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Abstract

Dynamic hydrogen-bonds (H-bonds) and H-bond networks govern essential
biomolecular process. From providing conformational flexibility needed for the
functioning of proteins, governing the fluidity, stability and permeability of cell mem-
branes to serving as proton transfer pathways, H-bonds are observed abundantly in
nature. It is thus crucial to understand the dynamics of H-bond networks in biological
systems to guide drug discovery. In this thesis, | focus on characterizing and identi-
fying the dynamic H-bond networks in mainly two biomolecular systems - (i) lipid
membranes containing anionic lipids and (ii) Human voltage gated proton channel
Hv1. | use atomistic molecular dynamics simulations along with graph theory based
approach for efficient computations of dynamic H-bonds and H-bond networks of
proteins and lipid membranes.

At the lipid bilayer interface, dynamic H-bonding can give rise to local lipid clusters
of interest for reactions. The dynamics of these H-bonded lipid clusters can depend
on the nature of lipid headgroups. To dive deeper into role of lipid headgroups in
H-bonded lipid clusters, | use a previously developed graph theory based approach
to analyze the topology of lipid clusters in zwitterionic and anionic lipid membranes
including bacterial cell membranes. To understand the dynamics of anionic mem-
branes, | further do a topology analysis of bilayers of phosphatidylserine containing
varying concentrations of cholesterol. | find that presence of cholesterol can hinder
the formation of extended water-mediated H-bond networks in phosphatidylserine
membranes.

H-bond networks formed by clusters of carboxylate and histidine protein
sidechains or anionic lipid headgroups can form pathways for proton transfer across
and along the lipid membranes. To understand the functioning mechanism of proton
transporters, it is crucial to identify and characterize these proton-binding clusters
and the H-bond pathways between them. To this aim, | developed a graph theory
based protocol to find the most frequently sampled water-mediated H-bond paths
formed by titratable sidechains of transmembrane proteins and/or lipid headgroups.
| implement this protocol to identify potential proton antennas of the human voltage
gated proton channel Hv1. The functioning of Hv1 is regulated by a network of
H-bonds formed between the titratable sidechains of the transmembrane protein.
How does the pH and lipid composition of the membrane affects the H-bond network
of Hv1 remains an open question. | apply the newly developed protocol to study the
protonation-coupled and lipid-coupled H-bond dynamics of Hv1. | find that depend-
ing on the location of the protonated carboxylate or histidine, the H-bond network
extends or collapses on either the intracellular or extracellular side. A continuous
H-bond network spanning the proton channel is sampled only in phosphatidylserine
bilayer in contrast to bacterial and zwitterionic bilayers. This suggest the role of lipid
composition in regulating the H-bond network dynamics of Hv1. In this thesis, |
also present the work done towards characterizing the impact of Hv1 inhibitors on
H-bond networks of Hv1.
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Zusammenfassung

Dynamische Wasserstoffbriickenbindungen (H-Bindungen) und H-Bindungsnetze bestim-
men wesentliche biomolekulare Prozesse. Von der Bereitstellung der fir das Funktionieren
von Proteinen erforderlichen konformativen Flexibilitat Gber die Steuerung der Fluiditat,
Stabilitat und Permeabilitat von Zellmembranen bis hin zur Funktion als Protonenubertra-
gungswege sind H-Bindungen in der Natur weit verbreitet. Es ist daher von entscheidender
Bedeutung, die Dynamik von H-Bindungsnetzwerken in biologischen Systemen zu verstehen,
um die Entwicklung von Medikamenten zu unterstiitzen. In dieser Arbeit konzentriere ich
mich auf die Charakterisierung und Identifizierung der dynamischen H-Bindungsnetzwerke
in hauptsachlich zwei biomolekularen Systemen - (i) Lipidmembranen, die anionische Lipide
enthalten, und (ii) dem menschlichen spannungsgesteuerten Protonenkanal Hv1. Ich ver-
wende atomistische Molekulardynamiksimulationen zusammen mit einem auf der Graphen-
theorie basierenden Ansatz zur effizienten Berechnung der dynamischen H-Bindungen und
H-Bindungsnetzwerke von Proteinen und Lipidmembranen.

An der Grenzflache von Lipiddoppelschichten kénnen durch dynamische H-Bindungen
lokale Lipidcluster entstehen, die flr Reaktionen von Interesse sind. Die Dynamik dieser
H-gebundenen Lipidcluster kann von der Art der Lipid-Kopfgruppen abhadngen. Um die Rolle
der Lipid-Kopfgruppen in H-gebundenen Lipidclustern zu ergriinden, verwende ich einen
zuvor entwickelten, auf der Graphentheorie basierenden Ansatz zur Analyse der Topolo-
gie von Lipidclustern in zwitterionischen und anionischen Lipidmembranen, einschlieBlich
bakterieller Zellmembranen. Um die Dynamik anionischer Membranen zu verstehen, fiihre
ich auBerdem eine topologische Analyse von Phosphatidylserin-Doppelschichten mit unter-
schiedlichen Cholesterin-Konzentrationen durch. Ich stelle fest, dass das Vorhandensein
von Cholesterin die Bildung ausgedehnter wasservermittelter H-Bindungsnetzwerke in Phos-
phatidylserinmembranen behindern kann.

H-Bindungsnetzwerke, die von Clustern aus Carboxylat- und Histidin-Protein-
Seitenketten oder anionischen Lipid-Kopfgruppen gebildet werden, kénnen Wege flr den
Protonentransfer durch und entlang der Lipidmembranen bilden. Um die Funktionsweise
von Protonentransportern zu verstehen, ist es entscheidend, diese protonenbindenden
Cluster und die H-Bindungswege zwischen ihnen zu identifizieren und zu charakterisieren.
Zu diesem Zweck habe ich ein auf der Graphentheorie basierendes Protokoll entwickelt,
um die am haufigsten untersuchten wasservermittelten H-Bindungswege zu finden, die von
titrierbaren Seitenketten von Transmembranproteinen und/oder Lipid-Kopfgruppen gebildet
werden. Ich wende dieses Protokoll an, um potenzielle Protonenantennen des menschlichen
spannungsgesteuerten Protonenkanals Hv1 zu identifizieren, dessen Funktion durch ein
Netzwerk von H-Bindungen zwischen den titrierbaren Seitenketten des Transmembranpro-
teins gesteuert wird. Wie der pH-Wert und die Lipidzusammensetzung der Membran das
H-Bindungsnetzwerk von Hv1 beeinflussen, bleibt eine offene Frage. Ich wende das neu
entwickelte Protokoll an, um die protonations- und lipidgekoppelte H-Bindungsdynamik von
Hv1 zu untersuchen. Ich stelle fest, dass sich das H-Bindungsnetzwerk je nach Lage des
protonierten Carboxylats oder Histidins entweder auf der intrazelluldren oder extrazellularen
Seite ausdehnt oder zusammenbricht. Ein kontinuierliches H-Bindungsnetzwerk, das den
Protonenkanal Uberspannt, wird nur in Phosphatidylserin-Doppelschichten beobachtet, im
Gegensatz zu bakteriellen und zwitterionischen Doppelschichten. Dies deutet auf die Rolle
der Lipidzusammensetzung bei der Regulierung der Dynamik des H-Bindungsnetzwerks
von Hv1 hin. In dieser Arbeit stelle ich auch die Arbeiten vor, die zur Charakterisierung
der Auswirkungen von Hv1-Inhibitoren auf die H-Bindungsnetzwerke von Hv1 durchgefiihrt
wurden.
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Introduction
1.1 Proteins and Lipids

Proteins are essential biomolecules. They are made up of extended
amino acid chains connected by peptide bonds [1]. The building blocks of
proteins are twenty distinct naturally occurring amino acids. Amino acids
comprise a a-carbon bonded to a carbonyl group, an amino group, and
a variable side chain that differs in all 20 amino acids [1]. The differing
electronegativity of the side chains and the carbonyl & amino groups of
amino acids gives them a unique ability to form hydrogen bonds (H-bonds).
H-bonds between amino acids help stabilize the protein and facilitate its
function [2]. A protein’s precise amino acid sequence defines its distinct
structure and function. Disruption in the structure of the protein can lead to a
loss of functionality. This can happen due to changes in pH, temperature [3],
or exposure to denaturing enzymes.

Lipids are biomolecules performing a variety of vital essential functions
[4]. They are building blocks of cell membranes that give cells their form
and regulate how chemicals enter and exit cells by providing the structural
integrity needed. They also function as significant signaling molecules, as
building blocks for the creation of hormones such as steroid and are essential
for storing energy.

Lipid types, distinguished by their unique molecular structure supporting
their role in specific biological systems, include phospholipids, triglycerides,
and cholesterol [4]. Three fatty acid chains joined by a glycerol molecule
form triglycerides. These fatty acids typically have a carboxyl group at one
end of lengthy hydrocarbon chains. The main role of triglycerides is to store
energy. Two hydrophobic fatty acid chains with a hydrophilic headgroup
form a phospholipid. These amphipathic molecules allow the formation of
a lipid bilayer in a hydrated environment and are thus the key components
of cell membranes. Cholesterol, a sterol lipid, is also present in animal
cell membranes [4]. It regulates the fluidity and stability of cell membranes
by keeping the fatty acid chains in phospholipids from packing too tightly
together.
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1.2 H-bonds

H-bonds are potent forces of attraction essential to numerous chemical
and biological processes. An H-bond is formed by the electrostatic attraction
between an hydrogen donor and hydrogen acceptor in close proximity [5-7].
A hydrogen donor is usually a strong electronegative atom such as oxygen or
nitrogen whereas an hydrogen acceptor is also an electronegative atom with a
lone pair participating in H-bonding. The attractive force leading to formation
of an H-bond is due to the difference in electronegativity between the H
atom and the neighbouring electronegative atom. Although being weaker
to covalent and ionic bonds, H-bonds contribute significantly to the unique
properties of biomolecules. The strength of H-bonds in nature i.e the energy
needed to break them range from 2-25 kcal/mol [8]. For weak H-bonds
(1-3 kcal/mol) the H-bond length varies from 2.7-3.0 A. As H-bond length
decreased to 2.5-2.6 the energy required to break the H-bond increases
to 7-25 kcal/mol [8-10]. Weak H-bonding is usual and occurs in biological
systems with aqueous environments such as proteins due to the H-bonding
competition with the solvent [8, 10].

H-bonds are extensively observed in nature from governing the molec-
ular and physical properties of water to providing the structural shape and
stability to DNA, RNA and proteins. The high boilling point of water and its
surface tension can be attributed to the H-bonds formed by oxygen atom
with upto four neighboring water molecules. In proteins, H-bonds contribute
to structural stability [11, 12], folding [13—15] , formation of secondary struc-
tures [16, 17] and functioning of proteins including molecular recognition [18].
H-bonding between the titratable groups and water molecules also influence
the pKj,s of ionizable amino acid residues [19]. The insertion and stability
of transmembrane proteins [20, 21] in lipid bilayers, as well as the fluidity
and stability of lipid bilayer [22—24] and its permeability to ions and small
molecules [22, 25, 26], are all influenced by the H-bond network formed by
lipid headgroups and protein sidechains. Proteins involved in proton transfer
are particularly dependent on H-bond networks [27-30]. Breaking and forma-
tion of H-bonds at room temperature show a complex dynamics of H-bond
network providing plasticity [20, 31] and conformational dynamics required
for protein functioning [20, 28, 32]. Thus, understanding the dynamics of
H-bond network is crucial for understanding the mechanisms behind pro-
tein functioning, protein-protein interactions, membrane transport functions
reliant on lipids, and protein or lipid-mediated cellular signaling.

H-bond networks in transmembrane proteins and lipid bilayers have been
studied using molecular dynamic simulations providing useful insights about

Chapter1 Introduction



the functioning mechanism of proteins [28, 33—41] and formation of lipid
clusters [42, 43]. H-bonds are typically identified using geometric criteria for
the distance between the H-bond donor and acceptor heavy atoms, as well as
for the H-bond angle. According to experimental and computational analysis
of several crystal structures of proteins with varying H-bond geometries,
the H-bond distance between an H atom and H-bond acceptor heavy atom
ranges between 1.56-2.63 A whereas the H-bond angle between the donor-
acceptor axis in the range of 120°-180° [44, 45]. A distance and angle criteria
of 3.5 A and 60° has been used for H-bond analysis in proteins [28, 33-36].
A criteria of 2.5 A distance between the H atom and the acceptor heavy atom
is comparable to 3.5 A distance and 60° H-bond angle and have been used
to study H-bonding in lipid bilayers [42, 43].

While the mechanical perspective focuses on electrostatic interactions
and provides insights on how H-bonds contribute to the unique physical
properties of substances, a deeper understanding of H-bonds require quan-
tum perspective. From the quantum perspective, H-bonding is seen as
an electrostatic interaction between electron clouds with electron-rich and
electron-poor regions formed by the electronegativity difference of the atoms
involved [46]. Energy potentials and wave functions are used to describe the
energy changes related to the formation and breaking of H-bonds [46, 47].
The distance between the donor and acceptor atoms, the angle between
the donor-acceptor axis, and the presence of nearby molecules may have
an impact on the strength of an H-bond, defined as the energy needed to
break one [31, 48, 49]. In the work presented in this thesis, the dynamics
of H-bond networks have been studied using classical molecular dynamics
simulations.

1.3 Anionic lipid bilayers and cholesterol

Lipid membranes that surround cells and cell compartments host at their
interfaces reactions essential for the survival of the cells. The charge and
nature of the phospholipids, the main constituents of the membrane, in-
fluences the properties of the membrane [50]. Phosphoplipid are usually
zwitterionic i.e. have a neutral charge or anionic i.e negatively charged.
The most common zwitterionic phospholipids are phosphatidylcholine (PC)
and phosphatidylethanolamine (PE) whereas anionic lipids include phos-
phatidylserine (PS), phosphatidylglycerol (PG), phosphatidic acid (PA) and
phosphatidylinositol (Pl). The specificity of lipids determine the physical prop-
erties of the membrane such as membrane curvature, fluidity and surface
charge [51-53]. This makes role of anionic lipids important in various bi-
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ological process. For example, PG is an abundant surfactant associated
with pulmonary diseases [54] whereas Pl and PG are suggested to have
antiviral properties [55, 56]. These phospholipids play a role in modulation of
membrane receptors and their signalling process [54]. Normally cells have
a neutral total membrane charge attributed to the asymmetrical distribution
of zwitterionic phospholipids on the outer plasma membrane and negatively
charged phospholipids in the inner plasma membrane [57]. In cancerous
cells, the asymmetry of lipid membranes is observed due to the exposure of
PS and PE on the outer membranes of the cancerous cells. The exposure
of PS on the outer leaflet is a characteristic of the cancer cell membranes
[57, 58] and can be used as cancer biomarkers [58]. PS is associated with
a number of human diseases [59], plays a role in protein localization in the
cell [60] and controls the membrane curvature [61]. This makes it important
and interesting to study and explore the structure of anionic lipid membranes
containing phosphatidylserine.

Cholesterol is a crucial component of lipid membranes. Eukaryotic cell
membranes contain 10-40 % cholesterol [62]. Presence of cholesterol influ-
ences the physical properties of membranes such as increase in the ordering
of the lipid hydrocarbon chains [63—66], decrease in lateral lipid diffusion [67],
increase in lateral pressure profile magnitudes [68, 69], and smaller area
per lipid [70-74]. Apart from changes in physical properties of membranes,
presence of cholesterol can induce formation of lipid rafts [75] that can act as
a platform for membrane-associated signaling proteins. Cholesterol plays a
role in functioning of G-proteins [76], signaling proteins for sperm activation
[77] and proteases of amyloid precursors [78]. Cholesterol levels in cancer
cell membranes drop to allow for membrane flexibility during metastasis [79,
80], while an increase in cholesterol concentration seems to be linked to
chemotherapy resistance [81, 82]. Thus, the role of cholesterol in human
physiology ranges from Alzheimer’s disease [78], reproductive biology to
cancer.

Lipid headgroups can form H-bond networks influencing the physical
properties of membranes such as its stability and fluidity [42, 83]. Anionic
lipid PS show high propensity to form H-bonds [42]. Whereas cholesterol
shows a tendency to interact with anionic lipids and can H-bond due to the
presence of the hydroxyl group [84]. In this thesis, H-bond dynamics of
lipid membranes with anionic and zwitterionic lipids is presented (Chapter
3). To evaluate the impact of cholesterol on the lipid H-bond dynamics,
atomistic simulations and graph-based algorithms are used to study the
water-mediated H-bond clusters formed by PS in anionic lipid membranes
containing cholesterol (Chapter 4).
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1.4 Human voltage gated proton channel (Hv1)

Hv1 is a protein that functions as a voltage gated proton channel. ltis a
member of the voltage-gated ion channel superfamily that usually contain
sodium or potassium ion channels. However, Hv1 is unique as it specifically
allows only protons to pass through as a response to voltage change [85,
86]. It is thus essential for regulating intracellular pH in several animals,
including humans. Hv1 plays a role in the respiratory burst in the immune
cells, contributes to sperm motility and capacitation, and maintains pH for
cancer cell survival and proliferation [85—89]. Certain types of cancer cells
such as breast, colorectal, leukemia cancer cells show higher expression
and high activity of the voltage-gated proton channel (Hv1) [87—89]. Recent
studies report Hv1 as a novel target for neuroprotection since it is upregu-
lated in Parkinsonian mice and mediates the generation of pro-inflammatory
cytokines by microglia [90].

The main function of Hv1 is proton extrusion and maintenance of pH in
cells [85, 86]. A network of H-bonds formed by the titratable sidechains of
the protein regulates the proton transfer across Hv1 [27, 85, 91-93]. As Hv1
channel has a pH and voltage dependent gating, the change in protonation
state of titratable sidechains can influence the H-bond network and thus the
conformational dynamics and functioning of Hv1. In subsequent Chapter
5 of this thesis, the protonation-coupled and lipid-coupled H-bond network
dynamics of Hv1 has been discussed.

In addition to the presence of protonatable carboxylates in the transmem-
brane region of Hv1, cluster of carboxylates and histidines on the extracellular
and cytoplasmic sides suggest the formation of proton antennas. Proton
antennas are molecular systems facilitating proton transfer over long dis-
tances [94—-98]. Proton antennas usually consist of proton attractor sites and
proton reservoir sites closely clustered within ~10 A [95]. Proton attractor
sites are formed by low pK carboxylates - Aspartate (Asp) with pK = 3.5 [99]
and Glutamate (Glu) with pK = 4.2 [95, 99]. Whereas proton reservoir sites
on the other hand contain groups with neutral pK such as histidines with pK
= 6.6 [95, 99]. Bulk exposed negatively charged protein side chains or lipid
headgroups may form proton antennas at the lipid membrane interface, in-
creasing the dwell time of the proton. Proton antennas have been discussed
and identified for biological systems such as PsbO subunit of photosystem Il
[98, 100, 101], bacteriorhodopsin [102], green fluorescent protein [103] and
cytochrome c oxidase [96].
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Negatively charged groups situated within 12 A of each other can transfer
protons with high probability between them rather to the bulk, in case of
overlapping Coulomb cages at zero ionic strength [95, 104]. At ionic strength
of 100 mM monovalent salt, proton transfer may happen at smaller distances
such as 8 A or less [95, 96]. Anionic lipid headgroups are separated by 7-10 A
[104, 105] and protonatable sidechains of proteins are even closer. The close
proximity of these groups might result in merging of their Coulomb cages,
thus facilitating the formation of proton antennas [95, 96, 104, 106—110].
The space between a proton and protonatable group where the electrostatic
interaction is stronger than the thermal energy (kBT) is defined as a Coulomb
cage [96, 111]. The mobility of a proton in a Coulomb’s cage is governed by
electrostatic interactions rather than diffusion [111].

Proton transfer along and across lipid membranes can be explained by
Grotthus mechanism [112] where protons jump along a proton wire formed
by H-bonded water molecules and protonatable amino acid residues or lipid
headgroups. The H-bond network formed at the membrane interface can
change based on the lipid composition as water molecules rearranges around
the lipid headgroups [42, 43, 113, 114]. In this thesis (Chapter 5), putative
proton antennas forming H-bonded clusters at the protein-lipid interface
are identified and characterized for Hv1 proton channel embedded in lipid
bilayers with varying lipid compositions.
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Methodology
2.1 Force field used for Molecular dynamics (MD)

CHARMMS36 force field was used for the description of potential energy
of the lipids, protein, ions and water in all MD simulations presented in this
work.

Force fields are essential for precisely describing the interactions between
atoms and molecules in the world of molecular simulations. These mathe-
matical models are essential for comprehending and forecasting the behavior
of intricate molecular systems, giving researchers access to information that
is often inaccessible through purely experimental approaches. The devel-
opment of the CHARMM force field, which stands for Chemistry at Harvard
Macromolecular Mechanics, is steeped in the history of accurate molecular
modeling [115-120]. CHARMMS3E6 force field provides precision in simulat-
ing a wide variety of biological macromolecules, including proteins, nucleic
acids, lipids, and carbohydrates and has emerged as a widely adopted and
extensively validated version [119, 121, 122].

CHARMM is an all-atom Class-| additive force field [115-120]. The
potential energy function that lies at the core of the CHARMM force field is
shown in the equation below:
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This force field equation consists of several terms, each accounting
for different types of interactions. In this section, the individual terms of
the CHARMM36 force field equation will be discussed, along with their
significance and contributions.
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Figure 2.1. Force field terms. Graphical and schematic illustration for potential
energy terms of CHARMM force field.

Bonded interactions.

The first four terms of the CHARMM force field equation are used to
describe the covalent bonds, bond angles, dihedrals and improper angles.
Harmonic potentials are used to characterize the stretching of the covalent
bonds (bond distance b), with the force constant representing the stiffness
of the bond (k) (Figure 2.1). Bond angle () bending and dihedral angles
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also known as torsional angles (¢, v)) are defined using harmonic and cosine
potentials (Figure 2.1), with the parameters coming from both ab initio calcu-
lations and experimental data. In the cosine potential term, n and ~ represent
dihedral multiplicity and phase. Torsional motions around bonds containing
three atoms are related to improper angles (w), often known as out-of-plane
angles. These angles are in charge of keeping certain functional groups
flat and preventing undesirable distortions in the molecule structure. These
terms ensure that the bond lengths, angles, and torsional angles seen in
experimental structures are accurately represented in the force field.

A Urey-Bradley (UB) term is added in the force field equation as a har-
monic function of distance between 1-3 atoms (S) [123]. It defines the
interaction between bound atoms via the stretching and bending of covalent
bonds. This enables a more accurate representation of the potential energy
surface and the related vibrational modes as it takes into consideration that
the potential energy is actually proportional to a more complex function than
the square of the displacement. The equilibrium values for each term are
shown with a subscript (p) and the respective force constant as k (k, K, k.,
ks, kus)- CMAP term, a function of the backbone dihedral angles (¢, ¥) is
added as a correction term [116, 124, 125]. CMAP stands for the "crossterms
and 2D dihedral energy grid correction map" term [126].

Non-bonded interactions.

