude that STeUS is at its most advantageous when PMFs are particularly

slow to converge, or when run on hardware that is fully or predominantly CPU-

based. Future versions of GROMACS may improve GPU utilisation of expanded

ensemble methods, at which point we would unreservedly recommend STeUS

over standard umbrella sampling for most applications.

Another downside of STeUS as described in its original paper is that simulation

data collected at higher temperatures is not used to inform the PMF. With the

ground state occupancies trialled in this study, this would mean discarding 60

to 80 % of the sampled data. Here, we attempted to maximise data utilisation of

STeUS simulations. We evaluated the effectiveness of temperature reweighting

of high-temperature information to inform the PMF at the temperature of interest.

We report that for the system sizes studied here, temperature reweighting with

MBAR is effective and reduces the amount of simulation time needed to reach

convergence. System size should be minimised as much as possible to max-

imise simulation performance. These results suggest that a second reason for

system size minimisation is the improvement of temperature reweighting. We

fully recommend the use of temperature reweighting, for example with MBAR,
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in the case of STeUS simulations performed on small enough systems, as this

offers an essentially free way to improve convergence speed.

3.5.1 Future work

The study already demonstrates the superiority of this novel workflow. However,

it would benefit from a larger sample size. In the future, repeats of each condition

should be run. With careful simulation set-up, most conditions will not require the

full 100 ns of simulation time, making the repeats significantly less computationally

expensive than the initial work reported here.

The reported flip-flopping behaviour of cholesterol should be investigated

further. It might be necessary to further refine the restraints that were applied

to the lipid here. Additionally, living cells expend energy to maintain a degree of

lipid leaflet asymmetry. Determining PMFs in more realistic biological membranes

would involve accounting for this asymmetry, as well.

The chemical environment on either side of the membrane was identical in

the simulations carried out here. The effect of the many concentration gradients

that are maintained across biological membranes was not investigated in this

study. This could be done, however, in future studies where the simulation

system contains two lipid bilayers. Such systems are used in computational

electrophysiology254, for example, and effectively simulate an intracellular and

an extracellular compartment. A system with true concentration gradients and

asymmetrical membranes would give more realistic results of membrane per-

meation in biological systems.

A related problem to membrane permeation of compounds is the investiga-

tion of interactions between lipids and membrane proteins255–257. The method

developed here could also be tested on such problems.

The three components tested in this study account for a lot of variation in

umbrella sampling studies. Two important parameters that were not varied

here are the umbrella window spacing and the restraint force constants. It is

conceivable that STeUS would benefit from a more in-depth study of the effect of
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these parameters, as a wider range of the reaction coordinate can be sampled

at higher temperatures.

If future versions of GROMACS provide a more efficient implementation of the

free energy kernel, revisiting the failed attempt at Hamiltonian expanded ensemble

umbrella sampling described here is advisable. It might then be possible to make

the advantages of reweighting with MBAR available to larger systems, as well.

3.6 Conclusion

In this work, the individual components of umbrella sampling workflows were

benchmarked. The combination of Alchembed-based window generation230,

Simulated Tempering-enhanced Umbrella Sampling182, and PMF calculation

using temperature reweighting with MBAR163 was identified as showing the

fastest overall convergence of PMF profiles. At the outset of this chapter, the

limitations of using octanol-water partition coefficients as a stand-in for membrane

permeability were discussed. The workflow described here is capable of screening

the energetics of membrane permeation relatively quickly and is sensitive enough

to distinguish between different membrane compositions. Unfortunately, it is much,

much slower than cheminformatics methods like XLogP3247 and is thus not well-

suited for high-throughput applications. However, in studies of a limited number

of complicated systems, this workflow could prove very helpful. For example, it

could help in the study of skin permeation when applied to the skin models of

Lundborg et al173,258. I developed this workflow for the study of drug-permeation

of fenestrations, which will be discussed in the following chapter.



4
Fenestrations in the Glycine Receptor

Contents

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.1.2 The phenylpyrazole insecticide fipronil . . . . . . . . . . 104
4.1.3 Fipronil is an inhibitor of human glycine receptors . . . . 104
4.1.4 Fipronil binds in the channel pore . . . . . . . . . . . . . 105
4.1.5 Evidence for the importance of the alcohol binding site . 105
4.1.6 Aims of this study . . . . . . . . . . . . . . . . . . . . . 108

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.2.1 CAVER analysis of fenestration radii . . . . . . . . . . . 109
4.2.2 System preparation . . . . . . . . . . . . . . . . . . . . 112
4.2.3 Simulation parameters . . . . . . . . . . . . . . . . . . . 115

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.3.1 The fenestration is state-dependent . . . . . . . . . . . 119
4.3.2 The channel is stable in unbiased MD simulations . . . 120
4.3.3 The fenestration allows fipronil permeation in steered MD 120
4.3.4 Steered MD-based umbrella sampling suffers from hys-

teresis and convergence issues . . . . . . . . . . . . . . 122
4.3.5 Membrane-permeation of fipronil . . . . . . . . . . . . . 124
4.3.6 Fenestration-based PMFs of fipronil . . . . . . . . . . . 126

4.4 Discussion and future directions . . . . . . . . . . . . . . . . 134
4.4.1 Future work . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

102



4. Fenestrations in the Glycine Receptor 103

4.1 Introduction

Although the importance of drug-permeable fenestrations is well-accepted in the

ion channel field in general108, they have not previously been reported in the

superfamily of pentameric ligand-gated ion channels (pLGICs). In this project,

electrophysiology data of the glycine receptor is reinterpreted through the lens

of fenestration-based drug access to the channel pore. Through MD simulation

and analysis of available structural data, evidence of a state-dependent, drug

permeable fenestration in the glycine receptor is provided for the first time.

4.1.1 Motivation

This project was inspired by electrophysiology data reported in "Mechanism

of action of the insecticides, lindane and fipronil, on glycine receptor chloride

channels" by Robiul Islam and Joseph W. Lynch, published in the British Journal of

Pharmacology in 201290. Although fipronil is typically thought of as an insect GABA

receptor inhibitor (see Section 4.1.2), the authors were motivated to investigate

the action of fipronil on the human glycine receptor following a toxicological study

that suggested glycine receptor-linked pathology in Danio rerio259.

Islam and Lynch thus tested the fipronil-mediated inhibition of human glycine

receptors in whole-cell patch-clamp electrophysiology. Their results provide

clues regarding the possibility of fenestration-based access of fipronil into the

channel pore. Such cavities, laterally connecting the pore to the ion channel’s

surroundings, have been well-studied in a number of ion channel families (see

Section 1.4), but in the superfamily of pentameric ligand-gated ion channels, no

drug-permeable fenestrations have been identified thus far. Islam and Lynch’s

data suggested the possibility of such a fenestration, and this project was aimed at

exploring this possibility further. This chapter reports the results of computational

analyses carried out to this end.
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4.1.2 The phenylpyrazole insecticide fipronil

Fipronil (Fig. 4.1) is a phenylpyrazole insecticide. Its insecticidal activity is a

result of its ability to act as a channel blocker of pentameric ligand-gated ion

channels260, most prominently the "resistance to dieldrin" (RDL) GABA-gated

chloride channel198. Its use as a pesticide is enabled by its lower affinity for

vertebrate GABAA-receptors compared with insect RDL receptors (IC50s: 240 nM

for RDL, 1.6 µM for rat GABAAR198). However, its use in the field is complicated

by its toxicity to useful pollinators like the honeybee261,262.
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Figure 4.1: The phenylpyrazole insecticide fipronil.

Even though the primary amine substituent on the pyrazole ring might appear

like a candidate for protonation, it does not act as a base under physiological

conditions. One reason for this is that the nitrile substituent on the pyrazole ring

exerts both a negative inductive (-I) and a negative mesomeric (-M) effect. This

causes the nitrogen atom’s lone pair of electrons to be localised away from it and

towards the pyrazole ring, rendering it unavailable for protonation. As a result,

fipronil does not show dissociation, and no pKa value is reported263. In fact, its

already poor water solubility is slightly lower still at pH 5 than at pH 9 (1.9 mg / mL

vs 2.4 mg / mL)264. Its hydrophobicity is also seen in its logP of 4.0264.

4.1.3 Fipronil is an inhibitor of human glycine receptors

Islam and Lynch demonstrated that a number of different subunit compositions

of the human glycine receptor are inhibited by fipronil. A brief 5 s application
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of fipronil in the open state caused rapid channel closure (Fig. 4.2 A). The

majority of data points reported in this paper were obtained from closed-state

drug applications. Here, fipronil was applied in the absence of glycine for 30 s.

This resulted in inhibition of the channel; its sensitivity to following applications of

the neurotransmitter was reduced (Fig. 4.2 B). As a result, the currents I elicited

by various concentrations of glycine relative to the uninhibited current Imax were

reduced after incubation with fipronil (Fig. 4.2 C). Islam and Lynch have thus

provided evidence of inhibition of the human glycine receptor mediated by this

inhibitor of the insect GABA receptor.

4.1.4 Fipronil binds in the channel pore

Having established that fipronil is an inhibitor of human glycine receptors, the

authors went on to narrow down its binding site on the channel through site-

directed mutagenesis. The 2′ and 6′ positions on the intracellular half of the

M2 segment were considered for mutation. Various mutations of these residues

made the glycine currents insensitive to fipronil (Fig. 4.2 D, E, F), suggesting in

agreement with other studies265,266 that the fipronil binding site is located within

the intracellular half of the pLGIC pore.

4.1.5 Evidence for the importance of the alcohol binding site

The inter-subunit interface in the transmembrane domain (Fig. 4.3 A) is the location

of the binding site of avermectins and various anaesthetics (see Section 1.2.3).

These groups of compounds are activators of the glycine receptor, potentiating

and/or outright inducing chloride currents and thus acting as inhibitors of action

potentials. Islam and Lynch noticed that on addition of fipronil to open-state

glycine receptors, a small increase in current was visible before inhibition set in

(Fig. 4.2 A). This was particularly apparent when lower glycine concentrations

are applied (Fig. 4.2 G).

In another experiment, fipronil was applied in the closed state for only 5

instead of 30 s (Fig. 4.2 H). It was then washed out and immediately replaced
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Figure 4.2: Whole-cell patch-clamp electrophysiology data reported by Islam and Lynch90.
The individual plots are discussed in the main text. Reproduced here with permission
from the rights holder, John Wiley and Sons, Inc.

with glycine. This 5 s treatment was insufficient for channel inhibition — glycine

currents of similar magnitude as before were elicited. However, the channel

was then rapidly inhibited, even though fipronil was no longer present in the

external solution. Islam and Lynch concluded that fipronil likely has a secondary,

non-blocking binding site, from where it can reach the inhibitory binding site in

the pore once the channel opens.

Combined, the observation of transient strengthening of currents and the
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Figure 4.3: The location of the anaesthetics binding site on the glycine receptor. A: The
binding site is located at the subunit interface in the transmembrane domain. The section
marked with the red box is shown close-up for the desensitised state of the channel (PDB
3JAF, B), the closed state of the channel (PDB 3JAD, C), and the desensitised state with
the A288F mutation (D, mutation introduced to 3JAF in PyMOL).
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hypothesis of a secondary binding site led Islam and Lynch to further investigate

the alcohol binding site near A288∗ (Fig. 4.3 B). The authors suggest that fipronil

might bind at this site in the closed state and move from there into the pore as

the channel opens, causing the transient current potentiation on the way. Further

hints for the importance of this binding site were reported in a docking study by

Law and Lightstone267. This paper was also referenced by Lynch’s group in a

prior publication where they first proposed, but did not test, this mechanism268.

To test whether fipronil might bind in the alcohol binding site and move into

the channel pore from there, Islam and Lynch tested point mutations of A288 in

electrophysiology. While A288S and A288T showed no effect, the A288F mutation

(Fig. 4.3 D) made the glycine receptor seemingly resistant to fipronil (Fig. 4.2 K).

Brief 5 s applications in both the closed (Fig. 4.2 I) and open state (Fig. 4.2 J) failed

to reduce currents. However, both traces still showed transient current potentiation,

which led the authors to conclude that transition into the pore is blocked by the

mutation, while interaction with the alcohol binding site is still possible. Data

for longer applications like the 30 s closed-state application in Fig. 4.2 B is not

reported for A288 mutations, all data in Figs. 4.2 I–K is based on 5 s applications.

4.1.6 Aims of this study

Islam and Lynch’s hypothesis was not tested further in the years since its original

publication. Their results are consistent with a re-interpretation of the important

ivermectin and alcohol binding site as a fenestration, however. Structural evidence

presents a large opening at the subunit interface in the transmembrane domain

that connects the channel pore to its membrane environment (Fig. 4.3). In a

structure of the homologue GluCl channel, this opening is fully occupied by a

phospholipid protruding into the channel pore (PDB 4TNW88), showing its size is
∗Throughout this chapter, references to residue A288 of the human glycine receptor α1 or

its mutation A288F will be made. This designation by Islam and Lynch90 is based on UniProt
entry P23415 but does not include the 28 amino acid-long N-terminal signal peptide. To facilitate
comparisons between different references, note that "A288" is equivalent to A316 in UniProt entry
P23415, A304 in the structures of Danio rerio GlyR-α1 used in this study (PDB 3JAF, 3JAD44),
and A312 in the corresponding UniProt entry O93430 for the zebrafish subunit.
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sufficient to accommodate small molecules along its entire length and highlighting

a potential role of lipid regulation of this channel family. Mutation of A288 (Fig. 4.3

B) to phenylalanine (Fig. 4.3 D) leaves the glycine receptor still functional and

responsive to glycine but makes it seemingly resistant to fipronil (Figs 4.2 I–K). In

light of this evidence, it is plausible that fipronil might predominantly or exclusively

enter the channel pore through this fenestration, but is blocked from doing so by

the bulky aromatic side chain of the A288F mutant. This is of high interest because,

even though fenestrations are known to be important drug access pathways in a

variety of ion channels (see Section 1.4), this mechanism has to date not been

described in the pentameric ligand-gated ion channel superfamily.

Based on the available data, it is unlikely that fipronil would reach its binding

site by moving down through the channel pore from the extracellular domain. If that

were the primary access pathway, then no inhibition should have been observed

after a short closed-state application of fipronil followed by wash-out and addition

of glycine (Fig. 4.2 H), and the A288F mutation should not confer resistance.

In this study, the role of these possible fenestrations in the glycine receptor

is investigated further with computational methods. The aims are to combine

structural analyses with free energy estimates obtained from umbrella sampling

to further support or refute the hypothesis of fenestration-based drug access first

formulated by Islam and Lynch in 2012. Two different pathways are considered:

Access to the pore through the fenestration, or membrane permeation followed

by pore entry from within the cytoplasm (Fig. 4.4).