Non-bonded interactions include the van der Waals interactions and elec-
trostatic interactions. Coulomb’s law, which defines the interaction between
charged particles, governs electrostatic interactions (Figure 2.1). In the
Coulombic law term, the atomic charges of interacting atoms are described
as ¢;, g;, the interatomic distance as r;; and the dielectric constant as . The
charge distribution on atoms is represented by a multipole expansion in the
CHARMMBE6 force field, which enables a precise description of electrostatic
interactions. Lennard-Jones (LJ) potentials, on the other hand, encapsulate
the short-range repulsion and long-range attraction between atoms and are
used to model van der Waals interactions. The LJ potential term has two
parts: an attractive term that captures the dispersion forces at longer dis-
tances and a repulsive term that accounts for the steric repulsion at small
distances (Figure 2.1). For two interacting atoms i and j in the LJ term, the
interatomic distance is r;;, the potential well depth is at <}** and the minimum
value of potential is found at Rj™. The well depth (¢}*") and the distance
at which the potential is zero R}, which are the parameters utilized in
the LJ potential, are normally obtained from experimental data or quantum
mechanical calculations.

2.1 Force field used for Molecular dynamics (MD) 9
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To simulate the van der Waals interactions, the CHARMMS36 force field
includes specialized parameter sets for various atom types. These settings
have been made to closely match experimentally measured observables
including the energy of interactions in the gas phase.

2.2 Graph theory concepts

Graph theory stands out in the complicated fabric of mathematics due to
its worldwide applicability, adaptability, and capacity to decipher the dense
network of connections that underlies our world. It gave mathematicians
and scientists a potent tool to model and examine a wide range of systems,
including social networks, electrical circuits, molecular structures, and trans-
portation networks. In this thesis, graph theory is used to model and analyze
dynamic H-bond networks.

A graph, which is a mathematical structure made up of nodes and edges
or connections between them, is the central notion in graph theory [127]
(Figure 2.2). Graphs can be used to explore complex interactions in diverse
circumstances. Nodes of a graph represent entities under study whereas
edges connecting these nodes represent the relation between them. A path
is defined as a series of nodes where each adjacent pair is connected by an
edge (Figure 2.2). To model the structure and dynamics of H-bond networks,
graphs can be used - the nodes can represent amino acid residues, lipid
headgroups or H-bonding groups whereas the edges represent the direct or
water mediated H-bonds [33, 34, 42, 43, 128].

node

path

edge

Figure 2.2. lllustration of a graph. The circles represent the nodes and the lines
connecting the nodes represent the edges. Blue highlighted edges represent a path
connecting A and D nodes via B, C nodes.

Graphs help us identify the most frequently sampled and important H-
bonds in a network. It can be used to understand the dynamics of H-bond
networks over time. For example, graph theory can help us understand
how H-bond network in a transmembrane protein changes with activation-
deactivation of the protein [129], temperature and pH [130-132]. This further
helps in deciphering mechanism of proton transfer across transmembrane
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proteins. Drugs that can disrupt the H-bond networks involved in disease
can be developed. Using graph theory to study H-bond networks makes it
an important and powerful tool with many applications.

Depth-first search (DFS) algorithm

DFS algorithm, a graph theory concept, is a recursive algorithm used to
explore or traverse graphs [133]. A starting node is selected as the initial
point of exploration in the beginning of the DFS algorithm. Following that,
it investigates nearby nodes, designating them as visited and repeatedly
probing into unexplored neighbors. DFS returns to the previous node after
reaching a dead end or having fully explored a branch and then moves on
to explore more unexplored branches. Until all of the graph’s vertices have
been reached, this recursive procedure keeps going.

DFS algorithm is used by NetworkX python library [134], to find all pos-
sible paths between two nodes. This algorithm starts at the source node,
investigates nearby nodes, and then recursively traverse pathways, going
backwards if needed. After arriving at the desired node, it records valid
pathways and keeps exploring the graph, systematically locating all easy
paths and avoiding cycles. This method efficiently finds all feasible connec-
tions between nodes, which makes it a useful tool for network connectivity
analysis. When employing this approach, it’s crucial to take computational
complexity into account because the number of pathways might increase ex-
ponentially with the size of the graph, potentially resulting in high processing
demands.

In this thesis, a protocol is developed to find the most frequent H-bond
paths between aminoacid residues. This protocol uses NetworkX library’s
DFS based function to find all the paths between the nodes and Dijkstra’s
algorithm to find the shortest paths between nodes.

A previously developed DFS-based algorithm [42] is used in this thesis to
catalogue the topologies of lipid clusters. This algorithm performs connected
component searches using the DFS algorithm to find lipid clusters. Based on
the presence of star nodes and back edges, the lipid clusters are classified
into four topologies - circular with back edges and no star nodes, star & linear
with star nodes and no back edges, circular & star & linear with back edges
and star node, or else as linear with no back edges or star nodes.

2.2 Graph theory concepts 1
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2.3 Software used

In this section, the software used in the thesis are introduced briefly.
CHARMM-GUI

A user-friendly web-based platform called CHARMM-GUI [135-139],
which stands for Chemistry at Harvard Molecular Mechanics Graphical User
Interface, makes it easier to set up molecular dynamics simulations and carry
out various tasks related to biomolecular modeling. For creating, parame-
terizing, and visualizing molecular systems, such as proteins, lipids, nucleic
acids, and small molecules, it provides a wide range of tools and features. As
CHARMM-GUI combines with various molecular modeling programs and the
well-known simulation tool CHARMM [115], researchers may easily produce
input files for simulations and carry out complex activities. CHARMM-GUI
was used to setup simulation systems in this work.

Modeller

Modeller, developed by Sali’s lab [140], is used for comparative protein
structure modeling in computational biology and structural bioinformatics. It
uses existing protein structures (templates) and applies comparative model-
ing methods to predict three-dimensional protein structures (targets). Mod-
eller was used to model missing loops of the proton channel under study in
this work.

NAMD

NAMD [141, 142] stands for NAnoscale Molecular Dynamics. It is a
highly developed and parallelized software largely used to simulate complex
molecular interactions, such as those found in proteins, nucleic acids, and
membranes. Created and maintained by the Theoretical and Computational
Biophysics Group at the University of lllinois at Urbana-Champaign, NAMD is
recognized for its capacity to scale, which enables it to use supercomputers
and high-performance computing clusters to carry out large simulations.
NAMD at high-performance computing (HPC) cluster Curta [143] of the
Zentral Einrichtung Datenverarbeitung (ZEDAT)-Freie Universitat Berlin and
HLRN Berlin was used to carry out MD simulations discussed in this work.

VMD
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For the interactive visualization and analysis of complicated biomolecular
systems, Visual Molecular Dynamics, or VMD [144], is a widely used molec-
ular visualization program. Compatible to NAMD, VMD was also created
by the Theoretical and Computational Biophysics Group at the University
of lllinois at Urbana-Champaign. VMD allows viewing of three dimensional
structures of biomolecules and acts as an interface for the Tcl scripting
language, enabling scripting capabilities that are particularly useful for MD
simulation analysis. VMD was used to produce molecular graphics and run
Tcl scripts for analysis.

Bridge

Bridge is a graph-theory based algorithm with graphical interface de-
veloped by the Bondar group [34, 128] to efficiently analyse and visualize
H-bond network dynamics in biomolecular systems such as transmembrane
proteins embedded in lipid bilayers or hydrated lipid bilayers. Bridge was
used in this work for H-bond network calculation and analysis. The protocol
to find most frequent H-bond paths developed and discussed in this work
uses Bridge core code.

AutoDock Vina

AutoDock Vina is a molecular docking software developed by the Trott
group [145] at the Molecular Graphics Lab at the Scripps Research Institute.
It is a state-of-the-art software used for predicting the binding modes and
affinities of ligand-protein complexes. In this thesis, AutoDock Vina was used
to dock Hv1 inhibitors to the open state model of Hv1.

PyMol
PyMol is a molecular visualization software from Schrédinger, Inc [146].

For the molecular graphics of the docking poses from AutoDock Vina, PyMol
was used in this work.

2.4 Simulation setup used for MD simulations

Atomistic simulations of hydrated lipid bilayers.
Eleven independent simulations of hydrated lipid membranes were

performed (Table 2.1, Sim1-11). Seven of these membranes are dis-
tinguished by the headgroup, as they are composed of i) 1-palmitoyl-2-
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oleoylphosphatidylcholine (POPC) and ii) 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE) lipids, which are zwitterionic; iii) acidic
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), iv) 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) and v) 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidic acid (POPA) lipids; vi) a 5:1 mixture of POPE,
which are zwitterionic lipids with higher propensity to H-bond than POPC,
and of acidic POPG lipids; vii) the E. coli membrane model referred to as
Top6 in ref. [147], which is a mixture of PE- and PG-type lipids (Table 2.1,
Sim 1-7). The other four independent simulations of POPS bilayers were
performed with 10, 20, 30 and 40 % of cholesterol (Chol) respectively (Table
2.1, Sim 8-11).

Atomistic simulations of Hv1 in hydrated lipid bilayers.

The crystal structure of mHv1 (PDB ID:3WKYV) [148] was used as the
initial protein coordinates for preparing simulations of hydrated membranes
with Hv1. Modeller was used for modelling the missing internal loops [140].
Using the OPM server [149] and CHARMM-GUI [136, 139, 150], the Hv1
structure was put in the membrane with the normal orientation along the
membrane. All titratable protein sidechains were considered in the standard
protonation, meaning that all Asp/Glu are negatively charged, all Lys and
Arg are positively charged, and all His are neutral and classified as Né1
tautomers. The concentration of the neutralizing KCI salt was 0.15M.

To investigate the effects of protonation on the dynamics of Hv1, | per-
formed nine individual simulations using a hydrated POPC lipid bilayer (Table
2.1, Sim 12-21). In seven independent simulations, one of the following
carboxylates was protonated: E115, D108, D119, E167, D170, or D181, in
one simulation neutral H95 was described as an Ne2 tautomer and in another
simulation H136 was protonated at both the N§1 and Ne2 atoms, i.e., it has
a net charge of +1e (Table 2.1).

To probe the impact of composition of lipid bilayers and lipid-protein
interactions, | performed five independent simulations of membranes with
Hv1 embedded in membranes composed of i) POPC; ii) POPS; iii) POPE; iv)
a 5:1 mixture of POPE:POPG lipids; v) the E. coli membrane model referred
to as Top6 in ref. [147]
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Table 2.1. Summary of simulations performed. ‘Protonation’ indicates whether
all titratable sidechains were considered in their standard protonation or, when a
sidechain has non-standard protonation, the identity of that sidechain.

. Lipid bilayer . Length | Membrane o
Protonat At .. | RMSD (A) @
SIM | ipids rotonation | #Atoms | | " | Thickness (&) | MoD (A)
Hydrated lipid bilayers with distinct lipid composition
1 POPC (218) 58,575 | 200 39.0+0.5
2 POPE (218) 52,867 | 200 423 £ 0.6
3 POPG (218) 54,735 | 200 37.2+0.6
4 POPA (218) 51,983 | 150 40.8 + 0.6
5:1 POPE:POPG
5 52,731 | 200 41.6 £ 0.6
(180/36) NA * NA
E. coli membrane
6 model (Top6) ® 54,120 | 200 38.6 +0.4
7 POPS (218) 53,680 | 500 41.2+0.5
POPS/Cholesterol
1 42.7 + 0.
8 (196/22) 51,859 | 500 +0.5
POPS/Cholesterol
49,7 44.2 + 0.
9 (174/44) 9,790 | 500 +0.5
POPS/Cholesterol
1 47,934 454 £ 0.
0 (152/66) ,93 500 5.4+0.5
POPS/Cholesterol
11 4 46.0+ 0.4
(130/88) 6,065 | 500 6.0+0
Hv1 embedded in hydrated lipid membranes
12 standard 107,348 | 500 39.3+0.5 20x0.2
13 D119 107,291 | 300 39.2+0.5 28+0.3
14 E167 107,297 | 300 39.3+£0.5 24+0.3
15 D108 107,295 | 300 394 +£0.5 29+0.3
16 E115 107,267 | 300 39405 25+05
17 POPC (218) D181 107,247 | 300 39.1£0.5 24+04
18 D170 107,396 | 300 394 +£0.5 28+0.2
19 D149 107,286 | 300 39.2+0.5 28+0.3
20 H95 107,331 | 300 39.2+0.5 1.8+0.3
21 H136 107,309 | 300 39.2+0.5 24+0.3
22 | POPE (218) 96,095 | 300 41504 3204
5:1 POPE/POPG
23 95,918 | 280 42.0 £ 0.5 3.0+0.2
(180/36) standard , + +
E. coli membrane
24 99,141 | 300 41.0+£0.6 3.0+0.3
model (Top6) ® ’ * *
25 | POPS (218) 97,775 | 300 38.3£0.5 29+03

3AThe Ca RMSD and the standard deviation are computed from the last 200ns of
each simulation., ®The E. coli membrane model, which corresponds to the model
known as Top6 in ref. [147] consists of 28 POPE lipids, 16 YOPE, 20 PYPG, 28
QMPE, 104 PMPE, and 22 PMPG lipids. YOPE: 3-palmitoleoyl-2-oleoyl-d-glycero-
1-phosphatidylethanolamine; PYPG: 1-hexadecanoyl-2-(9Z-hexadecenoyl)-glycero-
3-phospho-(1’-sn-glycerol), PMPE:1-palmitoyl-2-cis-9,10-methylene-hexadecanoic-
acid-sn-glycero-3-phosphoethanolamine, PMPG: 1-palmitoyl-2-cis-9,10-methylene-
hexadecanoic-acidglycero-sn-3-phosphoglycerol, QMPE:1-pentadecanoyl-2-cis-9,10-
methylene-hexadecanoic-acid-snglycero-3-phosphoethanolamine

2.4 Simulation setup used for MD simulations 15



16

Protocol for atomistic simulations of hydrated lipid bilayers.

The simulation systems were set up using CHARMM-GUI [136, 139, 150],
and the simulation trajectories were propagated using NAMD 2.13 [141, 142].
The simulation systems’ atoms were described using the CHARMM36 force
field [115—120] and the TIP3P water model [151]. For Coulomb interactions,
the smooth particle mesh Ewald summation [152, 153] was employed, and for
real space interactions, a switch function between 10 A and 12 A was used.
The standard CHARMM-GUI protocol was followed during a 1 ns period of
equilibration. All production runs were carried out using a Langevin dynamics
scheme [154, 155] with an oscillation period of 200 fs, a damping time scale
of 100 fs, and a damping coefficient of 5 ps™ in the NPT ensemble with
constant number of particles N, constant pressure P = 1 bar, and constant
temperature T = 310.15 K. Using SHAKE, covalent bonds to H atoms were
fixed [156]. With a 1 fs integration step, equilibration and the first 1 ns of
the production runs were completed. All subsequent production runs were
carried out using a multiple time step integration method [157, 158], with
integration steps of 1 fs for bonded interactions, 2 fs for short-range non-
bonded forces, 2 fs and 4 fs for long-range electrostatics in the simulations
of lipids (Sim 1-11) and Hv1 in lipids (Sim 12-25), respectively. Every 10 ps,
coordinates were saved.

2.5 Protocol used to characterise topology of
water-mediated hydrogen-bond clusters formed by
lipid headgroups

A previously developed algorithm [42, 159] was used to characterize the
topology of water-mediated H-bond networks formed by lipid headgroups.
To probe topologies sampled by zwitterionic POPC, POPE, and anionic
POPG, POPA and POPS lipid molecules in simulations (Figure 2.3), the DFS
algorithm [42, 159] that identifies four main topologies - linear, star & linear,
circular and complex combinations of these three arrangements (Figure 2.4)
was used. The same algorithm was applied to simulations of POPS with
varying cholesterol concentration.

H-bond criteria, H-bonding groups
For simulations distinguished by lipid headgroups and without cholesterol,
the H-bond computation includes the oxygen atoms of phosphate, carboxyl

and glycerol groups, the amine H atoms whereas in simulations with choles-
terol, the hydroxyl group of cholesterol and the oxygens of ester group of
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Figure 2.3. Lipid types used in the simulations.

POPS lipids are also included as H-bonding groups (Figure 2.4). To under-
stand the distribution of H-bond networks at different depths of lipid bilayer, |
calculated H-bonds formed by 5 different groups of POPS lipid headgroup
- phosphate only, serine only, ester only, phosphate & serine and all the
groups together (Figure 2.4A). In this case, | mainly take into account the
following H-bond interactions - i) POPS-POPS - between POPS lipid head
groups (Figure 2.4B), ii) POPS-Chol - between POPS lipid headgroups and
cholesterol (Figure 2.4C) and iii) Chol-Chol - between cholesterol molecules
(Figure 2.4D).

For H-bond calculation, a standard distance criterion was used. Two
groups were considered as H-bonded if the distance between the donor and
acceptor hetero-atoms is within 2.5 A. For potassium ion-mediated bridges
between two POPS lipid phosphate groups, a distance criterion of 4 A was
used.

H-bond clusters, topology, cluster size, path length, occupancy and oc-
currence of lipid cluster

An H-bond cluster is defined by the nodes and edges that interconnect
with each other. The geometric arrangement of the nodes and edges in that
cluster is the topology of the H-bond lipid cluster [42]. The size of a lipid
cluster is given by the number of lipid headgroups, and the topology path

2.5 Protocol used to characterise topology of water-mediated hydrogen-bond clusters
formed by lipid headgroups 17
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Figure 2.4. Protocol for topology analysis of lipid clusters sampled in hydrated
POPS bilayers with and without cholesterol. (A) H-bonding groups. Five different
H-bonding groups - serine, phosphate, ester, phosphate and serine, and all the
groups together were used for topology analysis and H-bond calculations. (B-D)
Molecular graphics illustrating 1-water mediated H-bond interaction between POPS
headgroups (Panel B), POPS-cholesterol (Panel C) and cholesterol-cholesterol
(Panel D). (E) Molecular graphics illustrating the topologies studied here for lipid
H-bond clusters. The insets illustrate the main topologies that can be identified with
the DFS algorithm [42]. This figure is taken from ref. [160].

length is defined as the number of edges in the longest path connecting
two nodes of the H-bond cluster [42]. The occurrence of a lipid cluster is
computed as the percentage of the trajectory frames where at least one
lipid cluster of a specific topology is found. The occupancy of lipid cluster is
the percentage of coordinate sets utilized in analyses in which the cluster
is present [34, 43, 128]. All topology calculations were performed using
the VMD and MATLAB data analysis scripts as deposited in the Mendeley
repository [159]. A geometrical cluster is defined as a group of lipids with
H-bonding atoms within 6 A of each other. For data analysis, the complete
trajectories were used. The H-bond networks and occupancies of H-bonds
were calculated using Bridge [34, 128].

Structure factors and the number of H-bonds per lipid molecule.

The structure factors of lipid bilayers i.e. average thickness of lipid bilayers,
the area per lipid molecule and the order parameters were calculated using
MEMBPLUGIN [161] in VMD [144]. The H-bonds per lipid was reported as
the average number of H-bonds formed by the specific lipid headgroup in
every frame.

Chapter2 Methodology



2.6 Protocol developed to extract the most frequent
water mediated H-bond paths between titratable
sidechains of a protein

H-bond criteria, H-bond occupancy, H-bond graphs, local H-bond clusters,
and H-bond paths.

The standard distance and angle criteria for H-bonding, whereby two
groups were considered as H-bonded if the distance between the donor
and acceptor heavy atoms was within 3.5 A, and the H-bond angle, within
60° was used. The occupancy of an H-bond gives the percentage of the
coordinate sets used for analyses during which the H-bond criteria are met
[33, 34, 43].

Protein or lipid H-bonding groups serve as the nodes of an H-bond graph,
whereas direct or water-mediated H-bonds between protein sidechains or
lipid headgroups serve as the edges. The nodes and edges that interconnect
those two protein groups via intermediary H-bonds make up an H-bond
path between two nodes (protein groups) of interest. The percentage of the
coordinate sets utilized for analyses in which all intermediate path segments
satisfy the H-bond criteria simultaneously is known as the Joint Occupancy
(JO) of an H-bond path [34].

Protocol for H-bond and H-bond path calculations.

Bridge [34, 128] was used for all H-bond graph computations. Connected
Component Analysis [34] in Bridge was used to extract local H-bond clusters.
H-bond paths were extracted from the H-bond graphs. Unless otherwise
stated, water-mediated bridges between protein sidechains contain up to
three H-bonded water molecules. For the sake of clarity and to filter out
statistically significant frequently sampled H-bonds and H-bond paths, we
only consider H-bonds with occupancies greater than 30 % in data analyses
and report H-bond paths with a joint occupancy of more than 5 %.

Implementation of H-bond path calculations for titratable protein
sidechains.

The following steps were performed (Figure 2.5) to find H-bond paths
that connect Asp, Glu, and His sidechains with water molecules and protein
sidechains that might engage in proton transfer. The last 200 ns of each
simulation trajectory were used to compute protein-water H-bond graphs;

2.6 Protocol developed to extract the most frequent water mediated H-bond paths
between titratable sidechains of a protein 19
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Figure 2.5. Protocol for extracting the most frequent paths between Asp, Glu, and
His sidechains from protein-water H-bond graphs. (A) Complete protein-water H-
bond graphs (Step 1). (B) Extracted graph of Asp, Glu, His, Ser, Thr (Step 2). (C)
Computation of all H-bond paths and joint occupancies of these paths between
carboxylates/histidines of interest (Step 3). (D) Most frequent H-bond path between
carboxylates and/or histidines in MD simulations. Here, each circle represents an
H-bonding group (Step 4). An edge represents an H-bond. Asp/Glu, His, Ser/Thr
are shown as red, blue and green circles. Amino-acid residues in the selected paths
are shown as bright colors whereas the faded circles represent the remaining amino
acid residues in the extracted H-bond graph. This figure is taken from ref. [162]
(manuscript in preparation).

water bridges with up to three H-bonded waters were taken into account.
The Asp, Glu, His, Ser, and Thr H-bond graph is extracted in the following
step. The DFS algorithm from the NetworkX package [134] is then used in
the third step to compute all the H-bond pathways mediated by up to three
water molecules for all distinct pairs of Asp, Glu, and His side chains. Then
each path’s JO value is calculated and the paths are ranked in the fourth
step.

The protocol and scripts presented here uses core code of Bridge [34]
and MDAnalysis [163, 164]. The scripts will be made available in an open
repository with the manuscript publication. A class called Path Analysis with
attributes required for H-bond path analysis is added to the core code of
Bridge.
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Role of lipid headgroups in H-bond
dynamics of lipid bilayers

The algorithm used for topology analysis in this chapter was developed
by Konstantina Karathanou [42, 159]. | prepared all of the system setups,
performed MD simulations, and did H-bond network and topology analysis
on those systems that are described in this chapter. Under the direction and
close supervision of Prof. Dr. Ana-Nicoleta Bondar, | prepared the figures
and wrote the text.

Parts of the work presented in this chapter are originally published in the
deliverable report of the Innovative Training Network on Proton and proton
coupled transport project.
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Lipid headgroups are the polar ends of the lipids that engage in highly
complex interactions and reactions, such as proton transfer, at the lipid
membrane interface. They are exposed to the aqueous environment where
they interact and form H-bonds with the water molecules. A key question is
whether the nature of lipid headgroups plays a role in the mechanism of proton
transfer. Proton transfer at the lipid membrane interface generally occurs via
dynamic H-bonds between lipid headgroups and water. In this chapter, | use
atomistic MD simulations along with a recently developed graph-theory based
algorithm [42] to effectively analyse and evaluate dynamic H-bonds and H-
bond networks as a function of the composition of the lipid headgroup.

H-bonds play a crucial role in the structure and function of lipids in bio-
logical systems. In lipid bilayers, H-bonds are responsible for the stability of
lipid bilayers and the maintenance of their fluidity [22—24]. H-bond networks
in lipids also affect the insertion and stability of transmembrane proteins [20,
21], as well as the permeability of the lipid bilayer to ions and small molecules
[22, 25, 26]. The H-bond network in lipids are sensitive to changes in temper-
ature and pH, which can alter the strength and stability of H-bonds and affect
the properties of lipid bilayers [22, 165]. Understanding the H-bond network
in lipids is important for gaining insights into the mechanisms of lipid-protein
interactions, lipid-based membrane transport processes, and lipid-mediated
cellular signaling.

The composition of the lipid membranes impacts their structural and func-
tional characteristics [50]. Van Klompenburg in 1997 showed that anionic
phospholipids interact with positively charged amino acids and contribute to
topology of membrane proteins and the membrane itself [166]. For example,
phosphatidylserine (PS) shows high propensity to form H-bonds as com-
pared to phosphatidylcholine (PC) [83, 167]. Among negatively charged lipid
headgroups, PS lipids have the most inter-lipid H-bonds due to its additional
carboxyl as compared to the zwitterionic phosphatidylethanolamine (PE) and
additional amine group as compared to anionic phosphatidylglycerol (PG)
and phosphatic acid (PA) [165]. The high intermolecular hydrogen bonding
in PS and PE lipids may also be a factor in the tight packing of these lipids
resulting in large bilayer thicknesses [165].

Molecular dynamics studies have shown that lipids can form lipid clusters.
These clusters are defined as groups of lipids in close proximity of each other
[83] or H-bonded via direct H-bond, water molecules or ions [42, 83]. Water
mediated and direct H-bonding in PC [24, 168] and PE [169] membranes
reduces lipid mobility and contributes to the stability of the membrane. H-
bonded PE headgroups are more likely to diffuse and reorient as groups

Chapter3 Role of lipid headgroups in H-bond dynamics of lipid bilayers



rather than individual lipids because the internal H-bonds in a cluster remain
stable longer than the cluster maintains its size [169]. This suggests the
presence of H-bond networks lead to formation of small lipid clusters or micro-
domains that are prominent for lateral organization of extended lipid domains
on the membrane interface. The temporal characteristics and spatial extent
of H-bonded lipid clusters can provide insights into the time evolution of the
lipid membrane interface and its organization.

The properties of H-bond mediated lipid clusters vary depending upon
the nature of the lipid headgroup and the composition of the membranes.
PS, PE and PA tend to form larger clusters with more lipids as compared to
PG and PC [165]. This tendency can be attributed to the H-bonding between
lipid headgroups and lipid-ion interactions. The presence of PS along with
PC has been reported to increase the cluster size as compared to PC [83,
170]. Anionic lipids forming larger clusters with higher number of H-bonds
can enhance proton transfer [171]. Larger lipid clusters with highly connected
H-bond network can contribute to the formation of stable and extensive lipid
domains [168, 169], enhancing membrane rigidity and mechanical stability
[22—24], providing concentrated binding sites for proteins [172—-174], and
impede lipid diffusion [168, 169, 175]. Moreover, cluster size can impact
membrane permeability, with H-bonding in larger clusters creating denser
lipid packing and restricting solute diffusion, while smaller clusters or more
dispersed lipids lead to increased permeability [22, 25, 26].

The potential for understanding, controlling, and predicting specific and
nonspecific interactions between membranes and ions, small molecules, pep-
tides, polycations, proteins, coated and uncoated nanomaterials ultimately
lies in the ability to probe hydrogen-bond networks over lipid bilayers. In
this chapter, | identify and characterize dynamic water-mediated clusters
of different lipid headgroups using a recently developed DFS-based graph
algorithm [42]. In order to characterize four different types of lipid H-bond
clusters according to their characteristics, such as cluster size and cluster
length, this algorithm explores the nodes of the H-bond graphs using Con-
nected Component searches. | characterize the water-mediated H-bond
clusters at the interface of hydrated lipid bilayers made up of various lipids,
such as zwitterionic POPC, POPE, anionic POPS, POPG, POPA, and 5:1
POPE:POPG, and an E. coli lipid membrane model. The topology analysis
of all lipid bilayers commonly sample small linear H-bond configurations,
typically two-three lipid headgroups that form an H-bond either directly or
indirectly with one water molecule. As the most favoured topology of the lipid
H-bond clusters is independent of the lipid headgroup, the mechanism for
proton transfer at lipid membrane interfaces can be assumed to be mostly

23



24

Table 3.1.

Number of H-bonds per lipid in simulations of hydrated lipid bilayer
distinguished by lipid headgroups.

Number of H-bonds/lipid
Simulation direct 1-water bridge | ion bridge
POPC - 1.5+ 0.1 1.0 £ 0.1
POPE 09+0.1[1.4+0.1 1.0 £ 0.1
POPS 1.4+01|19+01 1.3+£0.1
POPG 0.7+00|1.6+01 1.3+0.1
POPA 06+01|1.7+01 1.3+0.1
5:1 POPG:POPE | 0.6 + 0.1 | 1.4 + 0.1 1.1+£0.2
E. coli 06+0114+01 1.1+0.2

independent of the kind of lipid headgroup. However, POPS tend to more
often engage in extended and complex H-bonded lipid clusters of 3 or more
lipids. In this case, interactions between lipids and lipid clusters may momen-
tarily position the water in the wire while protons would travel along H-bonded
water wires.

Dynamic H-bond clusters at the anionic and zwitterionic membrane inter-
face

Acidic POPS lipids show higher propensity to form lipid H-bond clusters
as compared to zwitterionic POPC, POPE and acidic POPG, POPA lipids.

Number of H-bonds formed by POPS and POPE headgroups is higher
than POPC, POPG or POPA (Table 3.1, Figure 3.1). Acidic POPS shows a
higher propensity to form direct and water mediated H-bonds (Table 3.1, Fig-
ure 3.1) as compared to the other lipid headgroups. The negatively charged
carboxyl group in the acidic POPS headgroup increases the likelihood to
form H-bonds with other molecules. Among lipid bilayers under study, POPS
and POPE shows higher tendency to form lipid clusters with 86 % and 74 %
of the total lipids participating in H-bond cluster formation respectively (Table
A.3.1). Although more lipids participate in H-bond formation in POPS bilayer,
the number of clusters sampled in POPE is higher than in POPS bilayer
(Table A.3.1). This suggests the formation of bigger clusters in POPS bilayer
as compared to POPE bilayers.

Lipid headgroups form highly dynamic H-bonds with low occupancies
(Figure 3.2A). Most of the H-bonds have occupancies within 10 %. In POPC
and POPA membranes, H-bonds have occupancies less than 1 % and 10 %
respectively. This indicates that the H-bonds are only present occasionally
and that they are constantly breaking and reforming. In contrast to POPC,

Chapter3 Role of lipid headgroups in H-bond dynamics of lipid bilayers
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Figure 3.1. Dynamics of H-bonds and H-bond clusters in anionic and zwitterionic
lipid bilayers. (A-C) Time series of the number of direct (Panel A), one-water
mediated bridges (Panel B), and potassium-ion-mediated bridges between lipid
headgroups (Panel C) in simulations of POPC (brown), POPE (blue), POPS (orange),
POPG (green), POPA (pink), 5:1 POPE:POPG (red), and E. coli (purple) bilayers. (D-
F) Time Series of #lipid cluster formed by direct (Panel D), one-water mediated
(Panel E) and ion mediated (Panel F) H-bonds. (G-1) Total #lipid in clusters per
frame forming lipid clusters mediated by direct (Panel G), one-water mediated (Panel
H) and ion mediated (Panel I) H-bonds.

POPA, and POPG bilayers, membranes with POPS and POPE form extended
1-water mediated H-bond networks (Figures 3.2B-F). This can be attributed
to the differing characteristics of the lipid headgroups. POPS and POPE
have headgroups that are more polar than POPC, POPA, and POPG. The
carboxyl group and amine groups in POPS and the amine group in POPE are
more prone to form hydrogen bonds with water molecules because of their
polarity (Figures 3.3A,B). The hydroxyl groups of POPG lipids may make
contacts with one another (Figure 3.3C) although rarely sampled (Figure
3.2C). Zwitterionic and acidic lipids form lipid clusters mediated via molecules
as depicted in Figure 3.3. The headgroups of POPC, POPA, and POPG, on
the other hand, are less polar and more likely to form hydrogen bonds with
one another. Acidic lipids can be discovered in groups with zwitterionic lipids
in the membranes of POPE:POPG, and E. coli (Figures 3.3F-G).
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Figure 3.2. Water-mediated H-bond network at membrane interfaces. (A) Percent-
age of 1-water mediated lipid-lipid H-bonds in a particular occupancy range. (B-G)
lllustration of water mediated H-bond network at the interface of POPS (Panel B),
POPG (Panel C), POPE (Panel D), 5:1 POPE:POPG (Panel E), and E. coli (Panel F)
membranes. The H-bond networks were computed using Bridge [34, 128]. H-bonds
with occupancy greater than 10 % are shown here. In POPC and POPA membranes,
H-bonds are sampled with less than 1 % and 10 % occupancy respectively.

Topology analysis of H-bond lipid clusters formed by anionic and zwitteri-
onic lipid headgroups

All lipid headgroups have a tendency to form linear H-bond paths rather
than star, star & linear, or combination arrangements of the three, according
to topology analysis of lipid membranes (Figure 3.4). Linear H-bond paths
show a 100% occurrence i.e at any given time, there is at least one linear H-
bond path in any of the simulations reported here. By contrast, circular paths
are sampled less frequently. Direct, 1-water mediated or ion-mediated lipid
clusters of all the four main topologies are more likely to be sampled by POPS
and POPE lipid headgroups (Figure 3.4). POPE and POPG tend to form
direct H-bond clusters with different topologies whereas 5:1 POPE:POPG
and Top6 bilayers only samples linear clusters with direct H-bonds. This
suggests that the inter-lipid H-bonding interactions between PE and PG
headgroups prefer linear arrangements (Figures 3.3F,G). POPC headgroups

Chapter3 Role of lipid headgroups in H-bond dynamics of lipid bilayers
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Figure 3.4. Topology analysis of lipid H-bond clusters. Main cluster topologies
are identified with the DFS algorithm [42]. (A-C) Occurrence (%) of direct (Panel
A), one-water bridge (Panel B) an ion-bridged (Panel C) H-bond clusters. Here,
occurrence (%) as the percentage of the analysed trajectory where at least one lipid
cluster of a specific lipid topology type is present irrespective of its size.

The H-bonded lipid clusters formed by lipid headgroups are highly tran-
sient. 1-water mediated lipid clusters show an occupancy of less than 0.3 %
(Figure 3.5). Circular clusters are rarely sampled but when sampled show
higher occupancies (> 0.2 %) compared to other topologies in POPS, POPE,
POPG and POPA bilayers.

A time series of linear H-bond clusters of varying lengths L, from L = 1
with two lipid headgroups bridged by one H-bonding water molecule to L = 6
highlights the dynamics of lipid H-bond clusters (Figure 3.6). Short H-bond
clusters are persistently sampled throughout the simulation regardless of the
lipid headgroup composition under test, though the precise number of paths
(clusters) varies throughout the simulation. The number of H-bond paths
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Occupancy (%) of H-bond lipid clusters formed by lipid headgroups via direct (Panel
A), 1-water bridged (Panel B) and ion bridged (Panel C) H-bonds.

and clusters would also depend on the size of the lipid bilayer under study
for instance, L > 4 is rarely sampled.

Compared to other lipid headgroups being studied, POPS has a higher
possibility of sampling extended H-bond clusters. All lipid headgroups prefer
to sample linear clusters. This aligns with the results from Karathanou &
Bondar [42]. However the H-bonding atoms considered for H-bonding calcu-
lation include the serine group of POPS, ethanolamine of PE, glycerol of PG
and hydroxyl of POPA in addition to the phosphate group considered in the
study by Karathanou & Bondar [42]. The transient linear arrangements of
the lipid headgroups may affect the water H-bond networks close to the lipid
headgroup clusters and these transiently oriented water H-bond networks
may act as proton wires. In this case, the type and specifics of the phospho-
lipid headgroup may have only a minor effect on the H-bond dynamics of
lipid membranes involved in proton transfer.

Chapter3 Role of lipid headgroups in H-bond dynamics of lipid bilayers
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Figure 3.6. Path lengths of linear H-bond clusters formed by zwitterionic and anionic
lipids. (A-G) Time series of number of linear H-bond clusters between POPE (Panel
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E), POPA (Panel F), E. coli (Panel G) lipids connected via one-water bridges.
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Influence of cholesterol on the
dynamics of hydrogen-bond
clusters of POPS lipids

This work is based on the following publication:

Jain, H., Karathanou, K., & Bondar, A. (2023). Graph-Based anal-
yses of dynamic Water-Mediated Hydrogen-Bond networks in phos-
phatidylserine: cholesterol membranes. Biomolecules, 13(8), 1238.
https://doi.org/10.3390/biom13081238

The algorithm used for topology analysis in this chapter was developed by
Konstantina Karathanou [42, 159]. Konstantina Karathanou’s original work
was modified by me to adapt to lipid bilayers with cholesterol for this project.
| prepared all of the system setups, performed MD simulations, and did
H-bond network and topology analysis on those systems that were described
in the aforementioned study. Under the direction and close supervision of
Prof. Dr. Ana-Nicoleta Bondar, | prepared the figures and wrote the text. In
the publication, the phosphatidylserine bilayers without cholesterol and with
10% cholesterol were discussed. In this chapter, | also include analysis of
phosphatidylserine bilayers with 20, 30 and 40 % cholesterol.

Parts of the work presented in this chapter are originally published in the
journal Biomolecules. Figures and text originally published in the journal are
modified in order to be presented in this chapter. Adapted figures and tables
will be noted with “Adapted from ref. [160].”


https://doi.org/10.3390/biom13081238

The concentration of cholesterol in mammalian plasma membranes may
vary significantly, which could impact the dynamics of lipid interactions and
interactions at the membrane interface. As discussed in Chapter 3, anionic
phosphatidylserine tends to form extended H-bond networks. Cholesterol can
H-bond with phosphatidylserine (PS) impacting the H-bond dynamics of lipid
bilayers. To characterize interactions at the interface of cholesterol-containing
membranes, | carried out atomistic simulations and graph-based analyses of
H-bonding patterns at different depths of hydrated phosphatidylserine mem-
branes without and with cholesterol. | find that the extended H-bond networks
are more likely to be formed by the serine group at the water-lipid interface
as compared to the buried ester or phosphate groups. Phosphatidylserine
tends to form linear H-bond paths. The presence of cholesterol decreases
the likelihood that phosphatidylserine lipids engage in relatively complex and
extended water-mediated hydrogen-bond networks at the membrane inter-
face. This suggests that cholesterol shapes the dynamics of the lipid-water
hydrogen-bond network, which could impact the binding of biomolecules and
drugs at the membrane interface.

Cholesterol is present in a significant amount in eukaryotic membranes.
Presence of cholesterol straightens the acyl chains of phospholipids resulting
in a decrease in the area per lipid [70-74, 176]. This is termed as condensing
effect [70-74, 176]. Cholesterol causes causes higher lipid hydrocarbon
chain ordering [63—66] that allow tighter packing of lipids. This further restricts
lateral lipid diffusion along the membrane plane [67], and increases lateral
pressure profile magnitudes [68, 69]. Cholesterol shows a condensing effect
on phospholipid bilayers .

The altered concentration and distribution of cholesterol in membranes is
associated with a number of diseases, such as Alzheimer’s disease [177] and
cancer [178-180]. Typically healthy mammalian plasma membranes contain
between 10 to 40 % cholesterol [62], whereas membrane cholesterol content
varies among types of cancer cells. For example, Jurkat cell lines show
about ~20 mol % cholesterol content [181] whereas certain breast cancer
cell lines show up to ~35 mol % [182]. Cancer cells undergoing metastasis
regulate their membrane fluidity by varying the cholesterol content [178—
180]. Reduction in cholesterol levels provides membrane fluidity that helps
in metastasis [183, 184] and an increase in the cholesterol concentration
appears to associate with chemotherapy resistance [185, 186].

Cholesterol interacts with lipids in the membrane leaflets and alters their

structure and dynamics. Due to the presence of the hydroxyl group, choles-
terol can H-bond to lipid headgroups [187]. A stable H-bond network of
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numerous lipid complexes can be formed due to the property of PS lipids to
form inter-lipid H-bonds, which considerably lessen the rotational movements
of the lipid headgroups [165] (Chapter 3). Cholesterol prefers to interact
with anionic lipids i.e PS and PG rather than the zwitterionic PC and PE
[84, 188, 189]. This preference can be attributed to the charged lipid head
groups’ tendency to form additional free volume in the membrane due to their
electrostatic repulsion, which results in a less tightly packed arrangement
of the head groups. This makes it easier for cholesterol molecules to inter-
calate between anionic lipids. When cholesterol is added to lipid bilayers,
the packing becomes looser at the lipid headgroups and tighter at the tails
[190] and a reduction is observed in the Na+ binding to the lipid membrane
interfaces [191].

Molecular dynamics studies and H-bond network analysis show that
anionic lipids can form water mediated H-bond clusters between lipid head-
groups (Chapter 3). In comparison to the bulk, the water dynamics at the
lipid interface are slower [192—194]. The slower relaxation rates of interfacial
waters H-bonded to lipids than bulk water suggest that the lipid-lipid interac-
tions are facilitated by H-bond networks in the hydration layer of membranes
[192]. H-bonding interactions are more common at the hydrophilic region
close to the lipid-water interface due to the presence of water. As we go
deeper from the membrane surface, the number of waters decreases and
H-bonding is less profound as compared to the interface. However esters
and phosphate groups of lipids can still engage in H-bonding with nearby
lipids and water molecules. Interfacial waters have been shown to H-bond at
different depths with the carbonyl, phosphate and glycerol or serine group
of PC [192] or PS [195] bilayers respectively. With increasing membrane
depth, less H-bonds exist between water molecules at the interface of DMPC
[192] and DOPS [195] bilayers. In case of POPS, the serine group with two
H-bonding groups explains its high propensity for forming H-bonds as com-
pared to other phospholipids. The glycerol group of anionic PG membrane,
an additional H-bond acceptor as compared to PC membrane, has been
proposed to contribute in stabilizing the H-bonds formed by water molecules
with phosphate [196]. The presence of sodium cation close to the anionic PG
interface may disturb the H-bond network formed in the bulk and stabilizes
the H-bond network near the phosphate group [196]. This suggests that
the dynamic interaction between hydrophilic and hydrophobic forces inside
lipid membranes is reflected in the depth-dependent variation in H-bonding,
which eventually affects the structure and behavior of the membrane.

Anionic POPS lipids have a higher propensity to form lipid H-bond clus-
ters as compared to zwitterionic POPC, POPE and acidic POPG, POPA

Chapterd Influence of cholesterol on the dynamics of hydrogen-bond clusters of



lipids (Chapter 3). These lipid clusters H-bonded via direct H-bond, water
molecules or ions are highly transient. PS lipids can form clusters of 3-6 lipids
[42, 83] (Chapter 3). These PS clusters can further form nanometer-sized
domains [172, 197, 198] that provides a platform for electrostatic interactions
at the plasma membrane and cytosolic interface for peripheral protein re-
cruitment. PS clustering enhances viral assembly in Ebola virus [174] and
the interaction of the influenza A virus matrix protein with lipid membranes
[172].

Presence of cholesterol can influence the PS clustering. Cholesterol
binds to PS while keeping the headgroups of PS sulfficiently apart to prevent
spontaneous curvature [198]. It prefers to H-bond to a single lipid carbonyl or
phosphate oxygen atom rather than forming cholesterol clusters [199-201].
Cholesterol does not serve as a link between two H-bonded PS clusters
creating a bigger cluster that can span the entire leaflet [201]. Instead,
cholesterol tends to join the H-bonded cluster formed by lipid headgroups
and expand its size [201].

Lipid cluster formation can also be aided by ion interactions, particularly
with anionic lipids like phosphatidylserine (PS) [42, 202, 203], phosphatidyl-
glycerol (PG) [42] or phosphatidylinositol 4,5-bisphosphate (PIP2) [204].
Interactions between charged lipid headgroups and cations such as - sodium
[42, 202, 205-208], potassium [202], cesium [202], calcium [203, 207, 208]
or magnesium [209] may influence and induce clustering of lipids. For ex-
ample, sodium ions tend to form larger clusters in PIP2 bilayers [210] and
show a higher affinity to POPC/POPS lipid headgroups [202] as compared
to potassium ions. The presence of anionic PS lipids in POPS/POPC bi-
layer reduces sodium ion mobility around the ester group [202] increasing
the possibility of stable ion-mediated cluster formation. In comparison to
PC bilayers, PE lipid bilayers show weak binding to sodium and potassium
ions, which can be attributed to PE lipids’ capacity to form both intra- and
intermolecular H-bonds and, as a result, to adopt a more densely packed
bilayer structure [211]. These ion interactions can affect the mechanical and
dynamic properties of the lipid membranes [212] and further stabilize lipid
clusters. Presence of cholesterol in the lipid membrane reduces the surface
charge density resulting in reduced ion binding at the interface [191].

In this chapter, the focus lies on H-bond networks formed by the anionic
lipid phosphatidylserine (PS) and cholesterol. PS lipid headgroups have
a high propensity to form H-bonds. This suggests formation of extended
H-bond networks that can lead to PS clustering. The ability of cholesterol to
intercalate between PS headgroups and form H-bonds with PS lipids can
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influence the H-bond dynamics of PS lipids. These H-bond networks formed
by PS and cholesterol can influence physical and structural properties of
the membranes making them an important target for understanding and
regulating biological functions. As discussed above, the clustering of POPS
and the role of cholesterol in modulating the structural properties of lipid
membranes have been studied separately before. It has also been reported
that PS lipids can form H-bonds via water at different depths of lipid bilayers
between the phosphate, ester and serine groups. However, the H-bond
dynamics of POPS clusters in the presence of cholesterol and at different
depths of the lipid bilayers is yet to be explored. Here, | use molecular dynam-
ics simulations and a graph-based analysis to characterize the properties
of H-bonded lipid clusters in hydrated bilayers of POPS without and with
10, 20, 30 and 40 % concentration of cholesterol. Lipid bilayers with > 20
% cholesterol concentration might show morphological changes such as
a standing wave with local concave curvature resulting from partitioning of
cholesterol [213]. | identify H-bond clusters formed by phosphate, serine
and ester groups of PS lipid headgroups and characterize these direct, 1
water-mediated H-bonded and ion-mediated lipid clusters into 4 main topolo-
gies using the DFS algorithm [42]. Water mediated H-bond clusters formed
by phosphatidylserine (PS) are transient as compared to the direct H-bond
clusters. The water mediated H-bond network formed by the serine group is
more frequently sampled as compared to the phosphate or ester group. PS
lipids tend to form linear clusters rather than complex arrangements. In the
presence of cholesterol, the tendency of phosphatidylserine lipids to form
extensive and complex clusters even decreases further. The approach used
here to study anionic lipid membranes with cholesterol provides insights into
the dynamics of the lipid-water hydrogen-bond network at different depths of
the lipid bilayers, which may have an effect on how biomolecules interact at
the membrane interface. The approach to study lipid bilayers with cholesterol
discussed in this chapter can be applied to any lipid membranes of different
compositions.