4.2 Methods

4.2.1 CAVER analysis of fenestration radii

55 glycine receptor structures were downloaded from the Protein Data Bank

(PDB) and their fenestrations were measured with CAVER version 3.0169. The

first step was the alignment of these structures, which was carried out through

a PyMOL python script. Different labs use different naming conventions for
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Extracellular

Intracellular

Figure 4.4: The two pathways considered in this study along which fipronil (not to scale)
could enter the channel pore. It could either permeate through the membrane and reach
its binding site from within the cell (red arrow) or, once in the membrane, go through the
fenestration to reach the pore (green arrow). Phosphorus atoms of POPC are shown as
orange spheres.

the five subunits of GlyR, labelling them A through E in either the clockwise or

anticlockwise direction. As a result, neither the super nor the align commands

in PyMOL produce good results across all structures, because both rely heavily

on chain-based alignments. PyMOL’s cealign command, which is based on

the combinatorial extension algorithm269 and does not consider chain indices,

was used instead.

The structural alignment was a prerequisite for automated identification of

tunnels with CAVER. The software allows specification of the origin of calculation

through atom or residue indices or through Cartesian coordinates, but the former

two would require extensive manipulation of the PDB files to ensure matching num-

berings. Instead, for each of the five fenestrations, Cartesian coordinates of a point

in its centre were supplied as origins (Fig. 4.5 A, C). Due to the structural alignment,

these initial coordinates were sufficient for application across all structures.
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Figure 4.5: Illustration of the use of CAVER for the measurement of fenestrations.
A: Top view onto the transmembrane domain of 3JAF. Coordinates in the centre of each
fenestration were supplied as origins for the calculations (red spheres). These initial
coordinates are then subject to optimisation. C: Side view of the highlighted section in A,
showing the height of the fenestration in the subunit interface. B: Caver then identifies
a number of tunnels from the origin to the pore (blue) and to the outside edge of the
protein (green). The correct tunnels were visually identified and combined for analysis.
D: Side view of the highlighted section in B, showing the extent of the fenestration CAVER
identified.
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CAVER uses a Voronoi diagram-based algorithm to identify tunnels in proteins.

The Cartesian starting coordinates were subject to optimisation, in which a starting

Voronoi vertex with a maximum distance from the origin of 3 Å and a desired cavity

radius of 5 Å was chosen. From this starting vertex, the tool identified tunnels to

the surface using a probe radius of 1.2 Å, a shell radius of 5 Å, and a shell depth

of 4 Å. These parameters were chosen so that the channel pore would also be

identified as protein surface, terminating the calculation here.

The algorithm is most robust when all spheres are the same size. To still

properly account for different atomic radii, the space-filling characteristics of

larger atoms were approximated by 20 overlapping spheres with the radius of the

smallest particle in the system — hydrogen. Redundant tunnels were removed

by distance-based clustering, and only unique tunnels at each fenestration were

reported. Their radii were then measured by growing a sphere at each Voronoi

vertex until van-der-Waals overlaps with the protein occurred. The tunnels that

best match the fenestration were visually identified in PyMOL (Fig. 4.5 B, D).

Generally, from the origin in the centre of the fenestration, one tunnel towards

the pore and one towards the outer edge of the protein had to be combined to

adequately describe the fenestration.

CAVER returns tunnel radius profiles, a list of tunnel-lining residues, and

information about the narrowest point along the tunnel: the bottleneck. Compar-

isons across the 55 GlyR structures were then made based on the bottleneck

radii of each of their five fenestrations. Here, the smaller bottleneck radius of

each fenestration’s two constituent tunnels was taken to be the fenestration’s

overall bottleneck radius.

4.2.2 System preparation

Two structures were used in simulations for this study, both reported in a 2015

study from the Gouaux lab44. To model the channel with open fenestrations, the

desensitized-state structure 3JAF, which was solved in complex with glycine and

ivermectin, was used. The strychnine-bound closed-state structure 3JAD was



4. Fenestrations in the Glycine Receptor 113

used as a model for closed fenestrations. These structures’ average bottleneck

radii are 1.50 and 0 Å, respectively.

Both 3JAF and 3JAD are structures of the α1 glycine receptor subunit of Danio

rerio (UniProt accession number O93430). This gene includes an N-terminal

signal peptide of 24 amino acid residues (MFALGIYLWETIVFFSLAASQQAA)

that is cleaved during cellular localisation and is not resolved in the structures.

The authors used a slightly modified gene construct in their work: the numbering

starts with the signal peptide, and the first resolved residue is A25. Residues

R26–P33 were deleted from the construct, as were the C-terminal I435–Q444.

Instead, residue K434 is followed by an LVPRS thrombin cleavage site, which is

resolved until the arginine. In addition, the largely disordered intracellular loop

between transmembrane segments M3 and M4 (UniProt Q334–R400) is replaced

by an AGT tripeptide linker. As a result, the residue numbering differs between

these structures from the Gouaux lab, the UniProt sequence of the protein, and

other structures of the channel. For clarity, residue numbers will be given for both

the numbering used in the structures and in UniProt entry O93430.

Two different system scales were investigated. In full-size simulations, all

residues present in 3JAD and 3JAF were included in simulation systems (roughly

UniProt O93430 A25–K434, but with the deletions and substitutions outlined

above), while simulations of the transmembrane domain only included residues

of 3JAD and 3JAF from Q235 onwards (UniProt O93430 Q243). The N- and

C-terminal residues of both structures and both system sizes were capped with

acetyl and N-methyl groups, respectively, to avoid introducing terminus charges

in locations where there are none in the full-length protein. Some residues were

modelled incompletely, and the AGT linker is missing in the 3JAD structure. These

gaps were filled in with PDBFixer270.

Both full-length and TMD-only proteins were embedded in a pure POPC bilayer

consisting of 512 lipids with the inflateGRO method271 and solvated with water

containing 0.15 M NaCl to form rectangular boxes. After steepest-descent energy

minimisation and equilibration in the NPT ensemble at 310 K and 1 bar for 100 ns,
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simulations of the full-length system were started with and without glycine present

in its binding site (Fig. 4.6 A, C). The TMD-only systems were modified further:

without the extent of the protein away from the membrane, less membrane area

is needed as well. To maximise simulation performance, the rectangular system

was trimmed down to a hexagonal prism using in-house MDAnalysis166,167 scripts

(Fig. 4.6 B, D). This effective reduction of system size helped significantly improve

performance of the umbrella sampling simulations without sacrifices. System

compositions are listed in Table 4.1.

A B

C D

Figure 4.6: Examples of simulation system scales investigated in this study. Full-length
(A, C) and TMD-only (B, D) systems were used. Shown are top-views (A, B) and side-
views (C, D).
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Table 4.1: Composition of the systems used in this study.

3JAF full 3JAF TMD 3JAF-A288F TMD 3JAD TMD
# POPC 500 281 279 285
# H2O 65,518 16,922 16,898 16,471
# Na+ 272 100 100 100
# Cl- 282 140 140 135
# Glycine 5 or 0 0 0 0
# Fipronil 0 1 1 1
# Atoms 291,888 99,590 99,300 98,493
Box volume [nm3] 2,875 969 967 954

Umbrella window generation

The windows of the initial umbrella sampling attempt were extracted from steered

MD trajectories with in-house MDAnalysis166,167 scripts.

After that approach failed, umbrella windows of fipronil going through two

different fenestrations were set up for each TMD-only system with Alchembed.

Vectors going through each fenestration were derived in PyMOL (Fig. 4.7 A).

Fipronil was then aligned to these fenestration vectors and translated to the

vector origin in the channel pore (Fig. 4.7 B). Care was taken that the rotation of

fipronil about the fenestration vector matched between different fenestrations. The

umbrella windows were then generated by translating fipronil along the fenestration

vector in steps with a stride of 1 Å (Fig. 4.7 C). Finally, the Alchembed-based

method (see Section 3.3.3) was used to resolve any clashes between fipronil

and the system (Fig. 4.7 D).

For the determination of a membrane-permeation PMF, fipronil was placed

along the membrane-normal of a pure POPC bilayer using the Alchembed-based

method and a stride of 1 Å.

4.2.3 Simulation parameters

All simulations in this study were carried out in the NPT ensemble. A temperature

of 310 K and a pressure of 1 bar were maintained with the V-rescale thermostat151

and the C-rescale barostat152 with coupling constants of 1 and 5 ps, respectively,
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A B

C D

Figure 4.7: To generate the umbrella windows for fipronil passing through fenestrations,
two points on the fenestration vector are identified in PyMOL (A, red spheres). Fipronil
is aligned to this vector and translated onto the origin (B). Windows are generated by
translating fipronil along the vector in increments of 1 Å (C). Finally, Alchembed simulations
are run to resolve the clashes. Only minimal movements of fipronil and the rest of the
system are necessary to arrive at starting configurations for umbrella sampling (D).
Subfigure D shows an overlay of all 47 umbrella windows — the variations between
windows are small.

unless otherwise stated. The chosen force fields were AMBER99SB-ILDN for

protein and ions146, TIP3P for water223, SLipids for POPC221,222, and GAFF2 for

fipronil and the zwitterionic glycine ligand224. Bonds to hydrogen atoms were

constrained with either LINCS147 or, in the case of water, the SETTLE algorithm148

to allow the use of an integration time step of 2 fs. The smooth particle-mesh

Ewald approach149 was used for treatment of long-ranged electrostatic interactions.

Short-ranged interactions were calculated under a Verlet cut-off scheme.



4. Fenestrations in the Glycine Receptor 117

Unbiased simulations of full-length channels

Unbiased simulations of full-length 3JAF were carried out with and without glycine

in its binding sites (Table 4.1). In accordance with its pKas of 2.35 for the carboxylic

acid group and 9.78 for the ammonium group272, it was modelled as a zwitterion.

1 µs simulations were carried out in triplicate.

Steering fipronil through a fenestration

Initial probing of the permeability of these fenestrations to fipronil was carried out

with steered MD. For this purpose, the full-length channel was oriented such that

one of its fenestrations was exactly parallel to the x-axis. Fipronil was positioned

about 3 nm away from the channel pore on the x-axis in the membrane using the

energy minimisation method previously used by Cetin et al.161 (See Section 2.3.1).

A steered MD trajectory was then produced, in which fipronil was pulled towards

the centre of the channel pore with a pull rate of 0.01 nm ns−1 and a force constant

of 1000 kJ mol−1 nm−2. During the steer, a cylindrical flat-bottom restraint was

applied to fipronil that added a harmonic restraining force of 1000 kJ mol−1 nm−2

if it deviated from the pull axis by more than 1 nm. The centres of mass of the

five protein subunits were restrained to their starting value with GROMACS’s pull

code, applying harmonic restraints of 1000 kJ mol−1 nm−2. This was necessary to

prevent rotations of GlyR within the membrane that would move the fenestration

off the pull axis. Simulations of reverse pulls that steered fipronil back out of the

channel pore were started from the endpoints of successful forward pulls.

Umbrella sampling

Initial umbrella sampling attempts were started from configurations extracted

from the steered MD simulations. For this purpose, the range of the reaction

coordinate that was sampled in the trajectory was divided into 80 evenly spaced

windows and those frames closest to each window were extracted. Each umbrella

window was sampled with standard umbrella sampling for 20 ns during which
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the system was restrained to the window’s starting reaction coordinate with a

harmonic umbrella potential of 1000 kJ mol−1 nm−2.

The above approach was quickly abandoned. Instead, Simulated Tempering-

enhanced Umbrella Sampling (STeUS, see Section 3.3.4) simulations of Alchembed-

based umbrella windows was carried out. A temperature ladder spanning 310

to 342 K in 4 K increments was used. Care was taken that this choice of highest

temperature did not cause the protein to unfold, but it was noticed that the protein

undergoes significant rotations in the membrane at these temperatures. To

prevent this, the centres of mass of each protein subunit were restrained to their

starting position as described above.

The reaction coordinate was defined in reference to the fenestration vectors

used for window generation by setting pull-coord-geometry = direction and

supplying the fenestration vector as pull-coord-vec. Since the length of the

projection of fipronil onto this vector is thus defined as the reaction coordinate,

the compound must not move too far away from this axis. This is ensured through

cylindrical flat-bottom restraints, but GROMACS can only apply such restraints

along the three base coordinate axes of the system and not along arbitrary

vectors. Instead, the PLUMED package273,274 was used for restraint application.

This was achieved by defining a vector between the protein’s centre of mass

and a FIXEDATOM-type dummy atom with coordinates in the fenestration centre.

The PROJECTION_ON_AXIS function was used to calculate the extension of fipronil

from this vector, and UPPER_WALLS was used to restrain this extension to below

1 nm with a force constant of 1000 kJ mol−1 nm−2. To sufficiently sample each

system, umbrella sampling of fipronil through two different fenestrations and in

two ligand orientations was carried out. The simulation data of these four runs

was combined and used for PMF calculations with WHAM. Unfortunately, the

systems studied here are too large to meaningfully benefit from temperature

reweighting with MBAR (see Section 3.3.5).



4. Fenestrations in the Glycine Receptor 119

4.3 Results

4.3.1 The fenestration is state-dependent

As a first step, a better structural understanding of the fenestrations was required.

To this end, the fenestrations of 55 glycine receptor structures were investigated

with CAVER version 3.0. The workflow is illustrated in Fig. 4.5. These 55 structures

were solved with a variety of activating and inhibiting ligands bound and thus cover

a broad range of activation states. They were grouped into four distinct activation

state groups — closed, open, desensitized, and wide-open — as reported by

their original publications. The distribution of average bottleneck radii is shown in

Fig. 4.8. The complete bottleneck radius data is listed in SI Table C.1.
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Figure 4.8: Box plot showing the distributions of the average bottleneck radius by
functional state of the channel, with individual data points marked as dots. A clear,
bi-modal state dependence is apparent: the fenestrations in closed-state structures are
closed, while open and desensitized structures have fenestrations with bottleneck radii
between 1.5 and 1.9 Å. This difference is highly statistically significant as determined by
Tukey’s HSD test275.

Strikingly, a strong state-dependence of the fenestration radii is apparent.

While displaying similar radii in open, wide-open, and desensitised states (Fig. 4.3

B), the fenestration all but disappears when the channel is in the closed state

(Fig. 4.3 C). The structural rearrangements that occur during channel activation to

connect ligand binding in the ECD to pore widening in the TMD are now shown to
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also open this fenestration. Statistical significance was determined with Tukey’s

HSD test275 and strongly confirmed.

The context of state-dependence of these fenestrations reinforces the hy-

pothesis of fenestration-based access formulated from Islam and Lynch’s results.

Their electrophysiology data for brief applications of fipronil in the closed state

showed that the compound cannot reach its binding site in this condition: on

addition of glycine, the channel initially opens fully. However, it then rapidly

closes, even though fipronil is no longer in the surrounding medium. As we have

now shown, when the channel is in the closed state, the fenestrations are also

closed. Our hypothesis for Islam and Lynch’s results thus is that fipronil, being

very hydrophobic, gets stuck in the membrane and is slow to be washed out in

electrophysiology. It can only reach its binding site when glycine is added and

the channel opens, as this causes the fenestrations to open as well. In the time

it takes fipronil to permeate the fenestration, GlyR currents are observed, which

then rapidly decrease as fipronil reaches its binding site.