Influence of cholesterol on physical properties of phosphatidylserine mem-
branes

The presence of cholesterol is associated with a thickening of lipid bilayer,
an increase in lipid tail order and a decrease in area per lipid in the presence
of cholesterol [70-74, 176] key properties of condensing effect. Cholesterol
can intercalate between lipid molecules leading to tighter lipid packing, in-
creased membrane rigidity and decreased lipid mobility [67]. With increase in
cholesterol content the condensing effect increases up to a certain threshold
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of cholesterol concentration (40-50 %) beyond which the membrane integrity
might be disrupted [214].
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Figure 4.1. Structure factors of hydrated POPS lipid bilayers with varying cholesterol
concentration. (A) Thickness of lipid bilayer. (B) Area per lipid. (C)Molecular graphics
based on a coordinate snapshot showing average membrane thickness of POPS
lipid bilayers without (left) and with 40 % (right) cholesterol content. POPS tails and
headgroups are shown as cyan and red-blue lines respectively. Cholesterol is shown
in orange. (D) Order parameters SCD sn1 and sn2. (E) Molecular graphics showing
increase in order parameters of POPS due to presence of cholesterol. Adapted
from ref. [160].

In the simulations reported here (Table 4.1), a change in physical prop-
erties of bilayer is observed due to the presence of cholesterol is observed.
The average membrane thickness for POPS membrane without cholesterol
is 41.2 + 0.5 A. This value is close to previously reported values of 43.2
+ 0.5 A [66], 40.6 A [215], 42.3 A [216], 42.1 + 0.5 A [42] determined by
MD simulations and 42.2 A measured by neutron and X-ray scattering in
presence of NaCl [215]. As the concentration of cholesterol increases from
0 to 40 %, the membrane thickness increases from 41.2 + 0.5 A to 46.0 +
0.4 A (Figure 4.1A). The thickness of the POPS membrane increases by
1.5A in the presence of 10 % cholesterol (Table 4.1), which is consistent with
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a 2.2 A increase in the thickness of the DMPC/cholesterol membrane with
10 % cholesterol [217] compared to pure DMPC. Each 10% increase in the
cholesterol concentration associates with ~1.0-1.5 A increase in the average
membrane thickness (Table 4.1) such that, in the presence of 40 % choles-
terol, the membrane is ~5 A thicker than in the absence of cholesterol. An
increase of the membrane thickness by ~6 A has been previously reported
for POPC/POPS/cholesterol [218]. Presence of cholesterol straightens the
acyl chains of the POPS lipids (Figure 4.1E) that could result in an increase
in the membrane thickness.

The area per lipid for the POPS membrane was calculated to be 59.8
+ 1.9 A2, which is relatively close to previously published values from MD
simulations (58.4 A2 [219], 57.5 + 1.2 A2 [216], and 62.0 A2 [215]). With
an increase in cholesterol concentration from 0 to 40 %, the area per lipid
drops from 59.8 + 1.0 A2 to 44.2 + 0.5 A2 (Figure 4.1B). A decrease of ~5
A2 in the area per lipid (Figure 4.1B) is in reasonable qualitative agreement
with a decrease of ~6-7 A2 in the area per lipid of a DOPC/cholesterol
membrane with 10 % cholesterol [73, 176]. The SCD order parameters of
POPS membrane without cholesterol (Figure 4.1D) are also compatible with
previous studies [216, 219]. The sn1 and sn2 SCD order parameters show
an increase with increase in cholesterol (Figures 4.1D,E).

Table 4.1. Structure factors of POPS bilayers without and with cholesterol.

Sim Membrane thickness (A) | Area per lipid (A2)
POPS 412+ 0.5 59.8+1.0
POPS:Chol (10%) | 42.7 + 0.5 549 + 0.8
POPS:Chol (20%) | 442 £ 0.5 50.6 £ 0.7
POPS:Chol (30%) | 45.4 + 0.5 46.9 + 0.7
POPS:Chol (40%) | 46.0 = 0.4 442 + 0.5

4.1 Dynamic H-bond network formed by POPS
headgroups and cholesterol

H-bonds formed by POPS lipid headgroups at different depths of lipid
bilayer.

To understand the distribution of H-bond networks at different depths
of lipid bilayer, | calculated H-bonds formed by 5 different groups of POPS
lipid headgroup - phosphate, serine, ester, phosphate & serine and all the
groups together (Figure 2.4). | identified and characterised direct and 1-water
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mediated H-bond networks formed by these five groups. In this section as
the focus lies on understanding the distribution of H-bond network at different
depths of lipid bilayers, | only include data analysis for the simulations of
POPS bilayers without and with 10% cholesterol. Direct interactions show a
consistent number of H-bonds between POPS lipid headgroups and POPS-
Cholesterol, with an average of 1.5 + 0.1 H-bonds (Table 4.2, Figure 4.2A),
which is very close to the 1.1-1.2 H-bonds/POPS lipid headgroup reported
previously from MD simulations with CHARMMS36 force field [165]. In the
case of 1-water mediated interactions, there is an increase in the number of
H-bonds, averaging 2.3 + 0.2 H-bonds (Table 4.2, Figure 4.2B). Whereas ion
bridge interactions also exhibit an average of 1.5 + 0.1 H-bonds (Table 4.2,
Figure 4.2C). Comparing specific H-bonding groups, interactions involving
phosphate-only and serine-only groups demonstrate slightly higher 1-water
mediated H-bonds 1.4 + 0.1 and 1.3 + 0.1 respectively as compared to
interactions involving ester alone with an average of 1.1 + 0.1 H-bonds
per lipid (Table 4.2, Figure 4.2). When the ester group is included as an
H-bonding group along with phosphate and serine, the number of 1-water
mediated H-bonds increases from 1.9 + 0.1 to 2.3 + 0.2 (Table 4.2, Figure
4.2). This suggests that ester group is likely to be involved in water mediated
H-bonding with the serine or phosphate group. H-bonds formed by the
ester-only and phosphate-only groups have very low occupancies of <1 %
whereas serine-only groups can form H-bonds with occupancies upto 15-20
%. No significant difference is observed in occupancies when ester group
interactions are considered with the phosphate & serine group. The presence
of cholesterol does not seem to affect the total average number of H-bonds
per POPS molecule (Figure 4.2).

4.1 Dynamic H-bond network formed by POPS headgroups and
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Figure 4.2. H-bonds per POPS. (A-C) Time series of the number of direct lipid
H-bonds (Panel A), 1-water mediated (Panel B) and ion-mediated bridges between
POPS (Panel C) sampled in simulations of the POPS membrane without cholesterol.
(D-F) Time series of the number of direct lipid H-bonds (Panel D), 1-water mediated
(Panel E) and ion-mediated bridges between POPS (Panel F) sampled in simulations
of the POPS membrane with 10% cholesterol. (G-1) Time series of the number of
direct lipid H-bonds (Panel G), 1-water mediated (Panel H) and ion-mediated bridges
between POPS (Panel 1) sampled between POPS-cholesterol in simulations of the
POPS membrane with 10 % cholesterol. The blue profile shows the total number
of H-bonds per POPS. The following color code is used for the groups of atoms of
POPS: serine, green, phosphate, red, ester, purple, phosphate and serine, orange.
The coordinate sets were read every 1 ns for clarity. (J) Molecular graphics showing
direct POPS H-bonds (left), 1-water bridging (middle), and potassium ion-mediated
bridges (right). This figure is taken from ref. [160].
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Table 4.2. Number of H-bonds per lipid in simulations of POPS without and with 10

% cholesterol.

Simulation | Interaction H-bonding direct 1-Yvater ion bridge
groups bridge
all 1.5+01123+02|1.5+0.1
phosphate
POPS 2 serine 14+01/19+0.1]|13+0.1
phosphate | - 14+01|112+0.2
serine 1.0+01/13+x0.1(1.2+£0.2
POPS-POPS I er - 11+01[1.1+0.1
all 1.5+0.1|23+02|14+0.1
phosphate | | /11 19+01 | 1.3+0.1
& serine
phosphate | - 1.4+0.1]1.2+0.1
POPS:Chol serine 1.0+£0113+0.1[1.1+x0.2
(10%) ester - 1.1+01|1.1+01
all 14+01|/23+0.1|15+0.1
phosphate
14+01,19+0.1|1.3+0.1
POPS-Chol & serine +0 90 320
phosphate | 0.5+ 0.1 | 1.4+0.1 | 1.2+ 0.1
serine 1.0+01113+0.1(1.1+£0.2
ester 05+00|1.1+0.1|1.1+0.1

The analysis shows that both direct and water-mediated H-bonds between
POPS headgroups have low occupancies. Around 83-93 % of direct H-bonds
have occupancies within 10-15 % (Figures 4.3A,C) whereas 69-100 % of the
one-water bridges computed for the different POPS H-bonding groups have
occupancies within about 5 % (Figures 4.3B,D). This indicates that these
interactions are highly dynamic, with frequent formation and dissolution of
the H-bonded bridges by lipid molecules during the course of the simulation.
Within the distribution of occupancy of both direct H-bonds and one-water-
mediated bridges, a number of data points stand out as outliers (Figure 4.3).
These outliers show certain instances of H-bonding interactions that are
persistent in the highly dynamic environment and exhibit occupancy levels
that are noticeably greater than the average. Figure 4.3 shows about 4-8%
of H-bonds (Table 4.3) that fall into this category of outliers. A closer look at
the outliers reveal that an average of 35 lipids (32 % of total lipids) engage in
direct H-bonding whereas 49 lipids (45 % of total lipids) are bridged via one
water molecule at any moment of time during the POPS bilayer simulation
(Table 4.3, Figure 4.4). Within specific H-bonding groups at increasing
different depths from serine to ester group of POPS, the average number

4.1 Dynamic H-bond network formed by POPS headgroups and
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of lipids forming high occupancy H-bonds decreases significantly (Figure
4.4). In POPS membranes with cholesterol, a similar trend is observed with
24 and 39 % of total lipids participating in direct and one-water mediated H-
bonds showing an overall decrease in average number of lipids forming high
occupancy H-bonds as compared to POPS membranes without cholesterol.
The lipid outliers forming the highest-occupancy H-bonds in POPS simulation
(Figures 4.5A,C) remain within H-bond distance for 306.2ns (61.2 % of POPS
simulation) (Figure 4.5E) and in the POPS:cholesterol simulation (Figures
4.5B,D) for 360.2ns (72 % of the simulation) (Figure 4.5F).
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Figure 4.3. Occupancies of H-bonds and water-mediated bridges. The boxplots
show H-bond occupancy values extracted with Bridge [34, 128] for interactions
between phosphate groups, serine, ester groups, and for all these three groups
(see Scheme 1A). (A-D) Direct H-bond (Panels A, B) and 1-water bridges (Panels
C, D) occupancies (%). Note that, there are no direct H-bonds sampled between
phosphate or ester groups in Panels A and C. (E-F) Direct POPS-cholesterol H-
bond (Panel E) and 1-water bridges (Panel F) occupancies (%). Overall, the high-
occupancy H-bonding and water bridging shown here for the various moieties are
usually formed by the same pairs of headgroups. The boxplots were generated
using Python. This figure is taken from ref. [160]
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Table 4.3. Number of lipids forming high occupancy H-bonds in simulations of POPS
without and with 10 % cholesterol.

% of
Average average
- . o) 1
o H-bonding | FIPIOS | uoige | #high Total 7 high
Simulation with high L occupancy occupancy
groups with high #H-bonds
occupancy H-bonds H-bonds
H-bonds occupancy
H-bonds
all 35 32 69 1254 5.5
direct | phosphate | g¢ 33 74 1233 6.0
& serine
serine 24 22 67 1162 5.8
POPS all 49 45 131 1617 8.1
1-water | PPoSPhate 42 38 124 1596 78
bridge & serine
serine 18 16 112 1526 7.3
phosphate 17 16 67 1596 4.2
ester 10 9 62 1026 6.0
all 27 24 45 985 4.6
direct zhso:rﬁ’::te 25 23 41 966 4.2
ZS{:S: serine 19 17 50 904 55
(10%) all 43 39 89 1284 6.9
(o]
1-water | PROSPhate | 44 33 86 1263 6.8
bridge & serine
serine 13 12 78 1207 6.5
phosphate 17 15 45 1263 3.6
ester 8 7 39 785 5.0

H-bond networks formed by POPS lipid headgroups at different depths of
lipid bilayer.

The 1-water mediated H-bond networks formed by POPS headgroups
between the serine-only and ester-only groups are more extended as com-
pared to phosphate-only groups (Figure 4.6) and exclusively sampled for
serine-only groups when direct H-bonds are considered (Figure 4.7). At the
water-membrane interface, the carboxyl and amine of the serine groups have
a higher propensity for H-bonding due to their exposure to the aqueous envi-
ronment. As the depth increases, the hydrophobic environment hinders the
formation of H-bonds with water molecules. The number of water molecules
interacting with the serine group are significantly higher than the phosphate
and ester groups (Figure 4.8). High occupancy H-bond networks with H-bond
occupancies >30 % for direct and >15 % for 1-water mediated H-bonds are
observed between serine-only, phosphate & serine and phosphate & serine
& ester groups (Figures 4.6,4.7). Due to the transient nature of interactions
between ester groups, there is no significant difference between high occu-
pancy H-bond network when ester is considered as H-bonding group along

Chapterd Influence of cholesterol on the dynamics of hydrogen-bond clusters of



with phosphate & serine compared to when it is not (Figures 4.6,4.7). For this
reason, phosphate & serine groups are used as H-bonding groups for further
analysis. The comparison of H-bonding between POPS only and POPS-Chol
systems reveals similar trends with slight variations in the H-bond counts for
different H-bonding groups.
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Figure 4.6. Water-mediated H-bond network of the hydrated POPS membrane.
H-bonds were computed using Bridge [34, 128] and are shown in the Principal
Component Analysis (PCA) projection onto the two-dimensional plane of the Carte-
sian coordinates of the lipid groups used as nodes of the graph computation [34].
H-bonding groups (graph nodes) are represented by circles, and one-water-bridges,
by the edges between nodes. For simplicity, the two bilayer leaflets are referred as
‘upper’ vs. ‘lower’, which are meant to indicate, respectively, positive vs. negative
values of the z coordinates of the lipid headgroups. Only one-water bridges were
included in the graph computation. The minimum H-bond occupancy (%) is indi-
cated at the bottom of the figure. (A-J) lllustration of H-bond networks computed
for all H-bonding POPS groups (‘all’ in Scheme 1) (Panel A, F), for phosphate and
serine groups (Panels B, G), serine (Panels C, H), phosphate (Panels D, I) and ester
(Panels E, J).

To gain further insights and to visualise the H-bonding pattern of POPS at
the interface of each leaflet of the lipid bilayer, the H-bond networks formed
by phosphate and serine groups of POPS headgroups were calculated us-
ing Bridge [34, 128]. Extended H-bond network formed by direct or water
mediated H-bonding is observed on each leaflet. Both leaflets show sim-
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ilar distribution of H-bond networks and occupancies of H-bonds. Higher
occupancy direct H-bonds are sampled as compared to 1-water mediated
H-bonds (Figures 4.9A,B,D,E,G). With 3 water molecules forming a water
wire, a dense and high occupancy H-bonded network is observed (Figures
4.9C,F,G).
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Figure 4.7. lllustration of transient networks of direct H-bonds between POPS
headgroups. Bridge [34, 128] was used to compute H-bonds for all H-bonding
groups of POPS, for phosphate and serine and serine, only. (A-F) H-bond networks

of direct H-bonds for all POPS H-bonding groups as defined in Scheme 1 (Panels
A, D), phosphate and serine (Panels B, E) and serine (Panels C, F).
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Figure 4.8. Number of water molecules interacting with lipid headgroups. (A-
B) Number of water molecules within 2.5A of H-bonding atoms of serine (blue),
phosphate (orange) and ester (green) group of POPS lipids in pure POPS bilayers
(Panel A) and in POPS bilayers with cholesterol (Panel B).
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Figure 4.9. H-bond dynamics of POPS lipids in the absence of cholesterol. (A-C)
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(Panel D), 1-water bridged (Panel E), 3-water bridged (Panel F) H-bond lipid pairs
in lower leaflet. (G) Number of direct, 1-water and 3-water mediated H-bonds (%)
formed by POPS lipid headgroups within specific occupancy ranges.

To illustrate how dynamic the H-bond networks are, Figure 4.10 presents
one-water-mediated H-bond networks with a minimum H-bond occupancy of
30 %. About 9 water mediated POPS lipid networks with a joint occupancy
above 1 % are sampled regardless of the presence of cholesterol (Figures
4.10A,C). Out of these 9, 8 have linear topology and 1 is circular (Figure 2.4).
The circular network in both simulations may rarely (<1 % joint occupancy)
form a larger and complex network. The more frequently sampled linear
networks with 6-8 % joint occupancy tend to have 1-water bridged 3-4
POPS lipids/path in membranes without cholesterol and 3 POPS/path in the
presence of cholesterol. The frequency of sampling complex topologies is
rare and in the presence of cholesterol it decreases even further. The joint
occupancy of the circular network decreases from 8 to 2 % in the presence of

4.1 Dynamic H-bond network formed by POPS headgroups and
cholesterol 45
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cholesterol (Figures 4.10B,D). That the presence of cholesterol disfavors the
sampling of longer H-bond paths is further illustrated by the finding that there
are, on the average, 2 linear H-bond paths with 4 POPS lipids in simulations
without cholesterol (Figure 4.10A), and just one when cholesterol is present
(Figure 4.10B). These results concur with the previous study by Bhide et
al. [201], stating that cholesterol does not act as a bridge connecting two
H-bonded POPS clusters to form a larger cluster that can span the entire
leaflet. Despite the altered clustering behaviour of POPS in presence of
cholesterol, the average number of H-bonds per POPS lipid remained
similar (Figure 4.2) indicating that cholesterol primarily influences the spatial
organisation of POPS lipids rather than directly affecting their H-bonding
interactions. These observations instigate the further investigation of the
topologies preferred by POPS headgroups in the presence of cholesterol.
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Figure 4.10. lllustration of most frequently sampled one-water mediated POPS. (A,
B) Selected H-bond clusters sampled in the POPS membrane simulation shown
as graphs (Panel A) and time series of the corresponding joint occupancy value
(Panel B). Edges and numbers indicating the average joint occupancy (Panel A) and
the time series profiles (Panel B) are colored according to the corresponding path.
(C, D) Selected H-bond clusters sampled in the POPS:Chol membrane simulation
shown as graphs (Panel C) and time series of the corresponding joint occupancy
value (Panel D). H-bond graphs were computed with a minimum H-bond occupancy
threshold of 20%, and paths, with a minimum joint occupancy of 1%.

4.2 Topology analysis of POPS-Cholesterol H-bond
clusters

Presence of cholesterol and its interaction with POPS headgroups can
influence the formation of H-bonded lipid clusters (Refer Section 4.2). In
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this section, the focus lies on characterizing these lipids clusters formed
by POPS headgroups in presence of cholesterol and their properties. To
understand how these lipid clusters arrange spatially, a recently developed
DFS algorithm [42] is used to classify the clusters into the four main topologies
- linear, circular, star & linear and star & linear & circular (Figure 2.4).

The temporal evolution of significant factors that define the dynamics of
cluster formation are shown in Figure 4.11 in order to illustrate the conver-
gence of the MD simulations with respect to cluster formation. The timeseries
data for all simulations include the number of H-bonds per lipid, the count
of lipid clusters, and the overall number of lipids forming these clusters.
The number of direct, one-water, and ion mediated lipid clusters fluctuates
between ~10-28, ~8-22 and ~2-20 respectively for all concentrations of
cholesterol (Figures 4.11D,E,F). As the fluctuations of number of clusters
(Figures 4.11D,E,F) and total number of lipids in clusters (Figures 4.11G,H,)
remain in a specific range for MD simulations throughout the trajectories, the
entire trajectories were considered for topology analysis.

Table 4.4. Occurrence (%) of topologies of H-bond clusters identified with the DFS
algorithm. We report the occurrence (%) of lipid clusters that involve direct H-bonds
and one-water bridges between lipids. Here, occurrence is the percentage of the
analysed trajectory where at least one lipid cluster of a specific lipid topology type is
present irrespectively of its size.

Occurrence (%)
Topology All H-bond POPS-POPS Cholesterol-
of clusters Cholesterol
clusters clusters
clusters
Cholesterol (%) Cholesterol (%) Cholesterol (%)
0 |[10[20[30[40| 0 [10[20[30[40|0][10]20]30]40
Linear 100 100 100
direct Circular 61 |60|43 |51 45| 61 |62 | 47 | 58 | 55 0
Star & Linear | 63 |65 |71 74|70 | 63 |61 |61 |59 |48 0
Circular &
Star & Linear 100 100 0
Linear 100 100 100
1-water | Circular 18 |20 (16|16 |14 | 18 |21 |18 |19 | 19 0
bridge | Star & Linear | 83 | 85|86 89|91 | 83 | 84|81 |83|82 0
Cireular & 1 460 1 99 | 99 | 96 | 91 | 100 | 99 | 99 | 95 | 89 0
Star & Linear
Linear 100 100 100
lon Circular 82 86|84 |79 |71 | 82 |83 |75|68 |52 0
bridge | Star & Linear | 7 86|42 7 86|32 0
Cirular & | o7 | g5 74 | 68 | 46 | 87 |84 | 66|57 | 30 0
Star & Linear
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Figure 4.11. Dynamics of H-bond lipid clusters sampled in POPS membranes with
various concentrations of cholesterol. (A-C) Time series of direct (Panel A), 1-water
mediated (Panel B) and ion mediated (Panel C) H-bonds/lipid. (D-F) Time Series
of #lipid cluster formed by direct (Panel D), 1-water mediated (Panel E) and ion
mediated (Panel F) H-bonds. (G-1) Total #lipid in clusters per frame forming lipid
clusters mediated by direct (Panel G), 1-water mediated (Panel H) and ion mediated
(Panel l) H-bonds.

At any given time, 85 % of lipids out of 109 lipids in each leaflet of POPS
bilayer participate in forming dynamic H-bonds with low occupancies. About
18 direct H-bonded lipid clusters are likely to be sampled in the POPS mem-
brane and this number decreases to 14 in the POPS:cholesterol membrane
with 40 % cholesterol (Table A.4.1). As the cholesterol concentration in-
creases, a significant decrease from 85 % to 53 % and 80 % to 54 % is
observed in the total number of lipids forming direct and water mediated
H-bonded clusters respectively (Table A.4.1, Figures 4.11G,H,l). However,
the number of lipid clusters (Figures 4.11D,E,F) or the number of H-bonds
per lipid (Figures 4.11A,B,C) do not have a significant effect of the presence
of cholesterol. This indicates a reduction in size of POPS clusters with a rise
in the cholesterol content. As cholesterol rises from 0 to 40 %, the propor-
tion of low occupancy POPS-POPS H-bonds reduces by 4-6 % while the
percentage of POPS-cholesterol H-bonds rises by 3-10 % (Figure 4.12). As
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a result, the total average number of H-bonds per POPS lipid is independent
of the cholesterol concentration (Figures 4.11A,B).
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Figure 4.12. Occupancy of H-bonds identified in POPS-cholesterol bilayers. (A-B)
Percentage of number of direct (Panel A) and 1-water mediated (Panel B) POPS-
POPS H-bonds within a specific occupancy range. (C-D) Percentage of number of
direct (Panel C) and 1-water mediated (Panel D) POPS-cholesterol H-bonds within
a specific occupancy range.

Linear H-bond paths are favoured by POPS irrespective of cholesterol
concentrations and exclusively sampled in cholesterol clusters.

Cholesterol tends to engage in water or ion-mediated H-bond clusters with
POPS (Figure 4.13A). The average number of POPS-cholesterol clusters
and cholesterol-cholesterol clusters increases with increasing cholesterol
concentration (Figure 4.13A). As reported previously [42], linear H-bond
paths are preferred by the POPS lipid headgroups in the membrane without
cholesterol (Figures 4.13C,D, Table 4.4). The values for occurrence reported
are higher as compared to the previously reported values [42] as both studies
differ in the H-bonding atom selections. Here, additional to H-bonding atoms
of phosphate group, the H-bonding atoms of serine group of POPS are
included in H-bond calculations for water mediated H-bonds in contrast to
the study by Karathanou & Bondar [42]. At least one linear path is sampled
at any moment during the entire simulation length. More complex cluster
topologies as circular, star & linear and star & linear & circular are sampled
but very rarely (Figure 4.13C,D, Table 4.4). For H-bonded clusters formed by
cholesterol molecules, linear paths are exclusively sampled (Figure 4.13E,
Table 4.4).
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Figure 4.13. Occurrence of lipid cluster topologies and number of H-bond clus-
ters sampled in POPS and POPS-cholesterol bilayers. Main cluster topologies
that can be identified with the DFS algorithm [42] are reported here. (A) Percent-
age of average number of direct, 1-water bridged, and ion-bridged POPS-POPS,
cholesterol-cholesterol and POPS-cholesterol lipid clusters. (B) Molecular graphics
illustrating POPS-POPS, cholesterol-cholesterol and POPS-cholesterol lipid clusters
with 3 lipids. (C-E) Occurrence (%) of all lipid H-bond clusters (Panel C), POPS-
POPS (Panel D) and cholesterol-cholesterol (Panel E) H-bond clusters. We report
the cluster occurrence (%) as the percentage of the analysed trajectory where at
least one lipid cluster of a specific lipid topology type is present irrespectively of its
size.

Presence of cholesterol associates with the decreased sampling of com-
plex H-bond paths.

In POPS simulation, around 15-18 lipid clusters are likely to be sampled.
Out of these, the most frequently sampled are linear and star & linear &
circular with an average of 8-9 and 1-6 clusters per frame respectively (Figure
4.14C). Circular and star & linear clusters are rare but when found are likely
to be of cluster size = 3 and 4-5 respectively (Figures 4.14C, D). The size
and number of circular, star & linear and linear clusters do not seem to be
affected by the cholesterol concentration. However, the average number and
cluster size of a complex lipid cluster decreases as cholesterol concentration
increases (Figures 4.14C,D). The number of lipids in a complex lipid cluster
decreases by about 25 % with an increase of cholesterol concentration from
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0-40 % (Figure 4.14C). This suggests that the presence of cholesterol hinders
the formation of complex H-bond mediated lipid clusters. Three or four POPS
are likely to H-bond directly, through one water mediated H-bond bridge or
ion mediated bridge for most of the time (Figures 4.15,4.16,4.17). Extended
and large clusters with cluster size more than 6 are rarely sampled (Figures
4.15,4.16,4.17).
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Figure 4.14. POPS lipid cluster distribution based on topology. (A-B) Molecular
graphics illustrating direct POPS-POPS lipid clusters in a snapshot from MD simula-
tions of POPS bilayers without cholesterol (Panel A) and with 40 % cholesterol (Panel
B). POPS lipid headgroups are shown as yellow lines and oxygen of cholesterol is
shown as purple sphere. The phosphorus of POPS headgroups of linear, star &
linear, star & linear & circular clusters is shown as green, orange or blue spheres
respectively. (C-D) Average number (Panel C) and average cluster size (Panel D)
of direct, 1-water bridged and ion bridged lipid clusters sampled in one frame of MD
simulations with and without cholesterol. Adapted from ref. [160].
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POPS tend to form short linear clusters with 3 lipids whereas cholesterol
clusters in pairs.

Linear H-bond paths mediated by one water molecule are sampled in hy-
drated POPS bilayers (Chapter 3). This supported by the previous discussion
in this chapter, which demonstrates that one water mediated H-bond paths
are also present in POPS bilayers with cholesterol. The most frequently
sampled POPS linear H-bond paths are typically with 2-3 lipids (Figures
4.15, 4.16). The occurrence of linear H-bond paths between cholesterol
molecules and POPS molecules is significantly influenced by the length of
the path (Figures 4.16, 4.17). Longer paths are less likely to be sampled and
thus have lower occurrences. For example, less than 1 % of linear clusters
with five or more lipids are sampled (Figures 4.16A,B). This is because it
becomes harder for the molecules to arrange themselves in a way that per-
mits all of the H-bonds sampled simultaneously to form the longer the path.
These observations are consistent with earlier research on hydrated POPS
membranes [42] and 4:1 POPC:POPG membranes [43].

Direct singular H-bonds (H-bond paths with length L = 1) between POPS
headgroups are slightly less common in the presence of cholesterol than
they are in the POPS membrane (Figure 4.16). Such paths are still sampled
over all of the simulations, nevertheless. The time series of the H-bond paths
of various lengths, when combined with the H-bond occupancy analysis,
indicate that the majority of H-bond clusters at the POPS headgroup interface
are short and transient (Figure 4.16). It is significant to note that the size
of the lipid bilayer affects the precise number of H-bond paths, or clusters,
sampled across the simulation trajectories. The purpose of the time series
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employed in the study is to depict the dynamics of H-bonds at the lipid
headgroup interface of the hydrated membrane patches used here (Table
4.1).
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Figure 4.16. Path lengths for linear clusters formed by POPS headgroups. (A-B)
The percentage of linear clusters in POPS (blue) and POPS:Chol (10 %) (orange)
bilayers with various path lengths mediated by direct H-bonds (Panel A) and one-
water bridges (Panel B). (C) Molecular graphics illustrating water-mediated linear
cluster with path length L = 4. Four H-bonds are represented as thick green lines.
(D-E) Time series of the number of direct (Panel D) and one-water bridge (Panel
E) linear clusters with path lengths ranging from 1-6 derived from simulations of
POPS without cholesterol. (F-G) Time series of the number of direct (Panel F) and
one-water bridge (Panel G) linear clusters with path lengths ranging from 1-6 derived
from simulations of POPS with 10 % cholesterol. The figure is taken from ref. [160].
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Figure 4.17. Occupancies and path lengths of linear H-bond lipid clusters in simu-
lations of membranes with POPS and cholesterol lipids. Occupancy (%) of linear
H-bond lipid clusters sampled by (A-C) POPS headgroups and cholesterol via direct
(Panel A), 1-water bridged (B) and ion bridged (Panel C), (D-F) POPS headgroups
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terol via direct (Panel G), 1-water mediated (H) and ion bridged (Panel 1) H-bonds as
a function of concentration of cholesterol. Path length of a linear cluster is the mini-
mum number of H-bonds forming a particular cluster. Occupancy is the percentage
of the trajectory frames in which a specific cluster is present.

4.3 Topology analysis of cholesterol-cholesterol H-bond
clusters

Cholesterol tends to cluster in pairs of two (Figure 4.18). Larger linear
clusters with 3-4 cholesterol H-bonded via 1-water bridges are rarely sampled
(Figure 4.18). These findings match with the previous study by Bandara et al.
(2016) [220] that reports the preference of cholesterol to form dimers. The
average lifetime of cholesterol dimers in POPC bilayers has been reported to
be 0.35-0.37 ns for 10 and 20 % cholesterol concentration [220]. Cholesterol
clustering reported in previous publications consider the distance criteria
of 5-6 A between heavy atoms [213, 220, 221] or 9 A between center of
mass of two cholesterol molecules [73] in contrast to the standard H-bond
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distance criteria of 2.5 A between H-bonding groups in this study. In those
publications, the hydrophobic interactions between the cholesterol molecules
were also considered and the simulations were run upto microseconds. To
consider the geometric clustering, | performed topology analysis with a 6
A distance criteria [222] between hydroxyl groups of cholesterol molecules.
The 500 ns simulations reported here are limited in length to show phase
separation or lipid raft formation due to cholesterol clustering. For lipid raft
formation, a cholesterol-rich and cholesterol-poor nanodomain is observed
around 3 microseconds in POPC:DPSM:Chol membranes with 10-20 % of
cholesterol [75]. However, cholesterol-cholesterol clustering via direct or
water mediated H-bonds have been previously reported in MD simulation
less than 50 ns long [199-201]. The cholesterol clusters are unstable and
disperse into monomers within a 200 ns simulation, according to a prior
study by [73]. To minimize contact with water, the cholesterol clusters adopt
a frustum structure [73]. 2:1 POPC:Chol appeared to be a homogeneous
mixture in experimental studies on GUV at 24 °C, whereas POPC/SM/Chol
2:1:1 formed micron-sized domains [223]. This suggests that cholesterol
clustering may only occur in systems with 2 distinct lipid components in
addition to cholesterol - one with high-Tm and one with low-Tm component
in relation to the experimental temperature [223].

In this study, an incipient cholesterol clustering in POPS bilayers with
40 % cholesterol is observed (Figure 4.19). However the number of
cholesterol-cholesterol clusters and the size of the clusters don’t show a
significant and/or gradual change as POPS with 40 % cholesterol simulation
progresses (Figure 4.19). A geometrical cluster of cholesterol is defined
as the group of cholesterol molecules whose hydroxyl group are within 6 A
[222] of each other. Geometrical cholesterol clusters are more frequent and
larger in size as compared to the H-bonded cholesterol clusters (Figures
4.18, 4.20) due to the relaxation in the distance criteria between hydroxyl
groups of cholesterol molecules. In both cases, cholesterol molecules prefer
to arrange in linear topology (Figure 4.20). In agreement with the previous
studies, we suggest that cholesterol-cholesterol clusters are rarely formed
and if formed they are very transient (Figures 4.18, 4.20). The number and
size of lipid clusters sampled during simulations might vary based on the
length of simulations and the size of the membrane patch under study. The
simulations reported in this chapter are limited to 500 ns and 81 A X 81 A X
85 A membrane patch and thus only serve as model simulations.
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Figure 4.18. Dynamic cholesterol clusters. (A-C) Time Series of number of direct
(Panel A), 1-water bridged (Panel B) and ion-bridged (Panel C) linear clusters with
path lengths between 1-3. (D) Molecular graphics of linear paths of path length 1,2
and 3 formed by cholesterol. (E) Occupancy (%) of cholesterol-cholesterol H-bonds
mediated by 2,3,4 or 5 water molecules. (F-G) Cluster size (Panel F) and time series
(Panel G) of cholesterol clusters formed via H-bonds with water wire length of 2,3,4
or 5 water molecules. Joint occupancy of the cholesterol cluster is mentioned above
the time series for each cluster. (H) Molecular graphics of linear cholesterol paths
formed via water wires of length 2,3,4 or 5 water molecules. Panels A-D are adapted
from ref. [160]. Panels E-G are taken from [160].
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Figure 4.19. Cholesterol distribution in POPS lipid bilayers with respect to time.
Cholesterol is shown in orange and POPS headgroups are shown as a white trans-
parent surface. Incipient cholesterol clustering is observed in POPS bilayers with
40 % cholesterol.
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Figure 4.20. Geometrical cholesterol clusters. (A) Time Series of number of
cholesterol-cholesterol clusters. (B) Occurrence (%) of cholesterol-cholesterol clus-
ters based on their topology. (C) Number of cholesterol clusters of different cluster
sizes. Here, a geometrical cholesterol cluster is formed by cholesterol molecules
with their hydroxyl group within 6 A of each other.
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Water mediated H-bond networks
of Hv1 proton channel

| wrote the code and developed the protocol used in this chapter for finding
the most frequent H-bond paths between titratable protein sidechains or lipid
headgroups. | prepared all of the system setups, performed MD simulations,
and did H-bond path analysis on those systems. Under the direction and
close supervision of Prof. Dr. Ana-Nicoleta Bondar, | prepared the figures
and wrote the text in the following Chapter. The following manuscript based
on this chapter is under preparation:

Jain, H., Lazaratos, M., Pohl, P., Bondar, A. Fluctuating hydrogen bond
networks couple protonation, lipid interactions, and conformational dynamics
of the Hv1 ion channel.

Figures and tables adapted or taken from the manuscript under prepara-
tion are noted as “Adapted/Taken from ref. [162].”

The protocol and scripts presented here uses core code of Bridge [34] and
MDAnalysis [163, 164]. | added a class called Path Analysis with attributes
required for H-bond path analysis to the core code of Bridge.

The work on docking of inhibitors presented here was done under the
supervision of Dr. Aniket Magarkar from Boehringer Ingelheim. | prepared
the systems, did MD simulations, performed docking of inhibitors on Hv1,
did H-bond network analysis and protein-ligand interaction analysis during
my internship at Boehringer Ingelheim.



The voltage-gated proton channel Hv1 is a transmembrane protein that
plays a role in several physiological processes, including pH regulation,
neurotransmitter release, respiratory burst in the immune cells, sperm motility
and capacitation, and cancer cell survival and proliferation [85—-89]. This
makes Hv1 a key target for the development of therapeutics and may serve as
a biomarker for cancer [89, 224]. The Hv1 channel is regulated by a network
of H-bonds within the protein and with its surroundings. Studies have shown
that changes in the H-bond network within Hv1 play a crucial role in its
activation and gating behavior [27, 85, 91-93]. The formation and breaking
of H-bonds in specific regions of the protein can alter the orientation of
transmembrane domains, leading to changes in ion permeation and channel
gating. The functioning of Hv1 is also influenced by factors such as pH
and the presence of inhibitors, which can alter the dynamics of the H-bond
network of Hv1. Understanding the H-bond network in Hv1 is important for
gaining insights into the mechanism of its activation and regulation, and for
developing new therapeutic strategies for diseases involving pH regulation.
In this chapter, a graph-based approach is used to investigate dynamic water
mediated lipid-protein H-bond networks at Hv1-lipid membrane interfaces
relevant to proton binding. The protocol developed and implemented here
identifies the most frequent H-bond paths between the protein sidechains. |
identify and characterize the dynamic H-bond network of Hv1 embedded in
5 different lipid bilayers and with different protonation states of the titratable
protein sidechains.
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Figure 5.1. Hv1 water-mediated H-bond Networks: Insights into impact of protona-
tion and lipid composition, and identification of putative proton antennas.
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Hv1, a membrane of the superfamily of voltage sensing proteins, is a
proton selective channel with 5 helices : S0-S4 [91] (Figure 5.2A). S1-S4
transmembrane helices form the pore domain and voltage sensing domain
(VSD). The VSDs are conserved modules that regulate the opening of the
voltage gated channels. Hv1 has 3 Arginines - R205, R208, R211 (mouse
Hv1 numbering, mHv1) (Figure 5.2A) in the VSD that are reported to form salt
bridges with Aspartates D108, D170 in the resting state of Hv1 [27, 91]. Two
stages of structural changes happen when the channel is activated: R201
first adjusts its orientation in relation to F146, followed by a reorientation of
R204 and R207 for interactions with D108 and D170 respectively. Then, in
the subsequent phase, movement of helix S4 is associated with the formation
of the salt bridge pairs R201-D119, R204-E192/E115, and R207-D108, as
well as a reorientation of R201 and R204 towards the extracellular side [27].
When the channel is closed, a hydrophobic cluster composed of V105, F146,
1173, V174 (V109, F150, V177 and V178 in hHv1) known as the hydrophobic
gasket (Figure 5.2B) obstructs the flow of water and ions [225].

Hv1 maintains the pH of biological cells by extruding protons [85, 86].
The ability of Hv1 to transfer protons rely on the titratable side chains present
in the hydrophobic cavity of the channel [27, 85, 91, 92] (Figure 5.5B). Of
particular importance are the carboxylates and histidines, as they have been
reported to be potential proton binding sites in membrane transporters [226,
227]. Site-directed mutagenesis studies show the effect of mutations of
the carboxylates and histidines on proton selectivity, voltage threshold for
detecting proton currents and binding of inhibitors of Hv1 (Table A.5.1). The
carboxylates forming salt bridges with the Arg of the VSD are conserved and
important for the functioning of the channel. The highly conserved D108 is
responsible for proton selectivity [228]. Mutation of D108 to Ala [92, 228],
Phe [228], Lys [228], His [228], Asn [92, 228], Ser [228] results in loss of
proton selectivity and leads to anion permeation. In case of substitution to
highly hydrophobic residues such as Val [228] or lle [229], Hv1 becomes
impermeable to ions. Proton transfer through Hv1 is robust as long as D108
is mutated to Glu [228—-230]. D170 is an Hv1 inhibitor binding site [231-233]
and mutating it to Ala causes the opening of the channel at 0 mV [234].

A number of carboxylate and histidine groups line up the transmembrane
region of Hv1 (Figure 5.2A). Seven of them are in the pore domain - E115,
D108, D119, D149, D170, D181, E167 and have been reported to regulate
opening of the channel and participate in the proton transfer pathway [27,
85, 91, 92, 235]. van Keulen et al. [235] proposed that protons localize
among three pairs of conserved carboxylates: D170/D149, D108/D181 and
E115/D119. Mutation of the carboxylates towards the extracellular side

Chapter5 Water mediated H-bond networks of Hv1 proton channel



increases the voltage threshold for detecting proton current with respect
to the wild type: D119 [92], E115 [92], D108 [92, 228], D181 [228] to Ala,
D108 to Phe[228], Lys [228] His [228], Asn [92, 228], Ser [228] and D181
to Asn, Met and Val [228]. Whereas the mutation of carboxylates towards
the cytoplasmic side - D170 to Ala, Asn, His and Glu, D149 (E153 in hHv1)
to Ala, Asn, Cys, Glu, E167 to Ala and H95 to Ala decreases the voltage
threshold for detecting proton current [92]. Close to the extracellular side,
H136 is known to be critical for Zn2+ binding, an inhibitor of hHv1 [148].
H136A mutants show decreased Zn2+ binding. Depending on the inhibitor
under study, the effects of mutations affect the binding of inhibitors to Hv1.
For example, D181A prevents the binding of hanatoxin [236] but binds to
HIFs (Hv1 Inhibitor Flexibles) [231, 232]. E167Q and D170E reduces HIF
inhibition whereas D149 (E153) to Cys reduces the ability of Hv1 to release
HIF from its binding site [231, 232]. D108E mutant of Hv1 interacts with
guanidine derivatives [237] and HIFs [231, 232] whereas D170A yields a
non-functional channel with saturating concentration of YHV98-1 [233].

The sidechains of titratable amino acids alter their protonation state in
response to pH changes, which in turn significantly influences the functioning
of voltage-gated proton channel Hv1 [238, 239]. Constant pH MD simulations
gave insights about the pH- and ApH-dependent gating of the human Hv1
channel in both symmetrical and asymmetrical pH conditions [240]. Increase
in outer pH, resulted in a network of interactions between amino acids extend-
ing from the extracellular side of the channel down to the hydrophobic gasket.
On the other hand, amino acids close to the channel’s cytoplasmic side form
extended network of interactions upto the hydrophobic gasket when the inner
pH decreases [240].

Although mammalian Hv1 is a dimer, each monomer has its own proton-
conduction pathway and is capable of functioning independently [241]. The
S4 helix, extending on the cytoplasmic side, creates a dimeric interface
and forms a coiled coil region that induces cooperative gating of the dimer
[242—244] and mediates thermosensitivity of the channel [245]. In the crystal
structure of Mus musculus Hv1 chimera (PDB ID: 3WKYV), this C-terminal
coiled coil region is replaced by the GCN4 leucine-zipper transcriptional acti-
vator from S. cerevisiae to increase the thermostability of the channel [148].
Conserved residues of the coiled coil domain present in heptad repeats sta-
bilize the dimer formation by hydrophobic interactions, salt bridges, disulfide
bonds, and H-bonds [244]. Multiple sequence alignment of the cytoplasmic
coiled coil region shows conserved carboxylates E221, E235, and E237
whose functional role remains to be explored (Figure A.5.22). Truncated N-
and C- terminal monomeric units are functional however truncating of the
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C-terminal coiled coil region affects the localization of Hv1 [241]. While Li et
al. [241] and Mony et al. [246] hypothesized the S1-S4 contacts between
dimers and the Okuda group proposed that in Hv1 dimers VSDs interact via
S4 segments [148, 247], the dimer interface of Hv1 still remains uncertain.
Thus for simplicity, all computations in this chapter were performed on a
monomer of Hv1.
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Figure 5.2. Architecture of Hv1l. (A) Cut-away view of Hv1 embedded in lipid
membrane. (B) Hydrophobic gasket of Hv1. (C) Potential lipid anchors - Arg, Lys
and Trp sidechains that could anchor to lipid membranes and Arginines forming the
Voltage sensing domain (VSD). Grey lines (Panel A) and a grey surface (Panel C)
represents the lipid membrane whereas blue ribbons are used to show the protein.
Small spheres represent the Ca atoms of selected amino acid residues. Adapted
from ref. [162] (manuscript under preparation).
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Hv1 includes a number of Arg, Lys, and Trp sidechains at the lipid bilayer
interface that may serve as membrane anchors (Figure 5.2C). R96, K121, and
W203, previously identified important residues in Hv1 function, are examples
of potential lipid anchors for Hv1. The voltage threshold for detecting proton
currents is increased when K121 is changed to Ala rather than decreased
when R96 is changed to Ala [92]. W203 (207 in hHv1), highly conserved
along with the voltage sensing Arginines in Hv1, has been reported to be
important for four unique properties of Hv1: proton selectivity, slow channel
opening, highly temperature-dependent gating kinetics, and ApH-dependent
gating [238]. Although the relationship between Hv1 and the lipid bilayer that
surrounds it is not well understood, voltage-gated ion channels are known
to link to the lipid bilayer. For KvAP, a voltage-gated potassium channel,
changes in the lipid composition of a bilayer cause the voltage sensing
domains to alternate between open and closed states without altering the
transmembrane voltage [248, 249]. When the lipid phospho-head groups are
removed, voltage sensors on potassium channels embedded in lipid bilayers
become immobile [249-252], whereas removal of the choline group results
in the channels’ apparent activation [249, 250, 252]. It has been proposed
that the Arginines on the S4 helix of the voltage sensing domains interact
with the lipids, maintaining the channel’s open or closed state depending on
the composition of lipid bilayer [249, 251].

Hv1 can function in lipid bilayers of various compositions. This includes
the lipid membranes reconstituted in lab, E. coli bilayers and those with
lipid compositions that differ greatly from those of the tissues in which it
is expressed. On the extracellular and intracellular side of Hv1, a number
of carboxylates and histidines are present in close proximity to the lipid
interface. These carboxylates that could serve to be proton donor-acceptor
pairs tend to locate within distances of ~11-13 A that could be bridged via
3-4 waters [132]. The presence of clusters of closely spaced carboxylate
groups at the membrane interface in Hv1 suggests formation of proton
antennas [132] (Chapter 1). These clusters can further interact with lipid
headgroups and modulate functioning of Hv1 in different cells with varying
composition of lipid bilayers. For instance, high expression of Hv1 and
exposure of negatively charged lipids such as phosphatidylserine (PS) and
phosphatidylethanolamine (PE) on the outer membrane [57-59, 253] in
cancer cells seems to play a combined role in functioning and survival of
cancer cells. Thus, understanding and describing how Hv1 collects protons
via a cluster of protein sidechains and lipid headgroups, delivers the proton to
an internal carboxylate/histidine sidechain, and then transfers protons along
transient H-bonded wires between titratable sidechains could guide design
of drugs with desired Hv1 binding properties.

63



64

To this aim, | performed MD simulations and characterized water-mediated
protein-protein and protein-lipid dynamic H-bond networks of Hv1. To anal-
yse the dynamic H-bond network of Hv1, | developed and implemented a
protocol to find the most frequent H-bond paths (Chapter 2, Sec 2.6) between
carboxylates and histidines of Hv1 sampled during the MD simulations. To
study the effect of protonation and lipid interactions on the dynamic H-bond
networks of Hv1, | analyzed Hv1 systems with different protonation states
of the internal carboxylates and histidines and embedded in lipid bilayers of
different composition.