4.3.2 The channel is stable in unbiased MD simulations

The simulations of the full-length glycine receptor showed that the protein is stable

at these temperatures, pressure, and membrane composition. Overall, glycine

remains stably bound. It was thus deemed suitable for simulations probing the

interaction of fipronil with the fenestrations.

4.3.3 The fenestration allows fipronil permeation in steered
MD

Having established their state-dependence, we set out to test the fenestrations for

permeability. Initial investigations of fipronil permeation through the fenestrations

were carried out using steered MD simulations. A moving harmonic bias was

applied to fipronil to pull it through the fenestration, both from outside the channel

towards the pore (Fig. 4.9) and out of the channel back into the membrane

environment (Fig. 4.10).
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240 ns 280 ns 320 ns 360 ns 400 ns

Figure 4.9: Snapshots from a steered MD trajectory in which fipronil was pulled through
a fenestration towards the channel pore. Fipronil is able to pass through the fenestration
without overly disturbing the overall structure of GlyR.

0 ns 80 ns40 ns 120 ns 160 ns

200 ns 240 ns 280 ns 320 ns 400 ns

Figure 4.10: Snapshots from a steered MD trajectory that pulled fipronil out of the
fenestration. This simulation was started from the final frame of the simulation shown
in Fig. 4.9. The overall GlyR structure remains largely undisturbed by fipronil passing
through the fenestration.
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The centre of mass of each protein subunit is harmonically restrained to

its starting value, but no other position restraints acted on the protein atoms

during these simulations. Nonetheless, the overall protein structure remained

remarkably stable, indicating that the fenestration is able to accommodate fipronil

without requiring major structural reorientations. This constitutes the first hint

from simulations in this work that fenestration-based drug access might play

a role in the glycine receptor.

4.3.4 Steered MD-based umbrella sampling suffers from hys-
teresis and convergence issues

The steered MD simulations suggested the absence of major hurdles to fipronil-

permeation of the fenestration. Umbrella sampling was used to quantify the

energy barrier of permeation. Windows extracted from steered MD show a

degree of structural heterogeneity while maintaining the overall conformation

of the channel (Fig. 4.11).

PMFs obtained from the application of WHAM to 20 ns of simulation data

from each window of the inwards steer-based simulations yield a profile that

steadily increases the closer fipronil gets to the centre of the pore, with an overall

energy difference of roughly 50 kcal mol−1 (Fig. 4.12, blue line). This is very

high compared to kT at 310 K (≈ 0.62 kcal mol−1), thus suggesting a very low

probability of fipronil permeation of the fenestrations.

However, significant systematic issues are apparent in this data. For one,

umbrella sampling simulations started from the reverse steered-MD run similarly

show an energy difference of roughly 50 kcal mol−1 but in the opposite direction

(Fig. 4.12, red line). This very high degree of hysteresis reveals underlying sam-

pling issues. In addition, a convergence analysis showed that 20 ns of simulation

time per window are insufficient and the PMFs are not yet converged (Fig. 4.13).

Combined, the hysteresis and convergence issues made it clear that the data

shown in Fig. 4.12 are not the true potentials of mean force. Much more simulation

data was evidently needed, but these simulations are expensive. The problem
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Figure 4.11: Overlay of the 80 equidistant umbrella windows extracted from the inwards
pull (Fig. 4.9). The reaction coordinate is defined as the centre of mass distance between
the protein and fipronil along the x axis, to which the fenestration is aligned. Note that
there is a much larger degree of between-window variation than in the Alchembed-based
windows used later in this study (Fig. 4.7).
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Figure 4.12: Comparison of the potentials of mean force obtained from steered MD-based
umbrella windows from an inwards-pulling and an outwards-pulling trajectory. Strong
hysteresis is apparent. A difference in PMF in the channel pore (at a distance of 0 nm) of
roughly 100 kcal mol−1 is observed.
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Figure 4.13: Convergence analysis of the inward pull-based umbrella sampling simula-
tions. Each window was simulated for 20 ns. The first 2 ns were discarded in WHAM to
allow for equilibration of the system. The colour bar shows how many nanoseconds of
simulation data were included in the PMF calculation after these initial 2 ns. This analysis
revealed that the PMF had not converged after 20 ns of simulations.

was approached from two directions. For one, simulation performance was

improved by reducing the system size to its minimum (Fig. 4.6). More importantly,

the slow convergence speed observed in this system formed the motivation for

the development of the improved umbrella sampling workflow that is described

and tested in chapter 3.

4.3.5 Membrane-permeation of fipronil

The improved umbrella sampling workflow quickly proved successful. One of its

first applications was the calculation of the PMF of fipronil permeating through

a POPC bilayer. This PMF is the baseline against which PMFs for fenestration

permeation need to be compared, as the two most likely paths for fipronil to reach

its binding site are to enter via the fenestration or to permeate the membrane and

access the channel pore from the intracellular end (Fig. 4.4).

Fipronil is a hydrophobic molecule, so an energy cost when leaving the

membrane for an aqueous environment is expected. The PMF obtained with
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the improved umbrella sampling method shows that this energy cost amounts to

10 kcal mol−1 (Fig. 4.14). Comparisons between methods show the superiority of

the improved workflow (Fig. C.1), and the PMF is well-converged (Fig C.2).
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Figure 4.14: Potential of mean force of fipronil permeating through a pure POPC bilayer.
The shaded area is an error estimate obtained from 200 bootstraps. The grey dashed
line indicates chemical accuracy. The symmetry of the profile overall and the similar
values obtained for bulk water on either end suggest a high-quality result. The PMF is
well-converged (Fig. C.2).

0 1 2 3-1-2-3 nm

Figure 4.15: Reaction coordinate of the PMF shown in Fig. 4.14

Thus, if an energy barrier to fenestration-based entry of less than 10 kcal mol−1

is found, then drug access through the fenestration is predicted to be energetically

favourable and thus more likely.
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4.3.6 Fenestration-based PMFs of fipronil

The improved umbrella sampling workflow was then applied to the three TMD

systems listed in Table. 4.1. The aim was to obtain potentials of mean force for

fipronil going through open and closed fenestrations and through open fenes-

trations that carry the A288F mutation found to be less sensitive to fipronil by

Islam and Lynch90. These PMFs can then be compared with one another and

with the available experimental data.

In all three cases, fipronil’s permeation through the fenestrations formed by the

transmembrane domains of chains C and D and chains E and A was simulated.

The reaction coordinate is visualised in Fig. 4.16 A. Each fenestration has two

main constriction sites, one formed from each subunit’s M2 helices, and one from

the M3 and M1 segments. The fenestration is located roughly 1 nm above the

centre of the membrane, placing fipronil close to its minimum-energy position

within the membrane (Fig. 4.14).

Open fenestrations

The PMF of fipronil going through the open fenestrations of desensitised Danio

rerio GlyR (PDB 3JAF) is shown in Fig. 4.17.

Due to the complicated nature of this system, the PMF has unfortunately not

yet converged, as can be seen from the offset from zero at a distance of 4.5 nm.

Nonetheless, conclusions can be drawn from this profile already. Approaching

the channel pore from the membrane environment at ±4.5 nm, fipronil does not

have to pass any notable energy barriers. The only minor barrier is seen at the

M2-M2 constriction of the CD fenestration at −1 nm. However, at 1.2 kcal mol−1,

it is on the order of 2 kT and thus is not expected to meaningfully slow down

fipronil permeation, especially since it follows from a drop of ≈ 16 kT . This

result suggests that permeation of fipronil through open fenestrations does not

have an energy cost.
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Figure 4.16: A: Reaction coordinate of the fenestration system. Negative reaction
coordinate values cover the fenestration at the CD interface, positive values the EA
fenestration. The M2-M2 constriction lies at about ±1 nm and the M3-M1 constriction at
±2 nm. B: Side view onto the reaction coordinate. The fenestration is located above the
membrane centre at the equivalent of ±1 nm in the membrane PMF system (Figs. 4.14
and 4.15), close to fipronil’s minimum energy value.

Closed-state fenestrations

The umbrella sampling results for fipronil passing through closed-state fenestra-

tions of Danio rerio (PDB 3JAD) is shown in Fig. 4.18.

Like the PMF for open fenestrations (Fig. 4.17), this one has not converged yet,

but careful interpretation of the data collected thus far is still possible. Strikingly,

energy barriers are identified in both M3-M1 and M2-M2 constrictions that were

not seen in the case of open fenestrations. The largest energy barriers for the CD

and EA fenestration are read as 5.2 kcal mol−1 (≈ 8 kT ) and 5.6 kcal/mol (≈ 9 kT ),
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Figure 4.17: Potential of mean force of fipronil permeating through open fenestrations of
the glycine receptor. The vicinity of the M2-M2 constriction and the M3-M1 constriction
are indicated in green and yellow, respectively. The shaded area represents an error
estimate obtained from 200 bootstraps. Numbers on the plot are PMF values in kcal /
mol at that point.
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Figure 4.18: Potential of mean force of fipronil permeating through closed fenestrations
of the glycine receptor. The vicinity of the M2-M2 constriction and the M3-M1 constriction
are indicated in green and yellow, respectively. The shaded area represents an error
estimate obtained from 200 bootstraps. Numbers on the plot are PMF values in kcal /
mol at that point.
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respectively. In addition, the energy well in the channel pore is shallower than that

of the desensitised state by 8 kcal mol−1, demonstrating the unfavourable effect

of increased pore constriction. Though the absolute values of these energies

will change as the PMF converges, a qualitative comparison with the PMF for

open fenestrations clearly shows that the closed state’s fenestrations are less

accessible for drug permeation.

The effect of A288F in open fenestrations

The PMF obtained for open fenestrations with the A288F mutation is less readily

interpretable (Fig. 4.19).
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Figure 4.19: Potential of mean force of fipronil permeating through open-state fenes-
trations of the glycine receptor with the A288F mutation. The vicinity of the M2-M2
constriction and the M3-M1 constriction are indicated in green and yellow, respectively.
The shaded area represents an error estimate obtained from 200 bootstraps. Numbers
on the plot are PMF values in kcal / mol at that point.

The preliminary, unconverged PMF problematically predicts that the global

energy minimum in this system is between the M2-M2 and M3-M1 constrictions

of the EA fenestration rather than in the channel pore. However, encouragingly,

energy barriers at A288F near the outer edge of the M3-M1 constriction are

observed. The apparent energy barriers for either fenestration at A288F are
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2.7 kcal mol−1 (≈ 4 kT ) and 1.7 kcal mol−1 (≈ 3 kT ) for CD and EA, respectively.

However, the apparent dominant energy barrier in the EA fenestration is actually

in the M2-M2 constriction at 3.1 kcal mol−1 (≈ 5 kT ). The PMF estimate in the

pore differs from that obtained for the wild type by 3.6 kcal mol−1, which is within

the error estimate obtained through bootstrapping.

Diagnosis of convergence issues

To diagnose the convergence issues further, histogram counts and histogram

overlap were determined with Dr Owen Vickery’s umbrella_sampling analysis

script276. The analysis is shown in Fig. 4.20.

The aim of this analysis is to reveal regions of the reaction coordinate that

have been undersampled thus far. The reaction coordinate is divided into 94

windows with 1 Å spacing, and each window has been run for 150 ns. As it was

expected that fipronil would be unable to freely rotate within the confinements

of the fenestrations, the innermost 26 windows were run twice, with opposite

relative fipronil orientation in each set of windows. The effect of this is seen

clearly in Fig. 4.20 as reduced count and overlap values for reaction coordinates

outside of the range of −2.5 to 2.5 nm. Strikingly, while the desensitised 3JAF-WT

system shows good overlap for the entire inner section, 3JAF-A288F and, in

particular, the closed-state 3JAD show stretches of low overlap even in this

doubly sampled region.

To improve convergence of these three potentials of mean force, a three-

pronged approach will be employed in the future. The simulation time of all

windows will be increased. The outer regions of the reaction coordinate will

be treated like the inner region and doubly sampled with flipped initial ligand

orientations. And additional windows with higher restraining potentials will be

started at regions of the reaction coordinate that show strongly reduced overlap.
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Figure 4.20: Analysis of histogram counts and overlaps of the PMFs in Figs. 4.17–4.19.
Analysis script adapted from Dr Owen Vickery’s umbrella_sampling script276.
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Overall comparison and analysis

Islam and Lynch’s results show that in the closed state, fipronil can still reach its

inhibitory binding site in the channel pore, but that it does so more slowly than

when the channel is in the open state. This is demonstrated by a 30 s closed-state

application of fipronil being sufficient for channel blockage (Fig. 4.2 B) while a

5 s closed-state application is insufficient (Fig. 4.2 H). The A288F mutation was

shown to prevent fipronil from reaching the pore after a 5 s closed-state application

(Fig. 4.2 I–K) — unlike in the wild type, no inhibition sets in after the channel opens.

However, Islam and Lynch unfortunately did not provide data for a 30 s closed-

state application for the A288F system. It is thus unknown if the mutation mimics

the closed-state behaviour and merely slows down fenestration permeation or

if it makes it impossible outright. Preliminary and unconverged as they are, the

PMFs calculated to date allow comparisons of the three systems tested in this

study, both with one another and with Islam and Lynch’s experimental data.
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Figure 4.21: Comparison of the three fenestration-going PMFs collected in this study.
The vicinity of the M2-M2 constriction and the M3-M1 constriction are indicated in green
and yellow, respectively. Error indications are omitted for visual clarity.

The three fenestration PMFs are shown in Fig. 4.21. The error estimates are

omitted for visual clarity. Under the assumption that the process of fenestration
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permeation is adequately described by the Arrhenius equation,

k = Ae−Ea/kBT , (4.1)

where k is the rate constant, A is the pre-exponential factor, and Ea is the activation

energy of the reaction, the reduction of the rate constant due to an increased

energy barrier can be estimated as

k2

k1
= e(Ea,1−Ea,2)/kBT . (4.2)

The application of Eq. 4.2 to the energy barrier values read from the PMF

plots is shown in Table 4.2.

Table 4.2: Estimation of the reduction of the rate constant of fenestration per-
meation through the application of Eq. 4.2. Here, kB is used in the form of
1.987 × 10−3 kcal mol−1 K−1 and a temperature T of 310 K is supplied.

comparison
2 vs 1 Ea,2 [kcal mol−1] Ea,1 [kcal mol−1] k2/k1

closed vs open 5.2 − 5.6 0 − 1.2 (1.13 − 15.1) × 10−4

A288F vs open 2.7 − 3.1 0 − 1.2 (6.52 − 87.6) × 10−3

closed vs A288F 5.2 − 5.6 2.7 − 3.1 (9.02 − 33.1) × 10−3

Assuming Arrhenius-style kinetics apply and the pre-exponential factor A is the

same for all systems, the PMFs estimate the rate of permeation through closed-

state fenestrations is between 0.01 and 0.15 % the rate of permeation through

open fenestrations. The rate of permeation through open A288F fenestrations

is larger, at 0.6 to 8.7 % of the rate of wild type open fenestrations. As none

of the three PMFs have converged yet, all values in Table 4.2 are estimates

and are liable to change.