Comparison of the most frequent path protocol to the shortest path proto-
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Figure 5.3. Protocol for finding the most frequent paths of Hv1 in comparison to the
shortest path protocol.(A) Graphical illustration of comparison of the most frequent
paths protocol with shortest path approach. (B) Number of H-bond paths from D108
sampled using both the protocols at occupancy cutoffs from 10-40 % and JO cutoff
1 and 5 %. (C) Path lengths of H-bond paths from D108 sampled using both the
protocols at occupancy cutoffs from 10-40 % and JO cutoff 1 and 5 %. Here H-bond
paths from D108 are shown as an illustration. Panel A of the figure is taken from ref.
[162] (manuscript under preparation).

The protocol developed and implemented in this work enriches the sam-
pling of H-bond paths for calculation of the most frequent paths by taking
into account all the H-bond paths rather than only the shortest path i.e. the
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H-bond paths with minimum number of nodes (Figures 5.3, 5.4, Tables A.5.2,
A.5.3). The number of H-bond paths sampled using the most frequent paths
approach is 3 to 10 times more compared to the shortest path approach.
As the occupancy cutoff for filtering H-bonds increases from 10 to 40 % the
difference between both the approaches to sample H-bond paths becomes
less significant (Figure 5.3B). The most frequent path approach also samples
paths with higher paths lengths as compared to the shortest path approach
(Figure 5.3C). As the shortest path approach does not include all the paths
in H-bond path calculations, some high joint occupancy paths might not be
sampled. The most frequent path approach overcomes this shortcoming
of shortest path approach. For illustration, Figure 5.4 shows H-bond path
analysis between E115 and E192. In case of the most frequent path ap-
proach, E115-D119-E192 path with a high joint occupancy (68 %) is sampled

in contrast to the shortest path approach.
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Figure 5.4. lllustration of the most frequent path and shortest path protocol applied
to Hv1. Graphical illustration of most frequent paths and shortest path protocol
applied to Hv1 with carboxylates of interest as E115 and E192. Note the sampled
H-bond paths are different using the two different approaches.

In this chapter, | report analysis of 14 independent simulations of crystal
structure of Hv1 (PDB ID:3WKYV) [148] embedded in hydrated lipid bilayers.
The chimeric Mus musculus crystal structure [148] used here shows high
sequence similarity to the human Hv1 whose crystal structure is not yet
available (Figure A.5.1). The system preparation and MD simulation protocol
are mentioned in Chapter 2, Section 2.4. With a total sampling time of 4.38
us, twelve of the simulations reported here are 300 ns, one is 500 ns and one
is 280 ns long (Table 2.1, Sim 12-25). These simulations are distinguished
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by the lipid bilayer composition and the protonation of selected titratable
carboxylate and histidine sidechains (Figure A.5.2).

For the transmembrane helical region and the loops and termini of the Hv1
protein, time series of the Caw RMSD profiles were tracked independently.
Average RMSD values were calculated from each simulation’s last 200 ns.
The Ca RMSD of transmembrane helices in all simulations remain within 3.5
A relative to starting crystal structure with resolution of 3.45 A [148] (Figure
A.5.3). The dynamic modeled loops and non-helical regions show Caw RMSD
values as high as 45 A. The cytoplasmic part of S4 helix orients towards the
lipid headgroups in 5:1 POPE:POPG and Top6 bilayers, resulting in high
RMSD values for non-helical regions of Hv1.

5.1 Dynamic H-bond network of Hv1

A dynamic H-bond network inter-connects acidic and histidine sidechains
of Hv1.

Hv1 with standard protonation of all titratable sidechains and embedded
in a hydrated POPC lipid membrane (Table 2.1) is considered as a reference
simulation. A dynamic water-mediated H-bond network formed by carboxy-
lates and histidines is sampled in the reference simulation (Figure 5.5A). This
internal H-bond network is interrupted around the middle of the membrane
plane at D108 and D170 (Figure 5.5A). The reason for this could be the
presence of a hydrophobic gasket [225] formed by hydrophobic side chains -
V174, 1173, V105, and F146 (Figure 5.2B).

The interruption of the H-bond network was further analyzed by calculating
the minimal distances between the carboxylates D108, D181, and D170 and
their respective interaction partners. A stable salt bridge is found between
D108 and R204 whereas D181 toggles between R201 and R204 (Figure
5.5D). D170, on the cytoplasmic side, prefers R207 as its interaction partner
for most of the trajectory (Figure 5.5D). These salt bridge interactions are
consistent with earlier research [27, 91].

D108 forms an extensive H-bond network on the extracellular side
whereas D170 is connected via H-bond network to the cytoplasmic side.
The most frequent water mediated H-bond paths between acidic and histi-
dine sidechains were sampled for the internal H-bond network. The results
show that the internal water mediated H-bond network extends from D108 to
E115, H136, D119, E192 via D181 on the extracellular side whereas D170
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H-bonds to E167 (Figures 5.5B,C). These H-bond paths are mediated by 1,
2 or 3 water molecules and have joint occupancy values ranging from 7 to 27
% on the extracellular side whereas on the cytoplasmic side D170 connects
to E167 with a H-bond path mediated by an average of 2 water molecules
and 91 % occupancy (Figure 5.5C).
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Figure 5.5. Dynamic H-bond network of Hv1 is interrupted at the middle of the
transmembrane region.(A) Molecular graphics representing the water mediated H-
bond network between selected protein sidechains. (B) The internal H-bond network
and interruption at D108-D170. The orange lines show the most frequent water
mediated H-bond paths connecting the hydrophobic core to the extracellular and
cytoplasmic side. (C) Graph representation of the H-bond networks computed from
simulations illustrated in Panel B. The thickness and color of the edges represent
the occupancy of H-bonds whereas the numbers on edges represent the average
number of waters per water wire of the graph. (D) Aspartate salt-bridge formation
dynamics in the VSD of Hvi. Time series of the minimal distance between H-
bond forming groups of D108-R201, D108-R204, D181-R201, D181-R204 (left) and
D170-R207, D170-N160, D170-Y157, D170-E167 (right). Every 1 ns from 500 ns
trajectory, the coordinates were read. The molecular graphics were prepared based
on a coordinate snapshot from the simulation of Hv1 with standard protonation
and embedded in a hydrated POPC lipid membrane environment. The protein is
shown as white ribbons, the selected protein groups are shown as licorice and water
molecules are shown as CPK representation. The Panels of the figure are taken
from ref. [162] (manuscript under preparation).
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Figure 5.6. Linkers connecting the internal H-bond network to cytoplasmic and
extracellular sides of Hv1. (A) Graph representation of complete water-mediated
H-bond network of Hv1 with linkers highlighted in orange spheres. (B) Molecular
graphics of Panel A. Here the occupancy cut-off is 20 % and maximum waterwire
length is 3. (C) Molecular graphics showing linkers, Q128 or T133, which form
water-mediated H-bonds to connect H136 from the internal H-bond network to D126
of the extracellular H-bond network. (D) H-bond path formed by D126-Q128-T133-
H136. (E) Molecular graphics representing the linkers - N160, N210 and S215
connecting D170 and E167 via water mediated H-bonds to the cytoplasmic H-bond
network. (F) H-bond path formed between D170 to H95. The numbers on the
edges in Panels D and F represent the JO (%) of the highlighted paths. Linkers and
specific H-bonding groups are depicted as orange and blue licorice, respectively.
The molecular graphics were prepared based on a coordinate snapshot from the
simulation of Hv1 with standard protonation and embedded in a hydrated POPC
lipid membrane environment. The Panels A-C and E are adapted from ref. [162]
(manuscript under preparation).
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Uncharged polar amino acid residues might serve as linkers connecting
the internal H-bond network to cytoplasmic and extracellular sides.

In close proximity to the carboxylates and histidines that make up the
H-bond network in Hv1, many Ser, Thr, Asn, and Gin are present. The
H-bond network calculations show that the connection between internal and
cytoplasmic H-bond network is mediated by N160, N210 or S215 whereas
the extracellular carboxylates and internal H-bond network are connected by
T133 or Q128 (Figure 5.6). | refer to these H-bonding groups as "linkers"
(Figure 5.6). The H-bond paths formed between D170 or E167 from the
internal H-bond network to the cytoplasmic H-bond network via S215, N160,
N210 or S94 have JOs ranging from 22 to 66 % (Figure 5.6F) whereas
H-bond path from D126 to H136 via Q128-T133 has a JO of 8 % (Figure
5.6D). The amino acid residues forming the extracellular and cytoplasmic
H-bond network of Hv1 lie in the highly dynamic loops of Hv1. However,
N210 and S215 are largely conserved (Figure A.5.22). While N210R is
proton permeable, N210C or N210A blocks proton permeation [92, 230, 254].
Mutation of N210 to Lys decreased the voltage threshold for detection of
proton currents whereas Arg had the opposite effect [92, 230]. S215, located
at the beginning of the cytoplasmic helix, has been reported to interact
with Hv1 inhibitor and its mutation to Ala showed reduced inhibitory effect
[233]. This suggests that the linker groups N210 and S215 might play a role
in determining the connectivity between the internal H-bond network and
extracellular and cytoplasmic networks.

5.2 Effect of protonation of acidic and histidine
sidechains on the H-bond network dynamics of
Hv1

Protonation of acidic and histidine sidechains affects the internal H-bond
dynamics of Hv1.

To probe the effect of protonation state on the H-bond network dynamics
of Hv1, | analyzed 10 independent simulations (Table 2.1, Sim 12-21) with
different protonation states of carboxylates and histidines present in the most
frequent H-bond paths (Figures 5.5B,C) and of significance in the proton
conduction pathway as described in the literature. The analysis shows that
the protonation state of the carboxylates and histidines forming the most
frequent paths affects the waterwire span across Hv1 (Figures 5.7, 5.8).
Only in simulations when D108 and D181 are protonated does a continuous
H-bonded waterwire between D/E/H/S/T spans the transmembrane area
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(Figures 5.7B, 5.7C, 5.8). The continuous water mediated H-bond network is
broken at either E115 or D119. The interruption is at E115 when carboxylates
on the extracellular side D119 or E115 are protonated (Figures 5.7D,E) and
at D108/D181 when carboxylates on the cytoplasmic side of D170, E167, or
D149 are protonated or in standard protonation state of Hv1 (Figures 5.7F-H).
Only two specific locations where Hv1’s waterwire is disrupted indicates that
carboxylates D108, D181, and E115 play a key role in mediating the proton
transfer pathway.
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Figure 5.7. Dynamics of protonation coupled H-bond network of Hv1. (A-J) Molecu-
lar graphics showing water mediated H-bond networks of Hv1 from simulations with
different protonation states: standard protonation for all titratable sidechains (Panel
A), neutral D108 (Panel B), neutral D181 (Panel C), neutral D119 (Panel D), neutral
E115 (Panel E), neutral D170 (Panel F), neutral E167 (Panel G), neutral D149 (Panel
H), Ne protonated H95 (Panel 1) and doubly protonated H136 (Panel J). Thin white
ribbons are used to show the protein whereas licorice and CPK representation is
used to show selected titratable groups and water molecules respectively. H-bond
paths shown here are mediated by water bridges with up to 3 H-bonded waters
in chains. Graphs of the H-bond networks computed from simulations illustrated
as insets on the bottom right of each Panel. The figure is taken from ref. [162]
(manuscript under preparation).

On double protonation, H136 is no longer a member of the H-bond network
(Figure 5.8J), whereas when H95 is epsilon protonated, the cytoplasmic H-
bond network is lost (Figure 5.8l). The cytoplasmic H-bond network cluster
either expands or contracts depending on where the protonated amino acid
residue is located (Figures A.5.5-A.5.14C,D, A.5.15). When carboxylates
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on the cytoplasmic side below E115 are protonated, a cytoplasmic cluster is
seen; however, when carboxylates at the extracellular side E115 or D119 are
protonated, an interruption is observed (Figures 5.7, 5.8). The protonation
state of the amino acid residues constituting the H-bond network affects the
joint occupancy, length and presence of particular amino acid residues in
the most frequent H-bond pathway from D108 and D170 to carboxylates and
histidines of Hv1.

A standard protonation B D108 protonated C D181 protonated D D119 protonated E E115 protonated

16,
H10Qg D119}y 33
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Figure 5.8. Water-wire span modulation across Hv1 based on the protonation
state of carboxylates and histidines forming the most frequent H-bond paths. (A-J)
Molecular graphics showing water-wire span of Hv1 from simulations with different
protonation states: standard protonation for all titratable sidechains (Panel A), neutral
D108 (Panel B), neutral D181 (Panel C), neutral D119 (Panel D), neutral E115 (Panel
E), neutral D170 (Panel F), neutral E167 (Panel G), neutral D149 (Panel H), Ne
protonated H95 (Panel I) and doubly protonated H136 (Panel J). Water molecules
are shown as iceblue surface whereas thin white ribbons are used to show the
protein. The selected protein groups Asp, Glu, His, Ser, Thr are shown as red, pink,
cyan, yellow and purple spheres. The figure is taken from ref. [162] (manuscript
under preparation).

The rearrangement of the dynamic H-bond network based on the proto-
nation state of carboxylates and histidines is also shown by the conserved
graph analysis using Cgraphs software [129] (Figure A.5.15). This suggests
that location of protonated amino acid residues regulates the continuity and
extension of the waterwire on a specific side of the Hv1. It aligns with the dis-
cussion of increase in outer or inner pH leading to extended H-bond network
on the extracellular or intracellular side [240]. On inclusion of all the titratable
sidechains of Hv1 in H-bond network calculations, the interruption of H-bond
network is still observed in simulations with standard protonation (Figure
A.5.5), protonated D119 (Figure A.5.7), D149 (Figure A.5.10), D170 (Figure
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A.5.8), E115 (Figure A.5.11), H95 (Figure A.5.13) and a continuous H-bond
network when D108 (Figure A.5.6), D181 (Figure A.5.9) are protonated. For
simulations with E167 protonated (Figure A.5.11) and H136 doubly proto-
nated (Figure A.5.14), R204, R207 and W203 form water mediated H-bonds
with neighbouring carboxylates D108, D181, D149 and D170 leading to a for-
mation of continuous H-bond network. These H-bonds are usually mediated
by 2-3 water molecules on an average (Figures A.5.12-A.5.14).

5.3 Influence of lipid composition on the internal H-bond
network Hv1

Lipid composition influences the internal H-bond network dynamics.
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Figure 5.9. Dynamics of internal H-bond network of Hv1 in bilayers distinguished by
lipid composition. (A-E) Molecular graphics of the water mediated H-bond network
of Hv1 in POPC (Panel A), POPS (Panel B), POPE (Panel C), 5:1 POPE:POPG
(Panel D) and the E. coli membrane (Panel E, |). (F-J) Graphical representation of
H-bond network depicted in Panels A-E respectively. The figure is taken from ref.
[162] (manuscript under preparation).

To probe the effect of lipid composition on the H-bond network dynamics
of Hv1, | analyzed 5 independent simulations of Hv1 embedded in lipid
bilayers with varying lipid composition - i) POPC; ii) POPS; iii) POPE; iv) a
5:1 mixture of POPE:POPG lipids; v) the E. coli membrane model referred
to as Topé6 in ref. [147], which is a mixture of PE- and PG-type lipids (Table
2.1, Sim 12, 22-25). In POPC, POPE, and 5:1 POPE:POPG bilayers the
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internal H-bond network of Hv1 is interrupted at D108-D170 surrounded
by the hydrophobic gasket (Figures 5.9, A.5.5, A.5.17-A.5.18). In E. coli
bilayer, this interruption is observed at E115-D108 (Figures 5.9, A.5.20). In
contrast to other bilayers, in the POPS bilayer, the internal H-bond network
of Hv1 may become continuous (Figures 5.9B,F, A.5.16, A.5.19). In POPS
bilayer, the S3 helix of Hv1 reorients with respect to other helices, which is
linked to the rearrangement of the amino acid residues and this could result
in changing the internal H-bond network. Titratable sidechains of Hv1 can
form dynamic, water-mediated H-bond clusters with lipid molecules in all
simulations including acidic lipids. This implies that the Hv1 sidechains and
lipid headgroups may bind or trap protons on the membrane interface.

5.4 Putative proton antennas of Hv1 in different lipid
bilayers

Protons may transiently bind to bulk exposed proton antennas containing
negatively charged protein sidechains or lipid headgroups at lipid membrane
interfaces, increasing the dwell time of the proton. These anionic groups
along with histidines can create H-bonded lipid clusters that form pathways for
proton transfer along the membrane interface while also collecting them from
the bulk. Hv1 has closely spaced clusters of carboxylates and histidines at
the membrane interface suggesting the formation of proton antennas. Using
the protocol developed to find the most frequent H-bond paths between
carboxylates and histidines (Chapter 2, Sec 2.6), | characterize dynamic lipid-
water H-bond clusters at Hv1-lipid membrane interfaces. In 5 different lipid
membranes, | identify the most frequently sampled water-mediated Hv1-lipid
H-bonded clusters that might serve as putative proton antennae.

Acidic lipids can participate in water-mediated H-bond clusters with Hv1.

Hv1 carboxylates and histidines are in close proximity to the lipid head-
groups. It is thus possible that an extended water mediated H-bond network
is formed on the extracellular and cytoplasmic sides including the lipid head-
groups (Figure 5.2C). In Chapter 3, anionic lipids have been shown to possess
the tendency to form extended H-bond networks. In agreement to these
observations, atomistic simulations of Hv1 in different lipid bilayers reveal an
extended H-bond network at the membrane interface of Hv1-POPS bilayer.
As compared to POPS, POPE and POPG in 5:1 POPE:POPG and the E.
coli bilayer tend to engage in less extended protein-lipid H-bond network. In
contrast, POPC lipids barely participate in water-mediated H-bond networks
with protein sidechains. In membranes with PE and PG, PE is shown to
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more frequently interact with Hv1 and neighbouring lipid headgroups rather
than PG (Figure A.5.21). This observation can be attributed to the tendency
of PG to engage in intramolecular rather than intermolecular H-bonding.
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Figure 5.10. H-bond network mediated by water at membrane interfaces with Hv1.
(A-C) Time series showing the number of direct (Panel A), one-water mediated
bridges (Panel B), and potassium-ion-mediated bridges between lipid headgroups
(Panel C). Coordinate sets were read each 1 ns for clarity. (D-H) lllustration of
H-bond network mediated by upto 3 water molecules at membrane interfaces with
Hv1. The top panel shows a view from the extracellular side of Hv1, and the bottom
panel, from the cytoplasmic side. H-bond network at the interfaces of POPC (Panel
D), POPS (Panel E), POPE (Panel F), 5:1 POPE:POPG (Panel G), and E. coli Top6
membranes (Panel H). The H-bond networks were computed using Bridge [34, 128].
H-bonds with occupancy greater than 20% are shown here. The figure is taken from
ref. [162] (manuscript under preparation).

Putative proton antennas of Hv1.

Using the graphical approach for calculating water-mediated H-bond
paths, | further characterize the dynamic H-bond pathways that can mo-
mentarily link internal titratable sidechains and lipid headgroups to the bulk.
Based on the newly developed protocol (Chapter 2, Sec 2.6), | then rank the
paths according to the frequency with which all intermediate path segments
are sampled during the independent simulations, providing information re-
garding possible proton wire paths. POPS lipid headgroups and carboxylic
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sidechains of Hv1 were found in water-mediated H-bond clusters (Figure
5.11). From D108 to the POPS lipid headgroups, an H-bond cluster runs
along the extracellular side of Hv1 (Figure 5.11A). Two H-bond clusters are
found on the cytoplasmic side - one with the E167 and lipid headgroups
and another protein-water-lipid H-bond cluster with the S4 helix carboxylic
sidechains (Figure 5.11A).
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Figure 5.11. Hv1-POPS water-mediated H-bond clusters. (A) Molecular represen-
tation of specific H-bond clusters at extracellular and intracellular sites of Hv1. (B) A
schematic representation of Panel A’'s H-bond clusters. For clarity, only H-bonds
present during at least 30 % of the time and paths with minimum JO value of 5 %
are reported. The figure is taken from ref. [162] (manuscript under preparation).

According to two simulations of Hv1 embedded in bilayers containing
acidic PG-type lipids (Table 2.1), PG-type lipids may be a component of
dynamic H-bond clusters at membrane interfaces of Hv1 (Figures 5.12,
5.13), just like the POPS membrane. PG-type lipids are a component
of water-mediated H-bond clusters with H189, S188, and D129 on the
extracellular side and with E167, E226, H233, and S86 on the cytoplasmic
side in both the POPE:POPG and E. coli membranes (Figures 5.12, 5.13). At
the extracellular E115 location, both lipid membranes permit water-mediated
clusters of lipid-Hv1 H-bonds (Figures 5.12, 5.13). Given that E115 is
assumed to be crucial for proton transfer via Hv1 [27, 85, 91, 92, 235], the
discovery that E115 participates in H-bonding with water molecules and
PG-type lipids is important for proton transfer considerations. Relative to the
wild-type channel, the voltage threshold at which proton current could be
detected was higher when E115 was mutated to Ala [92].
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Figure 5.12. Hv1-lipid water-mediated H-bond clusters in a hydrated 5:1
POPE:POPG bilayer. (A) Molecular representation of specific H-bond clusters
at extracellular and intracellular sites of Hv1. (B) A schematic representation of
Panel A’'s H-bond clusters. For clarity, only H-bonds present during at least 30 % of
the time and paths with minimum JO value of 5 % are reported. The figure is taken

from ref. [162] (manuscript under preparation).
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Figure 5.13. Hv1-lipid water-mediated H-bond clusters in a model E. coli bilayer. (A)
Molecular representation of specific H-bond clusters at extracellular and intracellular
sites of Hv1. (B) A schematic representation of Panel A’'s H-bond clusters. For clarity,
only H-bonds present during at least 30 % of the time and paths with minimum JO
value of 5 % are reported. The figure is taken from ref. [162] (manuscript under

preparation).
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5.5 Lipid anchors of Hv1
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Figure 5.14. Hv1’s conserved lipid anchors. (A) Molecular representation of lipid
anchors of Hv1. Thin white ribbons represent the protein whereas the lipid anchoring
protein groups are shown as cyan licorice. A coordinate snapshot from the simulation
of Hv1 with standard protonation and embedded in a hydrated POPC lipid membrane
environment was used to prepare the molecular graphics. (B) Logos diagram for
Hv1 lipid anchor multiple sequence alignment. Each symbol’s height indicates the
conservation of that residue in 10 different Hv1 sequences from 9 species. WeblLogo
was used to generate the Logos diagram [255, 256]. The figure is taken from ref.
[162] (manuscript under preparation).

Hv1 has several Arg, Lys and Trp in close proximity to the lipid interface
(Figure 5.2C). These amino acid residues of Hv1 can serve as lipid anchors.
Further analyzing the Hv1 simulations distinguished by lipid bilayers, | identi-
fied amino acid residues of Hv1 that interact with lipid headgroups of nine
different types of lipids: neutral POPC, zwitterionic POPE, PMPE, QMPE,
YOPE, negatively charged POPS and POPG (Figure A.5.4). In the 5:1
POPE:POPG and E. coli membrane models, multiple interactions between
PE-type lipids and Hv1 sidechains are observed (Figure A.5.21). According
to bioinformatics analysis, the sidechains of Hv1 interacting with lipid mem-
branes tend to be conserved (Figure 5.14). This suggest that lipid-protein
anchoring may be crucial for controlling how Hv1 is oriented in relation to the
membrane interface. In every Hv1 simulation with a varied lipid composition,
K121, R96, and R216 interact with the lipid headgroups (Figures A.5.23).
On the cytoplasmic side, arginines and lysines R85, R87, K159, and K223
engage with the negatively charged headgroups PS and PG, whereas on the
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extracellular side, carboxylates D119 or E115 interact with the amine group
of zwitterionic PE (Figure A.5.23). When K121, E115, and D119 are changed
to Ala, the voltage threshold for proton current detection rises, whereas R96A
has the reverse effect [92, 230]. These mutagenesis research, however,
employed the same cell line without lipid composition differentiation. As
the lipid anchors differ based on the nature and charge of lipid headgroups,
mutagenesis analysis of these lipid anchors in lipid membranes with different
lipid composition might lead to new insights.

5.6 H-bond dynamics of Hv1 towards drug design
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Figure 5.15. H-bond dynamics of Hv1 towards drug design.

Hv1 is associated with cancer [86, 88, 204], neuroinflammatory diseases
[257, 258], sperm cell capacitation [259, 260] and ischemis stroke [261, 262],
making it an important drug target and an aid to male contraceptive treatments
[259]. Development of Hv1 inhibitors has been focused on targeting the
extracellular side with peptide toxins [178, 236, 263] or the intracellular side
with small organic molecules [242, 264]. Previous studies have reported
zinc ion [148, 228], 2-guanidinobenzimidazole (2GBl) [237, 265], 5-chloro-
2-guanidinobenzimidazole (CIGBI) [237], Corza6 (C6) [178] and HIF (Hv1
Inhibitor Flexibles) [231, 232] as Hv1 inhibitors. As discussed in the previous
sections of Chapter 5 and reported by previous studies [27, 85, 91-93], the
functioning of Hv1 is regulated by a network of H-bonds. The presence of
inhibitors could impact the dynamics of this H-bond network and thus effect
its functioning. Taking this into account, in this section, | dock the known
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inhibitors of Hv1 and setup Hv1-inhibitor systems for MD simulations that
can be used to characterize the impact of the inhibitor binding on H-bond
networks of Hv1.

The crystal structure of a resting state of chimeric Hv1 is available [148]
whereas the open and closed state models have been proposed by Tobias
group [27] using MD simulations. So for docking studies, the suggested
open and closed model [27] were used. MD simulations 100 ns long of open
and closed state models of Hv1 without the inhibitors were performed using
the protocol described in Chapter 2.

Docking of known inhibitors of Hv1

28 known inhibitors of Hv1 (Table 5.1) were docked on the last frame of
100 ns long trajectory of open state model of Hv1. Inhibitors 1-18 are from ref.
[237], inhibitors 19-24 are HIFs from ref. [231, 232] and inhibitors 25-28 are
fromref. [233]. AutoDock Vina[145] was used for docking and binding energy
calculation. The center of the Hv1 open state structure was set as the center
of docking box. The box size was set to 24 A in each dimension ensuring
that the known binding pocket is within the defined box. The exhaustiveness
of the global search was set to 8, a reasonable choice maintaining balance
between the accuracy of docking results and computational efficiency [266].
The maximum number of binding modes was 10 capturing diverse binding
poses of ligand. The docking results were found to be in alignment to the
experimental studies done before [231, 232, 242].

Docking results show binding energies ranging from -4.2 to -11.3 kcal/mol
(Figure 5.16A). The binding site for the inhibitors under study is located
on the cytoplasmic or intracellular side (Figure 5.15B). The interaction of
inhibitors is stabilized by H-bonds formed with the titratable sidechains of
Hv1. The conserved carboxylates D112 and D185, and the voltage sensing
R211 interacts with a total of 17 out of 28 inhibitors. D112 serves as the
selectivity filter of Hv1 [228] whereas R211 forms salt bridges with D112
and D185 that are imported for gating mechanism of Hv1 [27, 91]. S181
interacts with the NH2 group of 5 guanidine derivative inhibitors. These
four aminoacid residues are located close to the hydrophobic gasket of Hv1
formed by V178, 1177, V109, and F150 (numbering as hHv1) (Figure 5.2B).
Another inhibitor binding site includes the carboxylate E225 and arginine
R223 located on dynamic non-helical region at the end of S4 helix. N214
(N210 in mHv1), a conserved amino acid residue (Figure 5.14) also interacts
with Hv1 inhibitors. In this chapter in previous discussion, N214 is proposed
to be a linker between the internal and cytoplasmic H-bond network of Hv1.
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Out of these 28 compounds, 4 activity cliffs with large differences in
potency were selected for further analysis. As reported by ref. [237], at
10 uM concentration, the highest difference in the inhibition (%) was found
between inhibitors 1 and 4 whereas at 200 uM a difference in activity is
observed for inhibitors 1,3 and 11. Thus, inhibitors 1, 3, 4 and 11 were
chosen. Ligand-protein interaction maps were generated using ProLif [267].
Inhibitor bound Hv1 systems were prepared for MD simulations for future
use. H-bond network analysis of these simulations could give insights into
the role of water mediated H-bond networks in Hv1 functioning.

Table 5.1. Inhibitors of Hv1. The molecular images of the inhibitors are shown in

Figure A.5.24.
No.| Inhibitor
1 2-guanidinobenzimidazole (2GBlI)
2 | 2-(2-benzimidazolylamino)-imidazole-4,5-dione
3 | 4-phenyl-1,4-dihydro[1,3,5]triazino[1,2-a]benzimidazol-2-amine
4 | 5-chloro-2-guanidinobenzimidazole
5 | 5-nitro-2-guanidinobenzimidazole
6 | 1-[5-(morpholin-4-ylsulfonyl)-1H-benzimidazol-2-yllguanidine
7 N-(4-chlorophenyl)-4H-1,2,4-triazole-3,5-diamine
8 | S-1H-benzimidazol-2-yl-carbamothioate
9 | 1-(benzimidazol-2-yl)urea
10 | N-(4-chlorophenyl)-1,3,5-triazine-2,4-diamine
11 | 2-guanidino-benzoxazole
12 | 1-(benzimidazol-2-yl)-3-(2-phenylethyl)guanidine
13 | amiloride
14 | 3a,8a-dihydroxy-2-imino-2,3,3a,8a-tetrahydroindeno[1,2-d]imidazol-8(1H)-one
15 | isoproyl6-(guanidinoimino)-6-phenylhexanoate
16 | creatinine
17 | 1-[2-(5-methoxy-1H-indol-3-yl)ethyl] guanidine
18 | leonurine
19 | 3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-(3,5-difluorophenyl)propan-1-one (HIF)
20 | 3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-phenyl-propan-1-one (HIF_NF)
21 | N-[(2-amino-5-methyl-1H-imidazol-4-yl)methyl]-3,5-difluorobenzamide (HIF_NH)
22 | 3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-(3,5-difluorophenyl)propan-1-ol (HIF_OH)
23 | (2E)-3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-(3,5-difluorophenyl)prop-2-en-1-one (HIF_EN)
24 | 2-aminobenzimidazole (ABI)
25 | YHV98-1
26 | YHV98-2
27 | YHV98-3
28 | YHV98-4
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Figure 5.16. Docking results of known inhibitors of Hv1 docked on open state model
of human Hv1. (A) Binding energies of 28 known inhibitors bound to open state of
Hv1. (B) Molecular graphics showing the binding pocket of all the inhibitors under
study here. (C) Close view of interactions of 28 known inhibitors with Hv1. The

molecular graphics were prepared using PyMol [146].
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Figure 5.17. Dynamic H-bond network of closed and open state models of human
Hv1 without inhibitors. (A-B) Molecular graphics of closed (Panel A) and open (Panel
B) state model’s water mediated H-bond network formed by titratable sidechains
(Asp, Glu, Ser, Thr and His) of Hv1. (C-D) Graphical representation of closed (Panel
C) and open (Panel D) state H-bond network of Hv1 as shown in Panels A and B
respectively. Upto 3 waters are taken into consideration for H-bond calculation done
using Bridge [34, 128]. The molecular graphics were prepared using VMD [144].

occupancy(%)

H-bond network analysis of open and closed state of Hv1

H-bond network analysis for open and closed was performed using Bridge
[34, 128]. An interruption in the water mediated H-bond network via titratable
sidechains is observed at D174 (numbering as hHv1, D170 in mouse Hv1) in
closed state in contrast to the open state model where a continuous H-bond
network spans the proton channels (Figure 5.17). E153 connects to E225 via
water mediated H-bonds which allows the formation of a continuous H-bond
network in open state model of Hv1 in contrast to closed state model. The
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amino acid residues D112, D185, R211, E153 and E225 involved in inhibitor
binding of Hv1 are part of the H-bond network formed by Hv1 in open an
closed state. This further suggests that the interaction of inhibitors with the
H-bonding amino acid residues of Hv1 could result in an interrupted H-bond
network leaving the proton channel nonfunctional.
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Conclusions and future aspects

H-bonds play an essential role in many biological functions such as providing
conformational flexibility to proteins [20, 21, 41, 44], regulating physical prop-
erties of lipid membranes [22—24] and serving as proton transfer pathways
[27, 28, 30, 38, 171] (Chapter 1). Understanding the dynamics of H-bond net-
works in biological systems can give insights that drive drug discovery. In this
thesis, | compute and analyse dynamic H-bond networks of lipid membranes
and a protein using atomistic MD simulations along with graph theory based
approach (Chapter 2). | characterize and identified the dynamic H-bond
networks in (i) lipid membranes containing anionic lipids (Chapter 3, 4) and
(i) Human voltage gated proton channel Hv1 embedded in lipid bilayers
(Chapter 5).

Networks of influence

A V’J ° e X POPs ¢ lipid interface
5 e e s N S G Loy e WL, o
MR SR
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topology analysis ¢ e

most

8
® frequent
’. ¢ o paths [

protein-water
or protein-lipid @ @®
H-bond graph PY

protein-water protein-lipid interface

Figure 6.1. Networks of influence in lipid membranes and transmembrane proton
channel. (A) Approach to characterize lipid clusters in bilayers with varying lipid
composition based on their topology. (B) Approach to identify and characterize
H-bond networks of transmembrane proteins and at protein-lipid interface.

Lipid clusters can be formed on the lipid membrane via dynamic H-bonding
mediated by water molecules. The nature of lipid headgroups can play a role
in governing the dynamics of these H-bonded lipid clusters [83, 165, 170].
To investigate the role of lipid headgroups in formation of H-bonded lipid



clusters, | performed MD simulations of hydrated lipid bilayers containing
zwitterionic and anionic lipids. | implemented a previously developed DFS
based graph algorithm [42] to analyze the topology of H-bonded lipid clusters
in six different systems distinguished by lipid composition (Table 2.1, Chapter
2, Sec 2.5). Using the DFS algorithm [42], the topologies are classified
into 4 main topologies - linear, star & linear, circular, star & linear & circular
(Figure 2.4). In all simulations the most common topology sampled is linear
irrespective of the lipid composition or nature of lipid headgroup (Chapter 3).
This suggests that the mechanism of proton transfer might be independent
of the lipid headgroup. However, anionic lipids mainly phosphatidylserine
tend to form extended water mediated H-bonded lipid clusters with 3 or more
lipids (Chapter 3) [42]. In this case, protons might move along the H-bonded
water wires and the lipid-lipid interactions would position the waters in the
water wire facilitating formation of extended H-bond networks.

Phosphatidylserine, an anionic lipid, shows a higher tendency to form
H-bonds as compared to other anionic or zwitterionic lipids (Chapter 3)
[42]. Extended water-mediated H-bond networks are formed by POPS
(Chapter 3). Cholesterol can H-bond to phosphatidylserine [84] and can
thus impact the properties of phosphatidyleserine bilayers. To evaluate the
impact of cholesterol and to characterize the H-bond dynamics of phos-
phatidylserine:cholesterol membranes, | did topology analysis of bilayers of
phosphatidylserine containing varying concentrations (10 to 40 %) of choles-
terol (Chapter 4). Eukaryotic plasma membranes contains a complex mixture
of 11 different types of lipids along with 10-40 % cholesterol [62]. Thus, the
systems discussed in Chapter 4 are limited to being model membranes.

The presence of cholesterol results in influencing the properties such as
area per lipid, thickness and ordering of lipid tails [71-74, 176] of the lipid
bilayer (Chapter 4). A decrease in area per lipid, an increase in membrane
thickness and order parameters is observed (Chapter 4, Sec 4.1) in the
presence of cholesterol. To understand the distribution of H-bond dynamics
at different depths of lipid bilayers, | identified and characterized the H-bonds
formed by different H-bonding groups of the lipid headgroup - phosphate,
serine, ester, phosphate & serine and all the groups together (Chapter 4, Sec
4.2). Regardless of the presence of cholesterol, POPS samples dynamic (low-
occupancy) water-mediated H-bond networks. Water-mediated H-bonding is
found to be predominant between the phosphate & serine and serine groups.
The topology analysis of phosphatidylserine:cholesterol membranes gave
insights about how the H-bonded lipid clusters tend to arrange spatially. As
reported previously [42] and discussed in Chapter 3, POPS tends to form
linear clusters with 3-4 lipids. Irrespective of the presence of cholesterol, this
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tendency of POPS to form short linear clusters via direct or water-mediated
H-bonding is maintained. However, based on the topology analysis, the
presence of cholesterol seems to hinder the formation of extended water-
mediated H-bond networks in phosphatidylserine membranes. Cholesterol
forms H-bonded clusters with POPS but these clusters are less frequent then
POPS-POPS clusters. On the other hand, cholesterol-cholesterol clusters
are rarely sampled and whenever sampled they are usually sampled in
pairs (Chapter 4, Sec 4.3). These results are compatible with previous
studies reporting formation of cholesterol dimers. The protocol used in
Chapter 4 may prove beneficial to analyze the dynamic H-bond lipid clusters
in cholesterol-containing complex bilayers with proton binding interfaces. It
can also be utilized to assess the impact of cations on preferred topologies
of lipid clusters.

Closely spaced anionic lipid headgroups and/or titratable sidechains of
transmembrane proteins can form proton antennas (Chapter 1) facilitating
proton transfer along the lipid bilayers [95, 96, 104]. In order to decipher
the mechanism of proton transfer mechanism across proton transporters, it
is essential to identify and characterize these proton-binding clusters and
the H-bond pathways between them. In order to identify these important
H-bond paths, | developed a graph theory based protocol to find the most
frequently sampled water-mediated H-bond paths via titratable groups of
transmembrane proteins and/or lipid headgroups (Figure 2.5) (Chapter 2, Sec
2.6). This developed protocol provides a significant advantage by enriching
the sampling of H-bond paths in comparison to the shortest path approach
(Chapter 5). In Chapter 5, | discuss the results of the implementation of this
protocol on the human voltage gated proton channel Hv1.

Hv1, a voltage gated proton channel, is responsible for pH regulation
[85, 86]. It's main function is proton extrusion. A dynamic network of H-
bonds between the titratable sidechains of Hv1 regulate the functioning
of Hv1 (Chapter 5, Sec 5.1) [27, 85, 91-93]. In alignment with previous
studies, | find that the H-bond network of Hv1 in POPC bilayer and standard
protonation state is interrupted at D108-D170 near the hydrophobic gasket
(Chapter 5, Sec 5.1) [225]. The internal H-bond network extends to the
extracellular side from D108 to E115, H136, D119, E192 via D181 and to
the cytoplasmic side from D170 to E167. This internal network is connected
further to a cytoplasmic H-bond network via conserved amino acid residues
N210 or S215 whereas T133 or Q128 connects to an extracellular H-bond
network. These amino acid residues are defined as linkers in this work.
Mutagenesis studies of the linkers could provide further insights into the
functioning mechanism of Hv1.
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Hv1 has a pH dependent gating mechanism [238, 239]. Thus, change in
pH can affect the H-bond network of Hv1 and thus it’s functioning and gating.
To probe the impact of protonation state on Hv1 H-bond network dynamics, |
performed MD simulations of ten systems of Hv1 embedded in hydrated lipid
bilayers and distinguished by protonation state of carboxylates and histidines
(Table 2.1) lining up the transmembrane region. Protonation of D108 and
D181 results in a continuous water-mediated H-bond network spanning the
transmembrane region (Chapter 5, Sec 5.2). In other simulations, H-bond
network is found to be interrupted at either D108-D181 or E115, suggesting
a key role of these amino acid residues in proton transfer pathways. The
H-bond network extends or collapses on the intracellular or extracellular side
depending on the location of the protonated carboxylate or histidine (Chapter
5, Sec 5.2).

Hv1 has several titratable groups that can interact with the lipid bilayer. To
investigate whether Hv1-lipid interactions could affect the H-bond dynamics
of Hv1, | performed MD simulations of Hv1 embedded in 5 different bilayers
with varying lipid composition. | find that in contrast to bacterial cell mem-
branes and POPC bilayer, a continuous H-bond network is sampled in POPS
bilayer (Chapter 5, Sec 5.3). How does the pH and lipid composition of
the membrane affects the H-bond network of Hv1 remains an open ques-
tion. | apply the newly developed protocol to study the protonation and lipid
coupled H-bond dynamics of Hv1 ( Figure 2.5). Taking a closer look at the
lipid-protein interface reveals that acidic lipids can participate in H-bonding
with Hv1 (Chapter 5, Sec 5.4). Along with the bulk exposed closely spaced
carboxylates and histidines of Hv1, lipid headgroups might form proton an-
tennas on the lipid membrane bilayer. | use the newly developed protocol to
find the most frequent H-bond paths between carboxylates, histidines and
lipid headgroups. Using the protocol, | identify potential proton antennas of
Hv1 in POPS bilayer and bacterial cell membranes (Chapter 5, Sec 5.4). |
also identify conserved amino acid residues of Hv1 that can serve as lipid
anchors (Chapter 5, Sec 5.5). All the above results discussed for Hv1, are
based on the resting state [148] and a monomer of Hv1. Hv1 exists as
a dimer. However, each monomer is functional on its own [241]. As the
crystal structure of the open and closed state of Hv1 are not yet available,
the analysis of Hv1 discussed above is limited to the resting state model of
chimeric Hv1.

Hv1 is an important drug target for cancer [86—89], neuroinflammatory
diseases [90] and male contraceptives [259]. As discussed in previous
studies and Chapter 5, the functioning of Hv1 is influenced by H-bond network
between titratable sidechains. Hv1 inhibitors can be thus designed targeting
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the H-bond network of Hv1. In this thesis (Chapter 5, Sec 5.6), | present the
work done on characterizing the impact of Hv1 inhibitors on H-bond networks
of Hv1. For the docking studies, | use open and closed models proposed by
MD simulations [27]. | dock 28 known inhibitors [165, 231, 232, 237] of Hv1
on the open state model and prepare the ligand-protein systems with the
best poses that can be used for MD simulations. | also calculate the H-bond
network of closed and open models without the inhibitors that can be used
as a reference while comparing with inhibitor-bound systems. Further MD
simulations and H-bond network analysis can give insights about the impact
of inhibitor binding on Hv1 H-bond network.

The protocol to find the most frequent H-bond paths between titratable
sidechains developed and implemented in Chapter 5, can be applied to find H-
bond networks of influence in transmembrane proteins. Identifying the most
frequent H-bond paths between titratable sidechains can give insights into the
proton transport mechanism. Apart from putative proton antennas (Chapter
5), the protocol can be used to identify key protein sidechains involved in
substrate binding and recognition, or in protein-protein interactions. The
important residues in the protein-ligand interactions can be characterized by
studying the impact of inhibitor on H-bond network dynamics.

The methods to identify and characterize H-bond networks of influence
discussed in this thesis, have a broad applicability from lipid membranes with
varying lipid composition, lipid membranes with cholesterol to transmembrane
proteins such as ion channels, transporters, enzymes, G-protein coupled
receptors, or neurotransmitters. The insights from MD simulations and H-
bond network analysis can lead to the development of novel drugs.
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Appendix
7.1 Appendix Tables

Table A.3.1. Average number of lipid clusters and total number of lipids forming
clusters per frame.

Average # lipid clusters | Total lipids forming clusters
. . . 1-water ion- . 1-water ion-
Simulation direct bridged | bridged direct bridged | bridged
POPC - 21+3 |10 - 55+6 |2+1
POPE 21+3(21+3 |10 81+5|56+7 |21
POPS 18+3 | 13+3 [14+2 [94+4 1 89+4 |38+6
POPG 20+3|21+3 |13+3 |48+7|72+6 |[33zx6
POPA 16+3|22+3 |13+2 [34+6|69+6 |34+6
5:1 POPG:POPE [ 4+2 | 21+3 |2=+1 8+3 [58+7 |4+2
E. coli 4+2 |[21+3 |21 9+3 |57+6 |42

Table A.4.1. Average number of lipid clusters and total number of lipids forming
clusters per frame.

Average # lipid clusters | Total lipids forming clusters
. 1-water ion- . 1-water ion-
Cholesterol (%) | direct bridged | bridged direct bridged | bridged
0 18+3|13+3 |14+2 |93+4|88+5 |[37+6
10 17+3 1323 | 13+2 [82+4|79+4 |34+6
20 16+2 (123 | 12+2 |77+4|75+5 | 30+6
30 15+2|13+3 |10+x2 |68+4|68+5 |[26+6
40 14+2(13+3 |82 58+4 |59+5 | 19+5




Table A.5.1. Protonated amino acid residues corresponding to Hv1 models and the
effect of mutations of these residues.

Effects of mutation

Mus Homo Mutations | Selectivity | Voltage Interaction with inhibitors
Mus- sapiens | studied threshold
culus (50qk) for detect-
(3wkv) ing proton
current

D108 D112 D112E H+ decreases | interacts with guanidine derivatives [237]

[228, 268] and HIFs [231, 232]
D108 D113 D112A[92, | CI- increases | -

228]
D108 D114 D112F Cl- increases | -

[228]
D108 D115 D112V no proton | increases | -

[228] current de-

tected

D108 D116 D112 no proton | increases | -

[229] current de-

tected

D108 D117 D112N - increases | -

/D185A

[92]
D108 D118 D112K Cl- increases | -

[228]
D108 D119 D112H Cl- increases | -

[228]

D108 D120 D112V H+ selec-| - -
/N116D tivity recov-
[269] ered
D108 D121 D112N[92, | CI- increases | -
228]
D108 D122 D112S Cl- increases | -
[228]
D108 D123 D112S Gu+ increases | -
/R211S
[268]
D108 D124 D112R H+ - -
/R211D
[268]
D170 D174 D174A - decreases | non-functional channel with saturating con-
[92] centration of YHV98-1 [233]

D170 D175 D174N - decreases | -

[92]
D170 D176 D174H - decreases | -
[92]
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Effects of mutation

Mus Homo Mutations | Selectivity | Voltage Interaction with inhibitors
Mus- sapiens | studied threshold
culus (50qk) for detect-
(8wkv) ing proton
current
D170 D177 D174E - decreases | Extent of HIF inhibition was reduced [231,
[92] 232]
E115 E119 E119A - increases | -
[92]
D119 D123 D123A - increases | -
[92]
D181 D185 D185N H+ increases | -
[228]
D181 D185 D185A H+ increases | Prevents binding of hanatoxin [236], no ef-
[228] fect on binding of HIF [231, 232]
D181 D185 D185M H+ increases | -
[228]
D181 D185 D185V H+ increases | -
[228]
H136 H140 H140A H+ - Decreased Zn2+ binding
[93]
H95 H99 H99A [92] | H+ increases | -
E167 E171 E164A - decreases | -
/E171A
[92]
E167 E171 E171A - decreases | -
/D174A
[92]
E167 E171 E171Q - - Extent of HIF inhibition was reduced
[231, 232]
D149 E153 E153A - decreases | -
[92]
D149 E153 E153N - decreases | -
[92]
D149 E153 E153C - decreases | Reduced ability of Hv1 to release HIF from
[92] its binding site [231, 232]
D149 E153 E153D - decreases | -
[92]
D149 E153 E153D - decreases | -
/D174E
[92]
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Table A.5.2. lllustration of the most frequent H-bond path calculation. Most frequent
H-bond paths from D108 and D181 sampled in MD simulations of Hv1 in hydrated
POPS lipid bilayer with all amino acid residues in their standard protonation state.
The table is taken from ref. [162] (manuscript under preparation).