The fenestration’s location in the membrane bilayer is very close to the min-

imum of the PMF for membrane permeation. Fipronil will naturally tend to

accumulate at the height of the fenestration. The energy barrier of leaving the

membrane for the intracellular aqueous compartment to then enter the pore from

there is 10 kcal mol−1 (Fig. 4.14). Compared with the energy barrier estimation

of 0 to 1.2 kcal mol−1 for permeation of the open fenestration, the latter is both
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energetically favourable and an estimated 1.6 × 106 to 1.1 × 107 times as fast.

These results demonstrate that fenestration-based pore access is preferable

to membrane permeation.

4.4 Discussion and future directions

The work outlined in this chapter is the first demonstration of state-dependent,

drug-permeable fenestrations in the glycine receptor. The state-dependence of

these fenestrations was shown through an analysis of 55 different structures of

the channel. Binary behaviour of the fenestrations was described, in which they

disappear in the closed state and open as a result of structural rearrangements

during activation (Fig. 4.8). State-dependent drug binding has important implica-

tions for drug safety and specificity277–280, making the state-dependence of these

fenestrations an interesting and useful discovery.

Steered MD simulations revealed that the open-state fenestration is able

to accommodate fipronil without requiring structural deformation (Figs. 4.9 and

4.10. This is an important result as this knowledge was a prerequisite for further

study with umbrella sampling — had the channel undergone drastic conforma-

tional changes or even fallen apart at this stage, further investigation would

have been moot.

Umbrella sampling simulations were then attempted, but this system proved

difficult to study adequately in free energy simulations. Initial umbrella sampling re-

sults with poor quality (Fig. 4.12) provided the motivation to develop the enhanced

umbrella sampling workflow that was introduced and benchmarked in chapter 3. In

the end, several techniques were combined for the umbrella sampling simulations

run in this study. The size of the system was minimised by using a hexagonal

prism box shape. Centre of mass restraints on the individual protein subunits were

applied with GROMACS’s pull code to prevent rotations in the membrane that

would disturb the reaction coordinate. On the ligand level, cylindrical flat-bottom

restraints were applied with PLUMED to prevent fipronil from distancing itself from
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the vector that defines the reaction coordinate. And finally, Alchembed-based

window generation and STeUS were combined for enhanced sampling. This

combination makes it possible to study this system with tolerable computational

effort and the results are much improved compared to the initial attempts. Even

so, the PMFs obtained to date only allow qualitative comparisons because they

have not converged yet. Further simulations as described in Section 4.3.6 are

required and will be carried out.

Nonetheless, the qualitative comparison is illuminating in its own right. The

preliminary energy barriers calculated thus far suggest that fenestration-based

pore access of fipronil is energetically favourable and orders of magnitude faster

than membrane permeation. The comparison also provides early evidence in

agreement with Islam and Lynch’s results. Increased energy barriers for closed-

state fenestrations and the A288F mutation match reduced fipronil inhibition after

brief closed-state applications (Fig. 4.2 H, I).

It must be noted that the structure of the A288F mutant in this study is dubious.

It was obtained by applying the point mutation to the desensitised-state structure

(PDB 3JAF) used in this study in silico. However, there is no evidence to indicate

that the mutant receptor’s structure would match this conformation. Results on

the A288F system must be read with this caveat in mind.

4.4.1 Future work

This project will be pursued further to prepare it for publication. In a first instance,

the simulations will be extended as discussed in Section 4.3.6 to obtain con-

verged PMF profiles.

The PMF of a minor component is still missing for the membrane-permeation

pathway (red arrow in Fig. 4.4): the process of fipronil entering the channel

pore from the intracellular aqueous surroundings should be simulated. As the

energy barrier for membrane permeation is much larger than that for fenestration

permeation, this is not strictly necessary to determine which pathway is more

favourable. However, it would be useful for completeness as it would allow a
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more like-for-like comparison of PMFs. It would also give access to cycle closure

as another convergence criterium — the PMF differences between pore and

membrane should be the same in both pathways.

An alternative or supplemental approach to the umbrella sampling employed

here could be metadynamics. MetaD has successfully been employed in the

study of fenestrations in the voltage-gated sodium channel Nav1.5116.

Molecular dynamics simulations of the closed-state channel might provide

additional insights on the behaviour of the fenestrations in the closed state.

Combined with CAVER-based analysis of trajectories, fenestration fluctuations

can be detected and quantified. It would be interesting to see if compounds that

interact with the channel here such as fipronil, ivermectin, or propofol exploit

natural fluctuations of the fenestration radius to bind or if they induce the formation

of their binding site themselves.

In Islam and Lynch’s paper, data for a second pesticide — lindane (Fig. 3.5)

— is reported. It is found to be an inhibitor of the human glycine receptor as

well. It has not been considered here thus far because the authors found it was

unaffected by the A288F mutation. However, in future investigations, it would

be interesting to probe why that is. It could be that lindane permeates the lipid

bilayer more readily, or that it is small enough to be fenestration-permeable even

in the closed state and with the A288F mutation.

In the future, it might be interesting to study this fenestration in systems with

more complex lipid bilayers. There are hints of the possibility of lipid regulation of

the glycine receptor88 via the fenestration, but this aspect has not been considered

in this study at all thus far. A more realistic membrane composition would be a

requirement in the pursuit of this research question.

The importance of tunnels that connect to active sites buried deeply within

enzymes is increasingly being studied, recently leading to the formulation of the

keyhole-lock-key model of enzymatic regulation281,282. This model attributes part

of what determines selectivity between ligand and enzyme to the tunnel through

which the ligand must reach its active site. In this study, only homomeric Danio
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rerio α1 glycine receptors were simulated, meaning that all fenestrations probed

here were formed by the same protein residues. Beyond α1, there are three more

α subunits α2-α4 (though α4 is a pseudogene in humans283) and one β subunit.

Glycine receptors can form α-homomeric channels or 4α1β-heteromers284. The

keyhole-lock-key model could also be a suitable description of non-enzymatic

proteins such as ion channels. Mutations along the "keyhole" component that

affect inhibitor activity have been shown both here by Islam and Lynch and

on the sodium leak channel114. Further study on the fenestrations on GlyRs

with different subunit composition might open the door to the development of

subtype- or tissue-specific inhibitors. Perhaps more promising in this regard

than the glycine receptor is the GABAA-receptor. With a total of 19 subunits to

form heteropentamers from70, it has a larger potential of significant fenestration

differences between subtypes. Its γ2 subunit could be of particular interest as

it is required for synaptic clustering of GABAA-receptors285.

4.5 Conclusion

The importance of fenestrations in voltage-gated sodium channels is well-understood.

They are known to modulate drug and lipid binding as well as channel gating. Until

now, they had not been reported in pentameric ligand-gated ion channels. Here,

we identified the presence of a state-dependent and drug-permeable fenestration

in the glycine receptor for the first time. This discovery will open the door for

further investigations in the crucial Cys-loop receptor superfamily and might be

particularly useful in the development of subtype-specific compounds.
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5.1 Motivation

Molecular dynamics simulations are a useful tool in addressing biochemical

questions, generating models of dynamics and mechanisms from structural

information. MD simulations thus form a natural complement to structural biology

both retro- and prospectively. Retrospectively, simulations can help interpret

and contextualise experimental results, as they are able to provide insight into

conformational changes, allostery, and ligand binding, among others. Prospec-

tively, simulations can be used to predict, for example, the effect of mutations

or ligand binding affinities.

In the following two chapters, I will discuss two collaborations I was involved in

during my DPhil and will show how MD simulations acted as a complement

to experimental data.

Disclaimer: Parts of the work described in this section are included in our

manuscript "Structural Basis for Domain Coupling in Heteromeric Glycine Re-

ceptors Revealed by an Atypical Allosteric Agonist"286 (accepted for publication

at Science Advances). All investigation, writing and figures in this paper and

chapter were produced by me with feedback from the co-authors, and will, with

adaptations, be used in part here under the CC BY 4.0 license. Images and

phrasing may therefore be similar or partially identical to my published work.

The structure, physiology, and pharmacology of the glycine receptor (GlyR)

in general is described in detail in Section 1.2.

5.2 Introduction

In this study, the competing activities of the orthosteric inhibitor strychnine and the

allosteric activator ivermectin on heteromeric GlyR are investigated. Strychnine

(Fig. 5.1) is an alkaloid inhibitor of the glycine receptor with low nanomolar

affinity287 and competes with glycine for the orthosteric binding site288. Iver-

mectin (Fig. 5.2) is an anthelmintic drug whose main target is the invertebrate

glutamate-gated chloride channel. It potentiates glutamate-induced currents
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when applied in low-nanomolar concentrations and is able to activate the channel

outright at concentrations above ≈140 nM289. Glutamate-gated chloride channels

are not found in mammals290 and ivermectin activity on the structurally related

mammalian glycine receptor is much weaker. Triggering GlyR activation requires

low-micromolar concentrations of ivermectin291, making it a safe drug in mammals.

Notably, ivermectin-induced GlyR currents are distinct from glycine-induced ones

in that they are insensitive to strychnine87. In fact, it has previously been shown

that ivermectin is able to protect mice from strychnine poisoning, highlighting the

independent modes of action of these two compounds292 and the "tug of war"

they engage in over the channel behaviour.
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H
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Figure 5.1: Strychnine

The orthosteric binding site is located at the subunit interface in the extracellular

domain (ECD) (Fig. 5.3). It is formed by conserved Loops A–F, three of which

are located on either subunit at the interface. Loop C is of particular importance

as it covers the binding site like a lid. Ivermectin, on the other hand, binds at

the transmembrane domain (TMD) between helices M3 and M2 of one subunit

and M1 and M2 of the adjacent subunit (Fig. 5.3). The five M2 helices line the

channel pore in the TMD. Ivermectin acts by pushing them apart, thus widening

the pore sufficiently for ion permeation.

In this study, we set out to investigate the competing effects of strychnine

and ivermectin on the glycine receptor. We hypothesized that structures solved

in the presence of both compounds might reveal intermediate states that would
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Figure 5.2: Ivermectin

help elucidate channel activation. Since ivermectin can activate the channel

independently of glycine, and since ECD and TMD can undergo independent

rearrangements, we hoped that this approach would provide insight into the ques-

tion of whether ivermectin-dependent channel activation follows similar activation

pathways as glycine-dependent activation. In this enquiry, we also sought to

find whether our structural data, combined with MD simulation, could provide an

explanation for the observed protective effect of ivermectin against strychnine.

5.3 Methods

5.3.1 Structure preparation and simulation parameters

Our collaborators on this paper provided cryo-EM structures of heteropentameric

zebrafish (Danio rerio) glycine receptors consisting of four α1 subunits and one β

subunit (GlyRα1β) with a constant, saturating concentration of strychnine (200 µM)
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Figure 5.3: A: Binding sites of strychnine and ivermectin at the glycine receptor subunit
interface. B: Top view onto the transmembrane domain with its five ivermectin binding
sites.
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and increasing ivermectin concentrations (0.5, 2, and 20 µM; PDB ID 9PKX, 9PKY,

and 9PKZ, respectively). Aside from the missing intracellular domain (ICD) and

few unresolved residues at either terminus, no gaps in the structure are present.

As in previous studies56, each segment’s missing ICD was replaced with an AGT

tripeptide linker using MODELLER165 version 9.25, and acetyl- and N-methyl

caps were added to the N- and C-termini respectively. The three structures are

henceforth referred to as GlyRα1β-0.5Ivm200Stry, GlyRα1β-2Ivm200Stry, and

GlyRα1β-20Ivm200Stry. Electron density for strychnine was observed in all five

binding sites in all three structures, while ivermectin density was only seen in

its five binding sites in GlyRα1β-2Ivm200Stry and GlyRα1β-20Ivm200Stry. The

protein-ligand complexes were embedded in a POPE bilayer using the inflateGRO

method271, solvated with TIP3P water223, and neutralised with 150 mM NaCl.

Protein and lipids were described with the CHARMM36m force field293,294, while

ligands were parametrised with CGenFF295. Bonds to hydrogen were constrained

with the LINCS algorithm147 or, in the case of water, with SETTLE148. A timestep of

2 fs was used for integration of the equations of motion. Long-ranged electrostatic

interactions were calculated with a smooth particle mesh Ewald approach149, while

short-ranged interactions were calculated under a Verlet cut-off scheme. The

V-rescale thermostat151 and semi-isotropic C-rescale barostat152 with coupling

constants of 1 ps and 5 ps, respectively, were used to maintain a temperature of

310 K and a pressure of 1 bar throughout the simulations.

5.3.2 Equilibration procedure and production simulations

After steepest-descent energy minimisation, a multi-step equilibration procedure

was employed, during which position restraints were gradually released (Ta-

ble 5.1).

Initial production simulations were started from equilibration step 5, but the

system was found to be insufficiently equilibrated. Steps 6–8 were introduced to

combat these issues. For these later simulations, the endpoint of equilibration

step 6 is shared between the three independent production runs. After step 6, the
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Table 5.1: Overview of the parameters used in each equilibration step of the three
GlyRα1β systems.

Step nsteps timestep [fs] Restraint force constant [kJ mol−1 nm−2]
backbone sidechain lipid ligands

1 125000 1 4000 2000 1000 1000
2 125000 1 2000 1000 400 1000
3 125000 1 1000 500 400 1000
4 250000 2 500 200 200 1000
5 25000000 2 500 0 0 1000
6 25000000 2 0 0 0 1000
7 25000000 2 0 0 0 500
8 25000000 2 0 0 0 200

velocities for each replicate were randomly drawn from the Maxwell-Boltzmann

distribution and equilibrations 7 and 8 as well as the 500 ns production simulations

were run in sequence.

5.3.3 Calculation of RMSD and RMSF quantities

In-house MDAnalysis166,167 scripts were used to calculate root mean square

deviation (RMSD) and root mean square fluctuation (RMSF) quantities. For ligand

RMSD quantities, all ligand atoms were used, while protein RMSD values were

determined for backbone atoms of either the entire structure or of Loop C (Fig. 5.4).

RMSF values of Cα atoms of key residues in the strychnine binding pocket were

calculated with respect to the average structure of each production run.

5.3.4 Ligand pose cluster analysis

To supplement ligand RMSD data, clustering of strychnine binding poses was

carried out using the hierarchical clustering implementation in SciPy296. Strychnine

is a relatively rigid molecule, so differences in binding poses will in large part

be determined by the relative orientations of strychnine in the binding pocket

rather than by torsions within the molecule. For computational efficiency, ligand

poses were thus described by the centres of mass of five ring groups (Fig. 5.5).
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Figure 5.4: Loop C was defined as residues 218–238 (238–258 for GlyRβ) for the purpose
of Loop C RMSD calculation. Loop C, shown here in gold, covers the orthosteric binding
site. As such, its movements are strong determinants of ligand stability.

This reduction of detail allowed much faster calculation while still accurately

capturing molecular orientation.

Figure 5.5: Definition of centres of mass (black) used to define strychnine orientations
for the purpose of hierarchical clustering.

The distances of each centre of mass from its starting position were calculated

for each strychnine molecule throughout the trajectory and this distance data

was used for clustering with scipy.cluster.hierarchy.linkage based on a
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Euclidean distance metric and the median method for assigning new centroids of

merged clusters. Poses within 2 Å of each other were considered to be part

of the same cluster.

5.3.5 Protein-ligand interaction analysis

Production simulations were run in triplicate on three different GlyRα1β structures,

each of which had five strychnine molecules modelled into its binding sites,

meaning that interaction data for a total of 45 strychnine molecules was available.

To find key residues involved in stable binding of strychnine, protein-ligand

interaction fingerprints were calculated with ProLIF297 for all strychnine molecules.

Strychnine molecules were then classified as either stably or unstably bound based

on ligand RMSD. Contact persistence — the fraction of simulation frames in which

ProLIF detects an interaction with a particular residue — was chosen as the target

metric and calculated for all residues identified in the interaction fingerprints. The

distribution of these contact persistence values from stably and unstably bound

ligands was then compared to identify crucial residues for stable ligand binding.

5.3.6 Measuring binding pocket volumes

The volume of strychnine binding pockets at the subunit interface was determined

with the PyVOL170 plug-in for PyMOL298. Volumes in the original cryo-EM struc-

tures and in the final snapshot of the production simulation runs were measured.

Parameters used are listed in Table 5.2. After all pockets at a given subunit

interface were identified by PyVOL, the strychnine binding pocket was visually

identified and its volume read from the console output.
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Table 5.2: Parameters used for binding pocket volume calculations with PyVOL. *: appro-
priate chain IDs for each interface specified in turn.

PyVOL Parameter Chosen value
Protein Pymol Selection chain A* or chain B*

Minimum Radius 1.9 Å
Maximum Radius 3.4 Å
Pocket Selection all
Minimum Volume 200 Å3

5.4 Results

5.4.1 An extended equilibration procedure is necessary for
ligand stability

The main aim of this study was to determine the effects of ivermectin on the binding

of strychnine at the heteromeric glycine receptor (Fig. 5.6). Initial simulations

followed on from an equilibration scheme (steps 1–5 in Table 5.1) that sees a

gradual release of position restraints on different parts of the system. Such

schemes ensure that the desired starting conformation of the protein is not

distorted by the equilibration of the solvent and the lipid bilayer around it before

production simulations begin. However, we discovered that this initial equilibration

procedure was insufficient. Production simulations started from these equili-

brations showed clearly apparent defects. The extracellular domains undergo

unrealistic "breathing" and tumbling motions and multiple ligands unbind (Fig. 5.7).

Strychnine has low-nanomolar affinity for the glycine receptor287. As such,

observing seven ligands unbind across all runs, mostly within the first 200 ns,

suggested the presence of a systematic error. Furthermore, the large movement of

subunits away from one another broadened the gap at the interface unrealistically,

making any further analysis of strychnine binding impossible.

The solution to these problems was found in an extended equilibration scheme.

We reasoned that the rapid onset of ECD deformations in production simulations

suggested the systems had not yet properly equilibrated. The additional equili-

bration steps’ goal was to allow the protein to relax around strychnine to prevent
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C: α1 

B: α1 

D: α1 

A: α1 

E: β

Figure 5.6: Heteromeric GlyR structures consisting of four α and one β subunits were
investigated in this study. The mapping of chain index to colour shown here was used
throughout. Strychnine is shown in sphere representation for clarity. In descriptions
of interfaces, the principal subunit is listed first — for example, the AE interface has a
principal α subunit and a complementary β subunit. This figure shows a top view onto the
extracellular domain of the receptor. The five helices in the centre are the pore-lining M2
transmembrane helices.

it being driven apart at the subunit interfaces as soon as all restraints are lifted.

We found that a stepwise, gradual release of position restraints on the ligand

atoms while the protein was unrestrained (Steps 6–8 in Table 5.1) was able to

achieve this goal. All results reported on from now were obtained from simulations

started from this extended equilibration scheme.



5. Action of Strychnine and Ivermectin on the Glycine Receptor 149

0
2
4
6
8

10
ru

n1
0.5Ivm200Stry 2Ivm200Stry 20Ivm200Stry

0
2
4
6
8

10

ru
n2

0 500
0
2
4
6
8

10

ru
n3

0 500 0 500

St
ry

ch
ni

ne
 R

M
SD

 [Å
]

Time [ns]

Figure 5.7: Strychnine RMSD values throughout the original production simulations.
Strychnine showed a high degree of instability across all runs and interfaces. Several
ligands left their respective binding sites and dissociated from the protein. The colour
scheme matches that shown in Fig. 5.6, with the colour of the plot matching the colour of
the interface’s principal subunit.

5.4.2 GlyR-stability is reduced at high ivermectin concentra-
tions

Having obtained stable protein systems, the effects of increasing ivermectin

concentrations on the glycine receptor could be studied. In a first instance, the

backbone RMSD of the whole protein was calculated (Fig. 5.8, SI Fig. D.1).

GlyRα1βb-0.5Ivm200Stry and GlyRα1βb-2Ivm200Stry show very similar back-

bone dynamics, even though the former system does not contain ivermectin in
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Figure 5.8: Protein backbone RMSDs of the three simulation systems. Shown are the
means (solid lines) and standard deviations (shaded areas) of three 500 ns repeats. It is
clearly apparent that the protein backbone of GlyRα1βb-20Ivm200Stry is more flexible
than that of systems with lower ivermectin concentrations, even though the RMSDs have
not plateaued yet. While a slight drift is evident, the difference between the systems is
clear.

its binding site. GlyRα1βb-20Ivm200Stry displays distinctly higher flexibility in

its backbone as shown by the higher RMSD across all replicates. To determine

what influence this reduced protein stability has on strychnine binding, its binding

site was investigated in greater detail.

Measurements of the strychnine binding pocket volume with PyVOL mirror

this finding of increased instability of GlyRα1βb-20Ivm200Stry (Fig. 5.9). While

binding site volumes in systems with low ivermectin concentrations remain stable,

a statistically significant widening is evident for this system, with pocket size

increasing by roughly a factor of two.

To identify which regions of the protein move to lead to this increase in binding

site volume, we determined the Cα-RMSF of key binding residues (Fig. 5.10).

This analysis revealed two regions in particular that are more flexible in GlyRα1βb-

20Ivm200Stry than in systems with lower ivermectin concentrations: Loop C, as

represented by Y226, T228, and F231 (GlyRβ: Y246, T249, Y252), and the β5-β6
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Figure 5.9: Average binding pocket volumes as determined by PyVOL. Volumes in the
original cryo-EM structures are compared to those after 500 ns of simulation. While
there is no significant difference in binding pocket volume for GlyRα1βb-0.5Ivm200Stry
and GlyRα1βb-2Ivm200Stry, the volume increases in size significantly in GlyRα1βb-
20Ivm200Stry as determined by Student’s t-test.

hairpin containing L141, R143, and L151 (GlyRβ: L161, F163, L171).

Loop C was further investigated, and the per-interface RMSD of its constituent

residues was calculated (Fig 5.11). This conserved ligand binding loop is crucial

for ligand stability because it laterally covers the binding site (Fig. 5.4). This

analysis revealed significantly increased RMSD values for the αα and βα and

interfaces of GlyRα1βb-20Ivm200Stry.

In summary, an increased concentration of ivermectin is correlated with in-

creased instability of the glycine receptor, particularly at the orthosteric binding site.
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Figure 5.10: The Cα RMSF was determined for key strychnine-binding residues. In
general, RMSF values for residues of GlyRα1βb-20Ivm200Stry are the highest. The
difference is particularly noticeable in residues on Loop C (Y226, T228, and F231 or
Y246, T249, and Y252 for β subunits), and on the β5-β6 hairpin (L141, R143, and L151 or
L161, F163, and L171 for β subunits), suggesting that these are key regions determining
ligand stability or lack thereof.

5.4.3 Strychnine is destabilised by ivermectin at high doses

Having established that the orthosteric binding site is destabilised by increased

ivermectin concentrations, we turned our attention to the binding behaviour of

strychnine. In the first instance, the calculation of ligand RMSD values first shown

in Fig. 5.7 was repeated for these new, stable simulations. It is evident that the

extended equilibration scheme led to improved ligand stability overall (Fig. 5.12).

Strychnine shows bimodal behaviour, where it either remains stably bound (RMSD

< 2 Å) or becomes unstable (RMSD ≈ 6 Å). Only one molecule unbinds outright,

compared to seven ligands in the original runs. The number of stable and unstable

strychnine molecules per condition is reported in Table 5.3.

The strong destabilisation of the protein in GlyRα1βb-20Ivm200Stry is mirrored
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Figure 5.11: Per-interface analysis of Loop C RMSD reveals that, in GlyRα1βb-
20Ivm200Stry, Loop C is more flexible than in systems with lower ivermectin concen-
trations. For each interface, the average Loop C RMSD across the trajectory is first
calculated, and the average of these averages and their standard deviation is reported
here. **: Statistically significantly different from every other interface. Significance was
probed with Tukey’s HSD test275. For αα, n = 9, otherwise n = 3.

Table 5.3: Numbers of stably and unstably bound strychnine molecules read from
Fig. 5.12.

System Stable strychnine molecules Unstable strychnine molecules
0.5IVM200Stry 10/15 5/15
2IVM200Stry 9/15 6/15
20IVM200Stry 1/15 14/15

in less stably bound strychnine ligands compared to the other systems. However,

in an instance of the Anna Karenina principle, while all stably-bound ligands

are alike, each unstably-bound ligand is unstable in its own way. RMSD as a

metric cannot by itself distinguish between various distinct binding pose as it

increases. So while most of the unstable strychnine molecules appear to plateau

at RMSD values of approximately 6 Å, an unknown number of distinct binding

conformations could be obscured by that value. For a more detailed analysis of

unstable binding poses, hierarchical clustering of the ligand poses based on an
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Figure 5.12: Strychnine RMSD values after an extended equilibration scheme. Compari-
son with Fig. 5.7 shows the additional equilibration had a strongly stabilising effect. Only
one ligand leaves its binding site outright (that of the αβ-interface in run 2 of 2Ivm200Stry),
while all other ligands appear to follow a bimodal behaviour — either remaining stably
bound with RMSDs < 2 Å, or becoming unstable and reaching RMSDs ≈ 6 Å. The colour
scheme matches that shown in Fig. 5.6, with the colour of the plot matching the colour of
the interface’s principal subunit.
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abstraction of ligand coordinates (see Fig. 5.5) was run. This analysis enabled

a better description of ligand instability. Structural snapshots were grouped into

clusters by a distance criterion (Fig. 5.13 A, B). The number of clusters as well

as their relative populations then revealed key unstable ligand poses (Fig. 5.13

C, D) that a plain RMSD value cannot resolve. Further analysis enabled us to

extract representative poses of unstable strychnine from the largest clusters to

demonstrate the orientational heterogeneity (Fig. 5.14). Finally, an analysis of

the clustering data overall again pointed to 20Ivm200Stry being the least stable

system (Fig. 5.13 E). This is shown by the ligands in this system having the

largest total numbers of clusters, and by two metrics of cluster spread: the number

of clusters needed to describe 80 % of the simulation data, and the number of

clusters that contain at least 5 % of the poses. If the former measure is larger than

the latter — as is the case for 20IVM200Stry — this is a sign of large heterogeneity

in the data: it is so spread out that even relatively small clusters are needed to

describe the system adequately.

Combined, the RMSD and pose clustering data collected on the ligand level

match the results of protein-level analysis (Section 5.4.2). Having firmly es-

tablished that GlyRα1βb-20Ivm200Stry has less stably-bound strychnine than

the other tested systems, we now turn our attention to the reasons for this

reduced stability.

5.4.4 Protein-strychnine interaction fingerprints reveal key
binding interactions

To understand the differences between stable and unstable strychnine binding,

interaction fingerprints were calculated with ProLIF297. These fingerprints hold

time-resolved information on which ligand atoms interact with which protein

residues through which interactions. This information can then easily be displayed

as a barcode (Fig. 5.15). Comparison between barcodes showing stable and

unstable binding reveals that some interactions appear to be crucial for stable

ligand binding. Contact persistence — the fraction of simulation frames in which an



5. Action of Strychnine and Ivermectin on the Glycine Receptor 156

Structural snapshots
0

5

C
lu

st
er

 d
is

ta
nc

e
A

Structural snapshots
0

5

C
lu

st
er

 d
is

ta
nc

e

B

1 2 3
Cluster index

0

200

N
um

be
r o

f s
na

ps
ho

ts C

0 2 4 6 8 10 12 14 16 18
Cluster index

0

200
N

um
be

r o
f s

na
ps

ho
ts D

0

20

40

N
um

be
r o

f c
lu

st
er

s

0.5Ivm200Stry 2Ivm200Stry 20Ivm200Stry

E

Total
80 % of frames
Clusters >5% of frames

Figure 5.13: Overview of strychnine binding pose clustering. Dendrograms of a stably
(A) and unstably (B) bound strychnine molecule. A much larger conformational space
is sampled by unstably bound ligands. This is also seen in the cluster populations for
the stable (C) and unstable (D) ligand. An overall analysis of the clustering results (E)
reinforces the notion that GlyRα1βb-20Ivm200Stry has the least stably bound strychnine
molecules. This can be seen in the higher total number of clusters and the larger number of
significantly populated clusters. The large number of total clusters for αα of 0.5Ivm200Stry
is a result of the outlier behaviour of the BA interface in run 2 (cf. magenta line in the
corresponding plot in Fig. 5.13).
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A B

C D

Figure 5.14: Comparing representative cluster structures (colour) to the original cryo-EM
structures (grey). Examples of stable (A) and unstable (B, C, D) strychnine binding are
shown. While the binding pose is well-preserved in stable binding, strychnine explores a
larger configurational volume in unstable binding. The cases shown here can most easily
be distinguished by the orientation of the aromatic ring.

interaction is detected — is a useful metric here. The barcodes in Fig. 5.15 show

that contact persistence with F87, L141, Y226, and F231 is at or near 100 % in

this stably-bound case, while these residues are clearly less-frequently contacted

by the unstable strychnine. The barcodes also show when reorientations of

the ligand occur through shifts in the interaction patterns. The stable example

undergoes a minor rearrangement at roughly 370 ns, where the interaction with

T228 is lost and partially replaced by F123. In the unstable example, multiple

reorientations are recognisable, most clearly at 100 ns and 320 ns.
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Figure 5.15: ProLIF-generated barcode plots depicting the protein-strychnine interaction
fingerprints for a stably-bound and for an unstably-bound ligand. The unstably-bound
molecule interacts with a larger number of residues, and many interactions are more
intermittent.
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The barcodes are useful visualisations for single interfaces but do not facilitate

comparisons across the entire dataset. For this purpose, the contact persis-

tence for each strychnine and all residues it interacts with was calculated. The

distribution of this contact persistence data, broken down by ligand stability as

determined in Table 5.3, was plotted. This plot clearly reveals the residues that

are crucial for stable ligand binding (Fig. 5.16). These key residues are F87, F231,

L141, Y226, and, to a lesser extent, T228 (F106, Y252, L161, Y246, and T249

in GlyRβ). When contact to these residues is lost, strychnine becomes unstable

and starts contacting other residues in a larger volume within the binding site.

These residues are, among others, F123, N70, and R155 (F143, N89, and R175

in GlyRβ). A third category consists of residues that show no clear difference in

contact persistence, such as F183 or E181 (F203 or E201 in GlyRβ). Example

snapshots of these residues interacting with stable and unstable strychnine are

shown in Fig. 5.17, with residues coloured green, red, or yellow based on if they

are preferentially contacted by stable or unstable strychnine, or do not show a

clear difference, respectively.

Combining this contact persistence information with the data on Loop C RMSD

(Fig. 5.11) and binding residue RMSF (Fig. 5.10) refines the conclusions. The

Loop C residues Y226, T228 and F231 have all been identified as important

binding residues, but the contact persistence analysis revealed that Y226 is the

most important residue of the three, while T228 at the tip of Loop C displays larger

flexibility. On the opposite face of the binding site, the β5-β6 hairpin was identified

by RMSF analysis as another key region for ligand binding. This view was refined

by the contact persistence analysis, which identified L141 as a crucial residue in

stable binding while reporting less importance of R143 and L151.
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Figure 5.16: The distribution of contact persistence values for each residue calculated
for every strychnine molecule, broken down by ligand stability. Key determinants of stable
strychnine binding are F87, F231, L141, Y226, and, to a lesser extent, T228 (F106, Y252,
L161, Y246, and T249 in GlyRβ). Shown here is a subset of all contact persistence data;
some residues only briefly encountered by unstably bound strychnine are omitted for
clarity.
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Figure 5.17: Structural overview of residues described in Fig. 5.16. Residues in green
are more frequently contacted during stable strychnine binding, while red residues are
contacted more by unstably-bound strychnine. Yellow residues showed no clear trend.
Example structures for stably (A, B) and unstably-bound (C, D) strychnine are shown.
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5.5 Discussion and future directions

It has previously been shown that ivermectin is able to cause glycine receptor

activation even in the presence of strychnine87. In fact, ivermectin has been

reported to act as an antidote to strychnine poisoning in mice292. This opposite

action of the two ligands suggested that structures solved with both compounds

present might reveal intermediate activation states. Within the larger scope of a

project aimed at describing such states of the heteromeric glycine receptor and

untangling the competing effects of ivermectin and strychnine on the channel, the

question we wanted to address with molecular simulation is how ivermectin is

able to disrupt strychnine inhibition. To this end, we collected a total of 4.5 µs of

simulation data on GlyR-structures solved with varying ivermectin concentrations

and a constant, saturating strychnine concentration. Our collaborators observed

that the electron density for strychnine became more diffuse with increasing

ivermectin concentration. Through analysis of our simulation data, we were able

to identify Loop C and the β5-β6 hairpin as the regions that most strongly react

to the presence of ivermectin. This provided the atomistic insight needed to

understand this piece of the problem, as we identified the key residues in the

orthosteric binding side that mediate ivermectin-dependent strychnine resistance

through destabilisation of the latter compound.

This destabilisation of strychnine is an example of allostery. Allosteric effects

are difficult to probe in simulation as they are exceedingly subtle, often requiring

enhanced sampling techniques and/or long simulation timescales299–301. This

difficulty was demonstrated here by the clear dependence on an appropriate

equilibration scheme. Taken in isolation, our individual results reported here

have little explanatory power. However, when combining the results from RMSD-,

RMSF-, clustering-, binding pocket volume-, and contact persistence analyses,

several subtle hints reinforce one another and form strong evidence. In further

studies of the effects of counteracting ligands, dynamic network analysis might

provide additional insight302. This method calculates a mutual information estimate
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from a trajectory to build a network representation of the protein and find groups

with correlated motions, and to find optimal pathways connecting different regions

of the protein. Based on these pathways, it might be possible to describe in

further detail exactly how ivermectin binding destabilises the regions in the

orthosteric binding site we identified here. Further, nodes with high degrees

of network centrality could be tested in mutagenesis studies, potentially allowing

the decoupling of the strychnine and ivermectin binding sites.

Our simulation work on the glycine receptor is based on newly solved struc-

tures and combines evidence obtained from different analyses to pinpoint loci

of allosteric action. It is thus a good example of how molecular dynamics and

experiment can be each other’s complement.
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6.1 Introduction

The gating cycle of pentameric ligand-gated ion channels (pLGICs) is structurally

and mechanistically complex. The three main functional states of these channels

— resting, open, and desensitised— are formed of, as well as connected by, a

plethora of structural and functional intermediates. Due to their transient nature,

these intermediates are exceptionally difficult to resolve in structural experiments,

but without further structural detail the mechanism of activation will remain elusive.

The Gloeobacter violaceus ligand-gated ion channel (GLIC) is a bacterial

pentameric ion channel. It is a close structural homologue of vertebrate pentameric

ligand-gated ion channels, with both the extracellular and transmembrane domain

structures being highly conserved. Unlike its ligand-gated vertebrate counterparts,

GLIC activation is pH-controlled. At low pH, key acidic residues in the ECD are

hypothesised to be protonated, which triggers ECD and then TMD rearrangements

that ultimately lead to channel opening. Because bacterial proteins are generally

easier to express and study in vitro, because pH is relatively easy to control

experimentally, and because of the high degree of structural similarity, GLIC has

frequently been used as model system to study pLGICs304–308.

In this channel family, activation in the extracellular domain is translated into

protein motions that lead to a widening of the pore in the transmembrane domain,

particularly in the upper, extracellular half of the M2 helix and the M2-M3 linker.

In the inactivated state, this section leans inward towards the pore (i), and during

channel activation transitions to an outwards-leaning conformation (o) (Fig. 6.1).

Recent publications suggested that pLGIC activation can occur independently

in each of the five subunits309–312.

In this study, we report the structure of such intermediates of the Gloeobacter

violaceus ligand-gated ion channel (GLIC). Our contribution to this paper was

the functional annotation of GLIC structures of intermediate degrees of activation.

Our collaborators developed a data analysis pipeline for cryo-EM data to extract

asymmetric structures from single-particle data and arrived at an ensemble of
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Overlay of a subunit in i conformation onto an o-subunit. The pore lining residues are
shown as sticks. B: Close-up view of the M2-M3 linker. The C-α of T20′ moves by 2.6 Å.
C: An opposing subunit in o-conformation is shown to more clearly demonstrate the
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structures of different activation states. These states are distinguished by the

conformation of the M2-M3 linker and range from the most inactivated iiiii to

the most activated ooooo, each letter referring to the conformation of one of the

five subunits of GLIC (Fig. 6.1). This description distingishes a total of eight

states — iiiii, iiiio, iiioo, iioio, ioioo, iiooo, ioooo, and ooooo — all of which were

observed by our collaborators. ioooo is of particular interest in this study — it

is only one subunit-activation away from a fully open channel, and its channel

radius suggests it might already be permeable to ions. We set out to probe this

structure as well as the next-closest structures iiooo, ioioo, and ooooo with MD

simulations to assess their conductance.

6.2 Methods

6.2.1 Structure preparation and simulation parameters

To capture intermediate states with asymmetric activation levels, our collaborators

solved cryo-EM structures of GLIC at pH 4.0. This pH value is above the pH50 of

2.9 and thus represents a sub-activating condition. Structures of four intermediate

states with different numbers of inwards- (i) or outwards-leaning (o) M2-M3 linkers

of the GLIC channel were chosen for further study in MD (Fig. 6.2).

These structures — iiooo, ioioo, ioooo, and ooooo, PDB IDs 9LAK, 9LBC,

9LB9, and 9LBA, respectively (Fig. 6.2) — were prepared for simulation with

CHARMM-GUI225–229. Two different protonation states were investigated: in initial

simulations, a previously used protonation scheme313 was applied and E26, E35,

E67, E75, E82, D86, D88, E177, and E243 were protonated while H277 was

doubly protonated (Fig. 6.3). This protonation scheme proved problematic in

initial simulations, however: an unexpected accumulation of chloride ions in

the extracellular domain and a strong rectification effect were observed. After

consulting pKa values predicted with PROPKA3314,315, an alternative protonation

scheme in which only E26, E35, E75, E177, E243 and H277 were protonated

(doubly for H277) was also considered.



6. Probing intermediate configurations of a prototypical ion channel 168

A B
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Figure 6.2: View onto the extracellular domain of the four GLIC structures used in this
study. A: iiooo. B: ioioo. C: ioooo. D: ooooo. The colouring indicates the i (light blue) or
o (dark blue) conformation.

The proteins were embedded in lipid bilayers consisting of DOPE, POPC, and

POPS in a 2:1:1 ratio and solvated with water containing neutralising 0.15 M NaCl.

The CHARMM36m force field293,294 was chosen for proteins and lipids and the

TIP3P water model223 was used. Water molecules were constrained with the

SETTLE algorithm148, and all other bonds to hydrogen atoms were constrained

with LINCS147 to allow the use of a timestep of 2 fs. Long-range electrostatics

were handled with the smooth Particle Mesh Ewald149. Simulations were run

in the isothermal-isobaric ensemble at 310 K and 1 bar through the use of the
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Figure 6.3: Original protonation state used in this study, going back to Nury et al.311. A:
Visualisation of protonated residues. E67, D88, D86, and E82 are the most pore-facing.
Only the more visible copy of E177 and E26 is indicated, but both residues were protonated
in all subunits. B: Reported pKa values of the ten residues chosen for protonation311.
The experimental pH of 4.6 is highlighted with the dashed line.
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V-rescale thermostat151 and the C-rescale barostat152, with coupling constants

of 1 ps and 5 ps, respectively.

6.2.2 Equilibration procedure

After a round of steepest-descent energy minimisation, a stepwise equilibration

strategy was used (Table 6.1).

Table 6.1: Overview of the parameters used in each equilibration step of the four GLIC
systems.

Step nsteps timestep [fs] Restraint force constant [kJ mol−1 nm−2]
backbone sidechain lipids

1 125000 1 4000 2000 1000
2 125000 1 2000 1000 400
3 125000 1 1000 500 400
4 250000 2 500 200 200
5 250000 2 500 50 40
6 25000000 2 500 0 0

This procedure is modified from the default CHARMM-GUI equilibration

parameters in that the restraints on backbone atoms are not lowered below

500 kJ mol−1 nm−2. This is because an additional equilibration step is carried

out. Inspired by work done by Dämgen and Biggin59 on the glycine receptor,

harmonic, flat-bottom distance restraints were applied between Cα atoms of key

pore-lining residues (Fig. 6.4). These restraints prevented the pore from closing,

but left the protein free to move otherwise. This additional equilibration step

has previously been shown to stabilise open pore conformations and was run

here for 200 ns with restraints between Cα atoms of T20′, I16′, A13′, I9′, S6′,

T2′, and E-2′. The flat-bottom restraints were set to act repulsively with a force

constant of 10 000 kJ mol−1 nm−2 if two opposing Cα atoms moved closer than

in the original cryo-EM structure.
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Figure 6.4: Application of cross-pore restraints as inspired by Dämgen and Biggin59. A:
The flat-bottom restraints act the Cα atoms of pore-facing residues on M2. B: For each
of these residues, the restraints are applied to its two opposing copies, resulting in a
star-shaped restraint pattern.

6.2.3 Production simulations

From the final equilibrated structure, independent 200 ns production simulations

with velocities randomly drawn from the Maxwell-Boltzmann distribution were

started in triplicate. Data from unbiased MD simulations was used to determine

pore radii, pore hydration, and water free-energy profiles with the Channel An-

notation Package (CHAP)168. The trajectories were analysed at 100 ps intervals

with a 0.14 nm kernel bandwidth for water density estimation.

Ion permeation through the channels was investigated in simulations with a

uniform external electric field (see Section 2.1.9). Conductance was probed in

both directions, and membrane potentials of ±500 mV were applied. To determine

the strength of the simulated external electric field in V nm−1 to be specified, the

desired membrane potential was divided by the length of the simulation system in

the membrane-normal direction. Ion conductance was then assessed by plotting

the coordinates of ions in the membrane-normal direction over time.
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6.3 Results

6.3.1 Intermediate conductance and strong rectification of
initial simulations

We began our investigation of intermediate GLIC structures with simulations of

iiooo, ioioo, and ioooo. Unbiased simulations following on from 200 ns equilibration

simulations with cross-pore restraints (Fig. 6.4) were run to assess stability of

pore conformations and pore hydration to test for the presence of hydrophobic

gates316. Trajectories from these simulations were analysed with the Channel

Annotation Package (CHAP)168 (Fig. 6.5).

These plots show a trend of pore openness. ioooo has the most open pore

of these three structures, as is visible in water number densities and water

free energies, but it is less hydrated than a previously published open state

structure313. Both iiooo and ioioo show clear dewetting at the I9′ gate. Of the

two, ioioo is more strongly dewetted, with the standard deviation of the water

number density being very nearly zero at the I9′ gate. While it has to be noted

that in the absence of any bias or restraint, the pores do contract to a radius

below that of a hydrated sodium ion, a trend of pore openness (with ioooo being

most open-like and ioioo being most closed-like) is visible in the CHAP data.

We assigned ioooo as "partially open".

Channel conductance was tested in simulations with an external electric field

applied to systems after equilibrations with cross-pore restraints. By applying

effective membrane potentials of ±500 mV to backbone-restrained structures,

ions can be driven through the channel. These transition events can then be

counted to arrive at channel conductance estimates. ioooo showed by far the

most number of ion transitions, followed by iiooo. Consistent with the CHAP

analysis, ioioo showed intermittent dehydration of the pore as well as little to no

conductance (Fig. 6.6 and SI Figs. E.1–E.3).

For easier comparison, the ion permeation counts are also listed in Fig. 6.7.

The ioooo structure has significantly higher conductance than iiooo and ioioo, and
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Figure 6.5: CHAP results showing pore radius profiles (top), number densities of water
molecules in the pore (middle row), and water free energies (bottom) of three independent
simulations of the iiooo (left), ioioo (middle column), and ioooo (right) systems. Shown are
the average values of each quantity across entire trajectories, the shaded areas signify
the standard deviations. The arrows mark the position of I9′ in the last simulation frame,
and the dashed line shows the radius of a sodium ion with its hydration shell.
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Figure 6.6: Analysis of ion permeation events in GLIC systems iiooo, ioioo and ioooo.
The z-coordinate of sodium ions and water molecules in the pore is plotted over time
to visualise conduction events. A trend in conductance is visible, with ioooo being the
most and ioioo being the least conductive structure. Across all systems, more conduction
events occur with a simulated positive membrane potential.

it is significantly sodium-selective. However, these results revealed a number of

problems with our simulations. For one, a strong rectification effect is apparent:

the simulations suggest that the channel is only conductive under positive mem-

brane potentials, driving sodium ions out of the cell. However, even though the

physiological role of GLIC in Gloeobacter is unclear, the electrochemical gradient

across the membrane suggests that opposite currents should also be possible.

As such, the fact that but a few permeation events were observed under negative
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membrane potentials is concerning. Additionally, GLIC is known to be strongly

cation-selective317, but the simulation shows only a 2:1 preference for sodium

over chloride ions. As the simulations showed unexpected behaviour in terms of

rectification and ion selectivity, we decided to reassess our initial assumptions,

starting with the protonation state of the channel.

iio
oo

, -
50

0 
m

V

iio
oo

, +
50

0 
m

V

io
io

o,
 -5

00
 m

V

io
io

o,
 +

50
0 

m
V

io
oo

o,
 -5

00
 m

V

io
oo

o,
 +

50
0 

m
V

0

10

20

30

40

50

Pe
rm

ea
tio

n 
co

un
ts

p < 0.001

p < 0.001

p < 0.05

Sodium
Chloride

Figure 6.7: Counts of ion permeation events across all tested systems and field directions.
ioooo is the most conductive system and displays sodium-selectivity. Shown are means
± standard deviations from three repeats. Statistical significance was tested with Welch’s
t-test318.

6.3.2 Deliberations on protonation states

To address the issue of rectification, we closely examined our simulation data. The

above permeation analysis plots suggest the presence of a second permeation

barrier in addition to I9′, located at roughly 10 Å. It became apparent that a ring

of positively charged residues formed of K38 and R109 — from now on dubbed

the KR-ring — is located at this position and likely is the reason for this observed
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barrier (Fig. 6.8). In fact, the KR-ring and the hydrophobic gate at I9′ appear

to form the boundaries between distinct reservoirs of ions within GLIC. Such

reservoirs had first been observed by Nury et al.311. It appeared that the KR-ring

posed a rather formidable barrier to permeation in our simulations. Since GLIC is

a proton-gated channel, we reasoned that protonation states of residues in the

vicinity of K38 and R109 might contribute to this behaviour.
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Figure 6.8: Representative plots from Fig. 6.6 are reproduced. In addition to I9′, the
position of K38 and R109 ("KR-ring") is also shown. Both groups of residues clearly form
barriers to permeation in both directions.

A prediction of pKa values of acidic residues in GLIC revealed that the proto-

nation scheme going back to Nury et al.311 requires further refinement (Fig. 6.9).
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Some of the pKa values reported back then cannot be reproduced here, leaving

room for adjustments of the protonation states as determined through a compari-

son of pKa and pH. The Henderson-Hasselbalch equation

pH = pKa + log10

(
[A−]
[HA]

)
, (6.1)

where HA is a weak acid and A− is its deprotonated form, allows estimation of

the protonation state of a weak acid. If pH = pKa, 50 % of the acid molecules will

be protonated. If pH − pKa = 1, protonation will be ≈91 %, and at pH − pKa = 2,

protonation increases to ≈99 %. Based on this estimation, while the protonation

state of E26 or E243 is undisputed, a more nuanced behaviour is to be expected

from other residues we previously protonated.

We then re-visualised the systems with the effect of the KR-ring in mind

and found that E82, D86, and D88 are all in proximity to the KR ring and were

all protonated in the first group of simulations (Fig. 6.10). In addition, E67 is

located at the top of the ECD and, if deprotonated, might help attract sodium

ions into the pore.

Based on the pKa value prediction (Fig. 6.9) and the observation that D86,

D88, E67, and E82 are pore-lining ECD residues, they were chosen to be left

deprotonated in new simulations. In addition to stabilisation of the KR-ring in a

conformation conducive to ion conduction, we hoped the tight clustering of the

negative charges of D86 and D88 might repel chloride ions that were observed to

cluster in the ECD vestibule in previous simulations. A strong effect is visible as

early as the equilibration stage (Fig. 6.11), where chloride ions indeed no longer

accumulate to the same extent under the new protonation scheme. The same

figure also shows sodium ions entering the ECD in the deprotonated state. Thus,

this new protonation scheme under which only E26, E35, E75, E177, E243 and

H277 were (doubly) protonated was chosen for a new set of simulations.
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Figure 6.9: PROPKA 3 prediction314 of pKa values of all aspartates, glutamates, and
histidines in GLIC, performed on the ooooo structure. We cannot reproduce some of the
values reported by Nury et al.311, indicated as yellow stars. Based on their suggestion,
residues shown with blue or red bars were protonated in previous simulations, but there
are inconsistencies. Comparing these pKa predictions to pH 4 (dashed line, used by
our collaborators) or pH 4.6 (dotted line, used for structures simulated by Nury et al.)
suggests the protonation pattern is not optimal. Having established that the protonation
pattern still required refinement, we decided to leave D86, D88, E67, and E82 (red bars)
deprotonated in new simulations. These residues line the pore in the ECD (Fig. 6.3)
and are likely to affect ion selectivity. Based on the pKa predictions here, leaving them
deprotonated is no less realistic than leaving, say, D122 or E181 deprotonated.
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Figure 6.10: Visualisation of D86, D88, E67, and E82. They are left deprotonated in a
new protonation scheme. D86 and D88 form a ring of negative charges that might help
repel chloride ions. E67 might capture sodium ions at the opening of the ECD. E82 is
now able to form salt bridges with residues K38 and R109 of the KR-ring that was seen
to be a barrier to permeation (Fig. 6.8.)
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Figure 6.11: Comparison of the final snapshot of the last equilibration step of iiooo
under the old (A) and new (B) protonation schemes. With E67, E82, D86 and D88
deprotonated, chloride ions accumulate at the KR-ring and the vestibule between it
and the transmembrane domain. This accumulation is strongly reduced under the new
protonation scheme, and sodium ions enter the ECD more readily.
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6.3.3 Providing evidence of partial conductance

A new set of simulations of iiooo, ioooo, and ooooo under the new protonation

scheme was carried out. The goals for these simulations were threefold. First, to

determine if the rectification observed before can be influenced by the protonation

state. Initial observations of ion behaviour suggested this might indeed be the case

(Fig. 6.11). Second, to investigate the dependence, if any, of ion selectivity on

the protonation state. Third, to show that ioooo is a partially conductive structure

by comparing its behaviour to that of fully-open ooooo.

For the analysis of pore hydration with CHAP in these new runs, the tra-

jectories from the cross-pore restraint equilibration simulations were used for

CHAP calculations. This has the advantage of not requiring a second batch of

simulations and being more directly comparable to the permeation plots below,

but means that comparison between the data reported in Fig. 6.5 and Fig. 6.12

is not useful. The CHAP results show that all three structures in this simulation

setup are fully hydrated throughout the pore and remained open throughout

the simulations (Fig. 6.12).

Simulated electric fields were able to elicit permeation events in all three

systems, but a strong rectification effect is still visible (Fig. 6.13). Strikingly, iiooo

now shows much higher conductance than it did under the old protonation scheme.

The KR-ring still acts as a barrier to permeation (Fig. 6.14), meaning that the new

protonation states failed to make it more permeable by stabilising more conductive

orientations. However, comparison of Figs. 6.8 and 6.14 shows that sodium ions

are now able to approach the KR ring closer from the top of the ECD than they

were before. This is likely due to deprotonated D86 and D88 attracting sodium

ions and repelling chloride ions (Fig. 6.11), suggesting that, while the issue of

rectification is not solved here, protonation states are indeed likely to play a part.

Statistical analysis of permeation counts from all replicates (Figs. E.4–E.6)

shows that the all-open ooooo state has a statistically significantly higher con-

ductance than the next-most open ioooo (Fig. 6.15). This is clear evidence of an

intermediate conductance, allowing the annotion of ioooo as "partially conductive".
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Figure 6.12: CHAP results for trajectories collected with the new protonation scheme
during the cross-pore restraint equilibration run. Pore radius profiles (top), number
densities of water molecules in the pore (middle row), and water free energies (bottom)
of three independent simulations of the iiooo (left), ioooo (middle column), and ooooo
(right) systems. The arrows mark the position of I9′ in the last simulation frame.
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Figure 6.13: Permeation plots for ooooo, iiooo, and ioooo with the new protonation states.
The rectification behaviour is still clearly visible. In these runs, iiooo is more conductive
than in runs using the old protonation states (Fig. E.1).

This analysis also shows cation selectivity more clearly. However, the rectification

behaviour remains an obvious problem. Furthermore, iiooo is now shown to

be equally as conductive as ioooo, whereas there was a significant difference

between their conductances under the old protonation scheme (Fig. 6.7). Of

the three goals for these simulations, improving the selectivity and providing

evidence for partial conductance of ioooo were achieved, while the rectification

behaviour requires further study.
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Figure 6.14: Permeation plots from Fig. 6.13 with the location of K38 and R109 indicated.
Even when E82 is deprotonated and available for interactions with R109 (as seen in
Fig. 6.10), the KR-ring still poses a barrier to permeation in both directions.
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Figure 6.15: Permeation count statistics of simulations with the new protonation scheme.
ooooo is significantly more conductive than ioooo, justifying the label of "partially
conductive" for the latter. A clear sodium selectivity is observed. Shown are means
± standard deviations from three repeats. Statistical significance was tested with Welch’s
t-test318.
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6.4 Discussion and future directions

The Gleobacter violaceus ligand-gated ion channel (GLIC) is considered a simpli-

fied model system of eukaryotic pentameric ligand-gated ion channels. However,

while that might be true to the experimentalist, it has continually proved to be a

complicated system to study with molecular simulation. We carried out functional

annotation of the intermediate ioooo structure and discovered it was partially

conductive compared to the fully-open state. Even though we achieved this

goal, we are left with a number of questions. The strong rectification effect

that we have observed in all conditions here and that have previously been

reported by others308,313 is surprising. While the physiological role of GLIC is

unknown, we can speculate as to its function in the bacteria. Gleobacter violaceus

are gram-negative cyanobacteria that do not have thylakoids. Instead, their

photosynthesis machinery is embedded in the inner cell membrane, building a

proton gradient across it by pumping protons into the periplasm319. The GLIC

channel is likewise embedded in the inner membrane, with its "extracellular"

domain located within the periplasm. It is conceivable that GLIC evolved to

react to the proton gradient created by the photosystem, potentially as a way

to limit the electrochemical gradient across the inner membrane. Whatever

its physiological role may be, the channel’s localisation reinforces the intuition

that cations should flow into the cell, as the proton gradient across the plasma

membrane strengthens the electrochemical potential that would drive cations

into the cell even under non-energised conditions. This makes our observation

of rectification in the opposite direction puzzling. To study this phenomenon in

detail, further collaboration between experimentalists and computational scientists

offers the most promising route. Patch clamp electrophysiology in the inside-out

and outside-out configurations could provide experimental data for multiple ionic

currents at different pH values in both directions, which would then be combined

with further MD simulation data. It appears clear that protonation states of key

residues in the ECD need to be a main focus of such simulations. In simulations
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performed here, protonation was carried out in an all-or-nothing manner, where

each of the five copies of a residues had the same protonation state. However, to

better mirror predictions based on Henderson-Hasselbalch estimations (Eq. 6.1),

choosing a subset of residues to (de-)protonate might prove beneficial. For

example, if pH is 0.6 below pKa, then Eq. 6.1 predicts that ≈81 % of residues

should be protonated. Randomly choosing one residue to leave deprotonated

would better match this prediction, however, this requires a refined estimate of pKa

values. This approach would also drastically increase the already sizeable number

of combinations of protonation states to test, as many residues in Fig. 6.9 would

need to be varied to solve the underlying combinatorial problem. As an alternative

approach, this problem might be suitable for study with constant pH simulations320.

Here, titratable residues are allowed to change between protonation states through

λ-dynamics. This could yield a better representation of the system under a given

pH value than an all-or-nothing assignment of protonation states.

It is surprising to see the behaviour of iiooo change so drastically between

protonation states. Future studies should reconsider the use of the cross-pore

restraint equilibration step described in Fig. 6.4. The differences between i

and o configuration are subtle (Fig. 6.1), and while the equilibration protocol

described by Dämgen and Biggin59 is suited for the stabilisation of open states

of pentameric ligand-gated ion channels, it cannot prevent the loss of these

subtle structural distinctions between i and o. As such, it is unclear whether

the different conductance of iiooo is due to the protonation scheme or subtle

differences in the equilibration trajectories. The intermediate structures described

by our collaborators are clearly but subtly different members of a structural

ensemble. Use of backbone restraints throughout the stimulation pipeline as

opposed to equilibration under cross-pore restraints might be justified to guarantee

maintaining these distinct states.

Despite the problems outlined above, the key finding and contribution of this

work remain sound. ioooo shows the same conductance in both protonation states,

and is shown to be significantly more conductive than the less open-like iiooo



6. Probing intermediate configurations of a prototypical ion channel 187

structure in the old protonation state and significantly less conductive than the

fully-open ooooo structure. As such, our simulation results support labelling ioooo

as a partially conductive pre-open state, providing further evidence for asymmetric

gating behaviour and mechanistic insight into pore opening in the GLIC channel.



And here I am, for all my lore, the wretched fool I was before

— Heinrich Faust, in Johann Wolfgang von Goethe’s Faust, der Tragödie erster Teil

7
Conclusion

7.1 Overview

Ion channels are indispensable components of the nervous system due to their

rapid signal transmission321. Pentameric ligand-gated ion channels (pLGICs) in

particular are involved or implicated in, among others, synaptic inhibition33,322,

cognition323,324, nociception325, neuromuscular transmission326, epilepsy327, and

hyperekplexia328.

This broad range of functions is mediated through subunit diversity, but a

significant degree of structural similarity between subunits means that many

compounds act on multiple channel family members. For example, ivermectin,

picrotoxin, and propofol all act on multiple pLGICs87,329–336. It thus appears difficult

to develop drugs that are specific to a pLGIC member or even to a specific subunit

composition. Such compounds are, however, highly desirable to improve drug

profiles and reduce off-target effects337–341.

In this thesis, the activation cycle and drug interactions of pentameric ligand-

gated ion channels (pLGICs) were investigated with molecular dynamics simu-

lations, with a particular focus on the glycine receptor (GlyR). The identification

of drug-permeable fenestrations in the glycine receptor in particular is of note

in the context of subtype-specific modulator design.

188
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7.2 Conclusions

In a collaborative effort, we were able to demonstrate the existence of intermediate,

asymmetric functional states of the Gloeobacter ligand-gated ion channel (GLIC),

a prototypical pLGIC. These intermediate states displayed stepwise, per-subunit

activation reorientations. The main result of this study was the identification

of these intermediate states through a refined cryo-EM analysis pipeline. My

contribution was the assignment of functional states to the most open-like inter-

mediates. In addition to the finding that some pre-open states already display

partial conductivity, I reported statistically significant rectification behaviour in

these simulations which is sure to prompt further investigation into the protonation

states of key gating residues of this pH-gated ion channel.

A second collaboration was aimed at improving our understanding of the

allosteric network in the glycine receptor. This network is responsible for the

transmission of the structural rearrangements triggered by agonist binding in

the extracellular domain (ECD) towards the transmembrane domain (TMD),

where the activation gate of the channel lies and is opened in reaction to this

signal. We reasoned that structures of GlyR with the TMD-binding allosteric

activator ivermectin and the orthosteric inhibitor strychnine bound at the same

time might show intermediate activation behaviour, with an activated-like TMD

and an inactivated-like ECD. Our collaborators provided these structures, and

I carried out MD simulations with a particular focus on how ivermectin disrupts

strychnine binding. I was able to identify the precise elements of the strychnine

binding site that react most strongly to the presence of ivermectin. In this study,

we were able to demonstrate further that the conformational wave is able to

communicate changes in both directions.

Faced with a simulation system in which a potential of mean force (PMF) calcu-

lation was too slow to converge to be feasible, I developed an improved umbrella

sampling workflow by combining three existing techniques. Umbrella windows

generated through alchemically growing the ligand in place along the reaction
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coordinate instead of pulling it in steered MD simulations reduces the hysteresis

artefacts seen in PMFs. As shown by its original authors, Simulated Tempering-

enhanced Umbrella Sampling (STeUS) outperforms standard umbrella sampling

simulations when slow orthogonal degrees of freedom hamper PMF convergence.

However, a downside of STeUS in its original description is that a majority of

simulation data is not used in PMF calculation as it is collected at temperatures

other than the temperature of interest. I evaluated the effectiveness of temperature

reweighting with the Multistate Bennet Acceptance Ratio (MBAR) and found that,

for sufficiently small systems, this can significantly improve convergence speeds.

I benchmarked the effects of these three components individually in a systematic

study to identify the individual and synergistic improvements in convergence speed

and found that the combination is a powerful toolkit to quickly obtain converged

membrane permeation PMFs. Differences in PMFs between different membrane

bilayers remain clearly visible. I also demonstrate the errors associated with

commonly used boundary conditions applied to PMF calculations. In all but the

simplest cases, these boundary conditions introduce errors into the PMF. The

slower a PMF is to converge, the larger the error introduced by these constraints.

The key result of this thesis was obtained from the application of this um-

brella sampling workflow to the study of putative fenestrations in the glycine

receptor. To date, no drug-permeable fenestrations have been identified in the

entire superfamily of pentameric ligand-gated ion channels. However, previous

electrophysiological data appeared consistent with fenestration-based inhibition

of GlyR through fipronil. I set out to determine energetics of fipronil pore access

via membrane permeation and via fenestration-based access (Fig. 7.1).
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Figure 7.1: The key result of this thesis. Membrane permeation of fipronil (red arrow)
has an energy barrier of 10 kcal mol−1. A fipronil molecule permeating the fenestration
(green arrow), on the other hand, does not encounter significant energy barriers on its
way to the channel pore. Phosphorus atoms of lipids are shown as orange spheres. The
protein structure is of a Danio rerio α1 homopentamer (PDB 3JAF44).

My simulations clearly show that fenestration-based access of fipronil into the

GlyR pore is energetically preferable over membrane permeation. Combined with

a clear state dependence of the fenestration radius I identified in the available

static structures of the channel, my results provide the context needed for the

original electrophysiology data. Taken together, this is strong evidence of the

existence of a state-dependent and drug-permeable fenestration in the glycine

receptor, the first of its kind in the pLGIC superfamily. This discovery opens the

door to further directed study of this feature, which will improve our understanding
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of lipid and drug interactions in pLGICs and might lead to the development of

subtype-specific compounds that avoid or reduce off-target effects.

7.3 Future work

All studies reported on in this thesis would benefit from future work.

The main obstacle in our investigation of the Gloeobacter ligand-gated ion

channel (GLIC) with molecular simulation was the assignment of suitable protona-

tion states. Should this project be picked up again in the future, this assignment

would need to be refined. While I chose protonation states in an all-or-nothing

manner based on pKa predictions, protonation of only a few of the five copies

of each residue might be a more realistic representation. Alternatively, constant

pH simulations could be used to dynamically protonate and deprotonate residues

as appropriate.

Chapter 5 dealt with the changes in the orthosteric binding site of the glycine

receptor that are allosterically induced by ivermectin. My work offers a clear

description of the processes that occur in the orthosteric site to destabilise

strychnine there. These results would benefit from further mechanistic study—

an analysis of the dynamic network that connects the two binding sites would

elucidate the precise pathways along which they communicate. This deeper level

of understanding on the coupling between the extracellular and transmembrane

domains could then be used to help inform further studies into GlyR activation

pathways and gating.

The improved umbrella sampling workflow described in chapter 3 is robust,

with the possible exception of the effect of Alchembed-based window generation.

To understand why some of the tested compounds display worse convergence

behaviour in Alchembed-based windows, the approach should be tested more

thoroughly. One obvious difference of steered-MD windows is that the ligand

orientation varies from window to window. This variance might be beneficial for

the sampling of ligands that are slow to rotate within the membrane, such as
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fluocinolone acetonide. As a next step, Alchembed-based window generation

with randomised ligand orientation should be tested as a more direct comparison

to sMD-based configurations.

The permeation of fipronil through fenestrations on the glycine receptor has

been demonstrated for the first time in this thesis. While already an important

result, the strength of the claim would be increased by fully converged potentials

of mean force (PMF). To this end, more simulation data has to be collected.

In the investigation of glycine receptor fenestrations in this thesis, I considered

membrane permeation and membrane-to-channel inhibition (Fig. 4.4) to be the

most likely access mechanisms and therefore only calculated PMF profiles along

these two pathways (Fig. 7.1). The PMF of the membrane permeation path is

as yet incomplete. While the energetics of the actual membrane permeation

are now accounted for, simulations of fipronil entering its binding site in the

channel pore from the intracellular aqueous compartment are still required. The

resulting, complete PMF profile would fully describe the membrane permeation

path (red arrow in Fig. 4.4), and would give access to cycle closure of the PMF

as another convergence criterion. It should be noted, however, that as the

energy barrier of membrane permeation by itself is already larger than that of

fenestration permeation, additional findings here will not falsify our hypothesis

that membrane-to-channel inhibition is the preferred pore access mechanism

for fipronil at the glycine receptor.

A third pathway through which fipronil could reach its binding site is entering

at the extracellular domain and permeation through the channel’s ion-conducting

pore. I did not investigate this possibility in this thesis as the electrophysiology

data reported by Islam and Lynch makes it unlikely90. Due to its hydrophobic

nature, fipronil is likely to quickly accumulate in the membrane. Fig. 4.2H shows

that after a brief short-state application of fipronil, followed by wash-out, GlyR

initially displays an uninhibited channel current. Inhibition then sets in rapidly, even

though no ligand is left in the surrounding solution. This makes pore-based access

from the extracellular domain unlikely. Additionally, the A288F mutation at the
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fenestration site is unlikely to have an effect on pore-based access. Nevertheless,

the available evidence does not rule out this access pathway. As such, further

studies should calculate the PMF along this route, as well.



Appendices

195



A
Supplemental Information - Chapter 1

196



A. Supplemental Information - Chapter 1 197

closed open, MD-stablised desensitised

P-2′
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T6′
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A20′

Figure A.1: Alternative version of Fig. 1.4. As the original open state structure (Du et al.44,
PDB 3JAE) is disputed, an MD-stabilised open state structure59 is used here, instead.
The key observations from the original figure about the M2 helix behaviour and gating at
L9′ and P-2′ still hold.
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Convergence speed comparison in the cholesterol-doped POPC bilayer
without flip-flop-preventing restraints
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Figure B.1: Convergence speed comparison across all methods and compounds for
data collected in the cholesterol-doped POPC bilayer without the application of flip-flop-
preventing restraints.

B.2 Full, raw PMF convergence data

Full PMF convergence plots for all compounds and simulation conditions tested

in this study are shown here. The same colour scale as in Fig. 3.17 is used

throughout, with deep purple representing PMFs calculated from the first 10 ns

of simulation data only and yellow representing the use of all 100 ns of data.

Three membrane systems were investigated: POPC, POPC doped with 30 mol %

cholesterol, and the cholesterol-doped bilayer with position restraints to prevent
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cholesterol from flip-flopping. In each plot, 0 kcal mol−1 is indicated with a black

line, and chemical accuracy of ±1 kcal mol−1 with dashed gray lines. The ten

conditions are labelled A-J and were as follows:

• A: steered MD-based windows, standard US
• B: Alchembed-based windows, standard US
• C: steered MD-based windows, STeUS, 20 % ground state
• D: steered MD-based windows, STeUS, 20 % ground state, MBAR
• E: steered MD-based windows, STeUS, 40 % ground state
• F: steered MD-based windows, STeUS, 40 % ground state, MBAR
• G: Alchembed-based windows, STeUS, 20 % ground state
• H: Alchembed-based windows, STeUS, 20 % ground state, MBAR
• I: Alchembed-based windows, STeUS, 40 % ground state
• J: Alchembed-based windows, STeUS, 40 % ground state, MBAR

The cholesterol flip-flopping in the unrestrained cholesterol-doped POPC

bilayer was noticed before STeUS simulations with 40 % ground state occupancy

were started. As this bilayer was then considered incorrect, the new STeUS data

was not collected, resulting in empty plots for conditions E, F, I, and J.
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Benzene convergence
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Figure B.2: Complete convergence data for benzene collected in this study.
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Lindane convergence
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Figure B.3: Complete convergence data for lindane collected in this study.
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Isoflurane convergence
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Figure B.4: Complete convergence data for isoflurane collected in this study.
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Thiopental convergence
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Figure B.5: Complete convergence data for thiopental collected in this study.
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Fluocinolone acetonide convergence
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Figure B.6: Complete convergence data for fluocinolone acetonide collected in this study.



B. Supplemental Information - Chapter 3 206

Chlorpromazine convergence
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Figure B.7: Complete convergence data for chlorpromazine collected in this study.
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Paroxetine convergence
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Figure B.8: Complete convergence data for paroxetine collected in this study.
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Sertraline convergence
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Figure B.9: Complete convergence data for sertraline collected in this study.
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Average fenestration bottleneck radii

Table C.1: Average bottleneck radii (BR) in Å as determined with CAVER for each of 55
structures, broken down by functional state.

index PDB state BR index PDB state BR
1 3jad closed 0.00 29 6pm6 open 1.72
2 3jae open 1.72 30 6pxd closed 0.00
3 3jaf desensitized 1.50 31 6ubs closed 0.00
4 5bkf desensitized 1.38 32 6ubt desensitized 1.66
5 5bkg open 1.24 33 6ud3 open 1.45
6 5cfb closed 0.24 34 6vm0 desensitized 1.73
7 5tin desensitized 1.57 35 6vm2 desensitized 1.73
8 5tio desensitized 1.31 36 6vm3 desensitized 1.83
9 5vdh desensitized 1.94 37 7kuy closed 0.24
10 5vdi desensitized 1.97 38 7l31 closed 0.00
11 6plo open 1.43 39 7m6m closed 0.00
12 6plp desensitized 1.47 40 7m6n desensitized 1.64
13 6plq wide-open 1.47 41 7m6o open 2.05
14 6plr desensitized 1.60 42 7m6p desensitized 1.90
15 6pls desensitized 1.53 43 7m6q desensitized 1.88
16 6plt closed 0.00 44 7m6r desensitized 2.01
17 6plu desensitized 1.56 45 7m6s open 1.65
18 6plv closed 0.00 46 7tu9 closed 0.26
19 6plw wide-open 1.97 47 7tvi desensitized 1.47
20 6plx desensitized 1.31 48 7u2m desensitized 1.41
21 6ply open 1.51 49 7u2n open 1.79
22 6plz closed 0.00 50 7u2o wide-open 1.82
23 6pm0 wide-open 1.76 51 8dn2 wide-open 1.75
24 6pm1 desensitized 1.50 52 8dn3 closed 0.59
25 6pm2 open 1.71 53 8dn4 desensitized 1.38
26 6pm3 closed 0.00 54 8dn5 open 1.21
27 6pm4 wide-open 1.56 55 8fe1 desensitized 1.89
28 6pm5 desensitized 1.27
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Method comparison for fipronil membrane permeation
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Figure C.1: PMFs of fipronil going through a POPC bilayer obtained with different
methods. For each method, all windows were simulated for 100 ns. Umbrella sampling
with windows extracted from a steered-MD trajectory and run without STeUS results in
strong asymmetries (green line). Swapping steered MD-based for Alchembed-based
window generation results in improvements (red line), but only the combination of STeUS
and Alchembed-based window generation gives a symmetrical and well-converged PMF
profile (blue line, bulk value closer than chemical accuracy of 1 kcal/mol, dashed grey
lines).
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Convergence analysis of the fipronil membrane permeation PMF
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Figure C.2: Convergence analysis of the PMF of fipronil going through a POPC bilayer.
The PMF is well converged. This can be seen through the symmetry of the profiles and
through the value in bulk water sampled at positive reaction coordinates being very close
to zero — closer than chemical accuracy (1 kcal/mol, dashed grey lines).
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Full backbone RMSD data for all replicates of GlyRαβ

0 500
Time [ns]

0

1

2

3

4

Ba
ck

bo
ne

 R
M

SD
 [Å

]

Averaged protein RMSD by system

ivm_0.5, run1
ivm_0.5, run2
ivm_0.5, run3

ivm_2, run1
ivm_2, run2
ivm_2, run3

ivm_20, run1
ivm_20, run2
ivm_20, run3

Figure D.1: Protein backbone RMSD data of all runs. Average values were reported in
Fig. 5.8
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E.1 GLIC permeation plots with original protonation
state
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Figure E.1: Analysis of ion permeation events in iiooo. The z-coordinate of sodium ions
and water molecules in the pore is plotted over time to visualise conduction events. More
conduction events occur with a simulated positive membrane potential.
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Figure E.2: Analysis of ion permeation events in ioioo. The z-coordinate of sodium ions
and water molecules in the pore is plotted over time to visualise conduction events. More
conduction events occur with a simulated positive membrane potential.
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Figure E.3: Analysis of ion permeation events in ioooo. The z-coordinate of sodium ions
and water molecules in the pore is plotted over time to visualise conduction events. More
conduction events occur with a simulated positive membrane potential.
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E.2 GLIC permeation plots with new protonation
state
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Figure E.4: Permeation plots for iiooo with the new protonation states. The rectification
behaviour is still clearly visible. In these runs, iiooo is more conductive than in runs using
the old protonation states (Fig. E.1).
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Figure E.5: Permeation plots for ioooo with the new protonation states. The rectification
behaviour is still clearly visible. The channel conductance is similar to that determined
with the old protonation states (Fig. E.3).
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Figure E.6: Permeation data for an all-open ooooo state was collected to compare to the
partially open ioooo. Also strongly rectifying, it is much more conductive than any other
tested system under positive membrane potentials.
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