From | To Path Path length | 1-water | 2-water | 3-water
D108 | D181 | - 1 - 77 86
D108 | D119 | D181, E115 2 - - 22
D108 | D119 | D181, E115, E192 3 - - 17
D108 | D119 | D181, E115, H136 3 - - 16
D108 | D119 | D181, E115, S139, H136 4 - - 8
D108 | E115 | D181 1 - - 27
D108 | E192 | D181, E115 2 - - 19
D108 | E192 | D181, E115, D119 3 - - 19
D108 | E192 | D181, E115, H136, D119 4 - - 14
D108 | E192 | D181, E115, S139, H136, D119 | 5 - - 7
D108 | H136 | D181, E115 2 - - 24
D108 | H136 | D181, E115, D119 3 - - 15
D108 | H136 | D181, E115, S139 3 - - 13
D108 | H136 | D181, E115, E192, D119 4 - - 12
D181 | D108 1 - 77 86
D181 | D119 | E115 1 - - 27
D181 | D119 | E115, E192 2 - - 21
D181 | D119 | E115, H136 2 - - 20
D181 | D119 | E115, S139, H136 3 - - 10
D181 | E115 1 - - 34
D181 | E192 | E115 1 - - 24
D181 | E192 | E115, D119 2 - - 23
D181 | E192 | E115, H136, D119 3 - - 16
D181 | E192 | E115, S139, H136, D119 4 - - 9
D181 | H136 | E115 1 - - 29
D181 | H136 | E115, D119 2 - - 19
D181 | H136 | E115, S139 2 - - 17
D181 | H136 | E115, E192, D119 3 - - 14

Table A.5.3. lllustration of the shortest H-bond path calculation. Shortest H-bond
paths from D108 and D181 sampled in MD simulations of Hv1 in hydrated POPS
lipid bilayer with all amino acid residues in their standard protonation state.

From | To Path Path length | 1-water | 2-water | 3-water
D108 | D181 | - 1 - 77 86
D108 | D119 | D181, E115 | 2 - - 22
D108 | E115 | D181 1 - - 27
D108 | E192 | D181, E115 | 2 - - 19
D108 | H136 | D181, E115 | 2 - - 24
D181 | D108 1 - 77 86
D181 | D119 | E115 1 - - 27
D181 | E115 1 - - 34
D181 | E192 | E115 1 - - 24
D181 | H136 | E115 1 - - 29
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7.2 Appendix Figures

99 112
HOMO Sapiens - - -~~~ - SHMRAPLDFRGMLRKLFSSHRFQVITIICLVVLDALLVL 127
Mus Musculus  MGGSHHHHHHHHGENLYFQGLESTPRQSLDFRSRLRKLFSSHRFQVITICLVVLDALLVL 113
Ourmodel - FRSRLRKLFSSHRFQVITICLVVLDALLVL 3
¥ ¥ % % % ¥k ¥ ¥ ¥ 3K % %k % % %k %k % K %k %k % % % k¥
119 123 140 153 171 174

Homo sapiens AELILDLKIIQPDKNNYAAMVFHYMSITILVFFMMEIIFKLFVFRL-EFFHHKFEILDAV 176
Mus Musculus  AELLLDLKIIEPDEQDYAVTAFHYMSFAILVFFMLDLGLRIFAYGPKNFFTNPWEVADGL 172
Our model AELLLDLKIIEPDEODYAVTAFHYMSFAILVFFMLDLGLRIFAYGPKNFFTNPWEVADGL 90
............... ¥ o« KK ¥
185 205 208 211
Homo sapiens VVVVSFILDIVLLFQEHQFEALGLLILLRLWRVARIINGIIISVKTRSER---------- 236
Mus Musculus  IVVVSFVLDLVLLFKSHHFEALGLLILLRLWRVARIINGIIISRMKQLEDKIEELLSKIY 232
Our model IVVVSFVLDLVLLFKSHHFEALGLLILLRLWRVARIINGIIISRMKOLEDKIEELLSKIY 120

........................

Homo sapiens ~ -~~~ """"""""""~
Mus Musculus HLENEIARLKKLIGER 248

Our model HLENEIARL------- 129

Figure A.5.1. Multiple sequence alignment of Hv1 resting state model with Mus
musculus and Homo sapiens Hv1. The sequence alignment was performed by
Clustal Omega [270]. The figure is from ref. [162] (manuscript under preparation).

Figure A.5.2. Amino acid residues of Hv1 that are protonated in individual membrane
simulations. (A) Molecular graphics of Hv1 Mus musculus crystal structure (PDB
ID: 3wkv) [148] before modeling of missing loops. Protein is shown as thin cyan
ribbons and protein sidechains in yellow licorice representation. (B) The distance
between H95 and neighboring residues. The distances of H95 from neighboring
residues raise the possibility of singly protonation on the Ne atom. The numbering
scheme is based on Mus musculus crystal structure of Hv1. The figure is from ref.
[162] (manuscript under preparation).
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Figure A.5.3. Ca RMSD profiles for helical regions of Hv1. (A-C) Time series of
Ca RMSD of helical regions of Hv1 in pure POPC membrane in with all aminoacid
residues in their standard protonation state (Panel A), pure POPE membrane, 5:1
POPE:POPG membrane, E. coli Top6 bacterial cell membrane with all aminoacid
residues in their standard protonation state (Panel B) and Hv1 in pure POPC mem-
brane with D108, D119, D149, D170, D181, E115, E167, H95 and H136 protonated
in individual simulations (Panel C). The figure is from ref. [162] (manuscript under
preparation).
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Figure A.5.4. Molecular graphics of lipids in Hv1-lipid membrane simulations. The
figure is from ref. [162] (manuscript under preparation).
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Figure A.5.5. H-bond network of Hv1 in POPC with standard protonation state.
(A-B) Complete H-bond network via waterwires with upto 3 water molecules of Hv1
with occupancy (%) (Panel A) and average number of waters in waterwires (Panel B)
on the edges. (C) H-bond network of Hv1 via putative proton carriers. (D) Molecular
graphics of H-bond network in Panel C. The molecular graphics was prepared using
the last frame of 500 ns MD simulation. Panels A-B are adpated and Panels C-D
are taken from ref. [162] (manuscript under preparation).
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Figure A.5.6. H-bond network of Hv1 in POPC with D108 protonated. (A-B)
Complete H-bond network via waterwires with upto 3 water molecules of Hv1 with
occupancy (%) (Panel A) and average number of waters in waterwires (Panel B) on
the edges. (C) H-bond network of Hv1 via putative proton carriers. (D) Molecular
graphics of H-bond network in Panel C. The molecular graphics was prepared using
the last frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D
are taken from ref. [162] (manuscript under preparation).
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Figure A.5.7. H-bond network of Hv1 in POPC with D119 protonated.(A-B) Complete
H-bond network via waterwires with upto 3 water molecules of Hv1 with occupancy
(%) (Panel A) and average number of waters in waterwires (Panel B) on the edges.
(C) H-bond network of Hv1 via putative proton carriers. (D) Molecular graphics of
H-bond network in Panel C. The molecular graphics was prepared using the last
frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D are taken
from ref. [162] (manuscript under preparation).
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Figure A.5.8. H-bond network of Hv1 in POPC with D170 protonated.(A-B) Complete
H-bond network via waterwires with upto 3 water molecules of Hv1 with occupancy
(%) (Panel A) and average number of waters in waterwires (Panel B) on the edges.
(C) H-bond network of Hv1 via putative proton carriers. (D) Molecular graphics of
H-bond network in Panel C. The molecular graphics was prepared using the last
frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D are taken
from ref. [162] (manuscript under preparation).
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Figure A.5.9. H-bond network of Hv1 in POPC with D181 protonated.(A-B) Complete
H-bond network via waterwires with upto 3 water molecules of Hv1 with occupancy
(%) (Panel A) and average number of waters in waterwires (Panel B) on the edges.
(C) H-bond network of Hv1 via putative proton carriers. (D) Molecular graphics of
H-bond network in Panel C. The molecular graphics was prepared using the last
frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D are taken

from ref. [162] (manuscript under preparation).
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Figure A.5.10. H-bond network of Hv1 in POPC with D149 protonated.(A-B) Com-
plete H-bond network via waterwires with upto 3 water molecules of Hv1 with
occupancy (%) (Panel A) and average number of waters in waterwires (Panel B) on
the edges. (C) H-bond network of Hv1 via putative proton carriers. (D) Molecular
graphics of H-bond network in Panel C. The molecular graphics was prepared using
the last frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D
are taken from ref. [162] (manuscript under preparation).
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Figure A.5.11. H-bond network of Hv1 in POPC with E115 protonated.(A-B) Com-
plete H-bond network via waterwires with upto 3 water molecules of Hv1 with
occupancy (%) (Panel A) and average number of waters in waterwires (Panel B) on
the edges. (C) H-bond network of Hv1 via putative proton carriers. (D) Molecular
graphics of H-bond network in Panel C. The molecular graphics was prepared using
the last frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D
are taken from ref. [162] (manuscript under preparation).
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Figure A.5.12. H-bond network of Hv1 in POPC with E167 protonated.(A-B) Com-
plete H-bond network via waterwires with upto 3 water molecules of Hv1 with
occupancy (%) (Panel A) and average number of waters in waterwires (Panel B) on
the edges. (C) H-bond network of Hv1 via putative proton carriers. (D) Molecular
graphics of H-bond network in Panel C. The molecular graphics was prepared using
the last frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D
are taken from ref. [162] (manuscript under preparation).
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Figure A.5.13. H-bond network of Hv1 in POPC with H95 protonated.(A-B) Complete
H-bond network via waterwires with upto 3 water molecules of Hv1 with occupancy
(%) (Panel A) and average number of waters in waterwires (Panel B) on the edges.
(C) H-bond network of Hv1 via putative proton carriers. (D) Molecular graphics of
H-bond network in Panel C. The molecular graphics was prepared using the last
frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D are taken

from ref. [162] (manuscript under preparation).
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Figure A.5.14. H-bond network of Hv1 in POPC with H136 protonated.(A-B) Com-
plete H-bond network via waterwires with upto 3 water molecules of Hv1 with
occupancy (%) (Panel A) and average number of waters in waterwires (Panel B) on
the edges. (C) H-bond network of Hv1 via putative proton carriers. (D) Molecular
graphics of H-bond network in Panel C. The molecular graphics was prepared using
the last frame of 300 ns MD simulation. Panels A-B are adpated and Panels C-D
are taken from ref. [162] (manuscript under preparation).
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Figure A.5.15. Conserved H-bond network across protonated Hv1 systems. (A)
Graph representation of conserved H-bond network mediated by upto 3 waters
and via potential proton carriers. (B-K) Difference H-bond graphs of Hv1 from
simulations with standard protonation for all titratable sidechains (Panel B), with
neutral D108 (Panel C), neutral D181 (Panel D), neutral D119 (Panel E), neutral
E115 (Panel F), doubly protonated H136 (Panel G), Ne protonated H95 (Panel
H), neutral D170 (Panel ), neutral E167 (Panel J) and neutral D149 (Panel K).
Conserved H-bonds and H-bonding groups conserved are shown in grey whereas
the difference between conserved H-bonds and H-bonding groups is shown in blue,
The protonated H-bonding group is shown magenta. Cgraph was used to generate
H-bond graphs [271] with an occupancy filter of 30% and conservation threshold of
80%. (L) Molecular graphics of conserved graph from Panel A. The figure is from
ref. [162] (manuscript under preparation).
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Figure A.5.16. Conserved Hv1 H-bond network in different lipid bilayers. (A) Graph
representation of conserved H-bond network mediated via upto 3 waters. (B-F)
Difference H-bond graphs of Hv1 from simulations with standard protonation for all
titratable sidechains in pure POPC (Panel B), pure POPS (Panel C), pure POPE
(Panel D), 5:1 POPE:POPG (Panel E) and E. coli (Panel F) bilayers. H-bonds and
H-bonding groups conserved across simulations are shown in grey. Conserved
H-bonds and H-bonding groups conserved are shown in grey whereas the difference
between conserved H-bonds and H-bonding groups is shown in blue, The protonated
H-bonding group is shown magenta. Cgraph was used to generate H-bond graphs
[271] with an occupancy filter of 30% and conservation threshold of 80%. The figure
is from ref. [162] (manuscript under preparation).
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Figure A.5.17. H-bond network of Hv1 in POPE bilayer.(A-B) Complete H-bond
network via waterwires with upto 3 water molecules of Hv1 with occupancy (%)
(Panel A) and average number of waters in waterwires (Panel B) on the edges.
Adapted from ref. [162] (manuscript under preparation).
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Figure A.5.18. H-bond network of Hv1 in 5:1 POPE:POPG bilayer.(A-B) Complete
H-bond network via waterwires with upto 3 water molecules of Hv1 with occupancy
(%) (Panel A) and average number of waters in waterwires (Panel B) on the edges.
Adapted from ref. [162] (manuscript under preparation).
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Figure A.5.19. H-bond network of Hv1 in POPS bilayer. (A-B) Complete H-bond
network via waterwires with upto 3 water molecules of Hv1 with occupancy (%)
(Panel A) and average number of waters in waterwires (Panel B) on the edges.
Adapted from ref. [162] (manuscript under preparation).
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Figure A.5.20. H-bond network of Hv1 in E. coli bilayer.(A-B) Complete H-bond
network via waterwires with upto 3 water molecules of Hv1 with occupancy (%)
(Panel A) and average number of waters in waterwires (Panel B) on the edges.
Adapted from ref. [162] (manuscript under preparation).

Chapter7 Appendix



5:1 POPE:POPG

PE
D/E/H/SIT

Figure A.5.21. Lipid interactions of Hv1 in bacterial membranes. (A-B) Lipid-Hv1
water mediated H-bond in 5:1 POPE:POPG bilayer (Panel A) vs E. coli bilayer (Panel
B). The figure is adpated from ref. [162] (manuscript under preparation).

Karlodinium veneficum MHEEHEAEDHGEHRVSDAAGSLEAPLQKGSFEQHAK-|-GTSGVHHARSQASSNREGREGC 245

Ciona intestinalis |TVKTKA - - DDRVHEIKKKNSELELQIHNLEEKLSQKEQDMSRLHEILRCNNIDIPPTVPL 326

Nicoletia phytophila SVKMQA - -EHQLEREKQRGMALEGELSRCRQVCAAQQRELDVLRAVLQHHGLDQQLPDGN 228

Danio rerio |SVQNRA - -NHRVEKLKEINESLVHQVNELKEQNTKMDQENVRLRALLKDHSIDF- - - - - - 235

Xenopus laevis |SVKTRA - - EEKMHKLKEQKGSLLEKVAQLEQQCAQQEQEIGRLHKLLQEHNVFPAS---- 230

Xenopus tropicalis |SVKTQA - -EDKIHRLKENQESLLEKVAHLEQQCAQQEQEIVRLQTLLQQHNVFPAS---- 230

Gallus gallus |SVKTRS - -EQQVSKLKQVNLKLATKVEQLQHSCVEKEQEILERLTRMLKQHGLLSEQT--- 235

Mus musculus chimera SRMKQL - - EDKIEELL- - - - - - - SKIYH------- LENETARLKKLIGER- --------- 196

Homo sapiens |SVKTRS - - ERQLLRLKQMNVQLAAKIQHLEFSCSEKEQETIERLNKLLRQHGLLGEVN- - - 273
EQEIER

Mus Musculus |SVKTRS - -ERQILRLKQINIQLATKIQHLEFSCSEK LNKLLKQNGLLGDVN- - - 269

Figure A.5.22. Multiple sequence alignment of cytoplasmic helix of Hv1. The
sequence alignment was performed by Clustal Omega [270]. The figure is from ref.
[162] (manuscript under preparation).
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Figure A.5.23. Lipid anchors of Hv1. (A-E) Molecular graphics and graph represen-
tation of lipid anchors of Hv1 in POPC (Panel A), POPS (Panel B), POPE (Panel C),
5:1 POPE:POPG (Panel D) and E. coli (Panel E) bilayers. The figure is adapted
from ref. [162] (manuscript under preparation).
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Figure A.5.24. Molecular images of inhibitors of Hv1. The numbering on the top
left corner describes the inhibitor number corresponding to Table 5.1.
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Abstract: Phosphatidylserine lipids are anionic molecules present in eukaryotic plasma membranes,
where they have essential physiological roles. The altered distribution of phosphatidylserine in
cells such as apoptotic cancer cells, which, unlike healthy cells, expose phosphatidylserine, is of
direct interest for the development of biomarkers. We present here applications of a recently imple-
mented Depth-First-Search graph algorithm to dissect the dynamics of transient water-mediated
lipid clusters at the interface of a model bilayer composed of 1-palmytoyl-2-oleoyl-sn-glycero-2-
phosphatidylserine (POPS) and cholesterol. Relative to a reference POPS bilayer without cholesterol,
in the POPS:cholesterol bilayer there is a somewhat less frequent sampling of relatively complex and
extended water-mediated hydrogen-bond networks of POPS headgroups. The analysis protocol used
here is more generally applicable to other lipid:cholesterol bilayers.

Keywords: depth-first-search algorithm; lipid—-water hydrogen-bond network; hydrogen-bond
network topology; POPS-cholesterol hydrogen-bond networks

1. Introduction

Hydrogen (H)-bonds and H-bond networks shape the structure and dynamics of
lipid-lipid interactions [1] and the fluidity of the lipid bilayer [2—4]. H-bonding properties
depend on the nature of the lipid headgroup. The anionic phosphatidylserine (PS) has
more inter-lipid H-bonds than, e.g., the zwitterionic phosphatidylethanolamine (PE) and
phosphatidylcholine (PC), or than the anionic phosphatidylglycerol (PG) and phosphatidic
acid (PA) [5-7]. This propensity for intermolecular H-bonding of PS may be associated
with somewhat larger bilayer thicknesses [7].

Lipid clusters can be defined as groups of lipids H-bonded via direct H-bonds, water
molecules, or ion interactions. The clustering of PS appears to be associated with the
formation of nanometer-sized domains [8-10] that could provide, e.g., a platform for pe-
ripheral protein recruitment [11], viral assembly [12], and the binding to the membrane
of the influenza A virus matrix protein [9]. Altered distribution of PS has been associ-
ated with a number of human diseases [13], including cancer [14-16]. The formation of
lipid clusters, particularly in the case of PS [17-19], PG [17], and phosphatidylinositol
4,5-bisphosphate (PIP2) [20], might be promoted by the presence of cations. Experiments
using, e.g., time-resolved fluorescence spectroscopy [18], fluorescence correlation spec-
troscopy [20,21], steady-state probe-partitioning fluorescence resonance energy transfer
(SP-FRET) [20], and molecular dynamics (MD) simulations [18,19,22] suggested that the
presence of sodium [9,18,21,23-26], potassium [18,22], calcium [19,22,25-28], or magnesium
ions [28] may be associated with the clustering of lipids. Details of ion-mediated lipid
cluster formation depend both on the cation and on the lipid headgroup. For example,
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compared to potassium, the presence of sodium ions tends to be associated with larger
clusters in PIP2 bilayers [22] and shows a higher affinity to a membrane composed of
1-palmytoyl-2-oleoyl-sn-glycero-2-phosphatidylcholine (POPC) and 1-palmytoyl-2-oleoyl-
sn-glycero-2-phosphatidylserine (POPS) [18]. At the interface of a POPS/POPC bilayer,
sodium ions have reduced mobility relative to POPC [18]. Likewise, sodium and potassium
ions have weaker binding at a PC than a PE lipid membrane interface [29].

Cholesterol favors interactions with anionic lipids (PS and PG) as compared to the
zwitterionic PC and PE [30-33], and it can H-bond to lipid headgroups [34]. Cholesterol
prefers H-bond to single phospholipids [35], typically with the lipid carbonyl or phosphate
oxygen atoms [35-37]. Intercalation of cholesterol molecules could influence the packing
of anionic lipids [30], looser at the lipid headgroups and tighter at the tails [38] and be
associated with reduced sodium ion binding at the interface [39].

MD studies have shown that lipids can form H-bond networks mediated by direct or
water-mediated H-bonds between lipid headgroups [5,17]. The water dynamics at the lipid
interface is slower than the bulk [1,40,41]. The slower relaxation rates of interfacial waters
H-bonded to lipids suggest that H-bond networks in the hydration layer facilitate lipid—
lipid interactions [1]. The number of H-bonds between water molecules at the interface of
DMPC [1] and DOPS [42] bilayers decreases with an increasing membrane depth.

To identify and characterize dynamic water-mediated clusters of lipid headgroups,
we have recently implemented a Depth-First-Search (DFS)-based graph algorithm that uses
Connected Component searches to explore the nodes of the H-bond graphs and identify
four main types of lipid H-bond clusters [17]. Clusters are then characterized according to
properties such as cluster size, which is given by the number of nodes (lipid headgroups)
that constitute the cluster, and cluster length, which is given by the number of H-bonds
within the longest H-bond path within the cluster [17]. Using the DFS-based algorithm we
implemented, we dissected the water-mediated H-bond clusters at the interface of hydrated
lipid bilayers composed of POPE, POPG, 3:1 POPE:POPG, 5:1 POPE:POPG, POPS, and
an Escherichia coli lipid membrane model, all without cholesterol [17]. We found that,
regardless of the lipid membrane composition, short linear H-bond arrangements, typically
two lipid headgroups that H-bond directly or via one water molecule, were sampled
frequently during atomistic MD simulations [17]; relative to the other lipids studied, POPS
could engage more frequently in circular arrangements of three lipid headgroups [17].

Here, we apply the DFS graph algorithm to characterize dynamic water-mediated
interactions in a POPS:cholesterol membrane with 10% cholesterol, which is in the range of
cholesterol concentrations relevant to the plasma membrane of a healthy eukaryotic cell [43].
As a reference, we use a hydrated POPS bilayer without cholesterol. We compute separately
H-bond clusters contributed by phosphate, serine vs. ester groups; likewise, we compute
separately H-bond clusters that involve direct POPS:POPS H-bonds, vs. one-water bridges
or ion-mediated bridges between POPS headgroups. We find that cholesterol disfavors the
transient formation of H-bonded POPS clusters.

2. Methods
2.1. MD Simulations of Hydrated Lipid Membranes

CHARMM-GUI [44-46] was used to generate coordinates for two distinct
hydrated POPS bilayers (Table 1): (i) without cholesterol; (ii) with 10% cholesterol. All
simulation systems have 0.15 M neutralizing KCl salt and a starting size of approximately
81 A x 81 A x 85A.

We used the CHARMMS36 force field for lipids and ions [47-52] and the TIP3P wa-
ter model [53]. All simulations were performed with NAMD 2.13 [54,55]. The standard
CHARMM-GUI scheme for the initial equilibration was used. For the production runs,
we used a Langevin dynamics scheme [56,57] with an oscillation period of 200 fs, a
damping time scale of 100 fs, and a damping coefficient of 5 ps~! in the NPT ensem-
ble (constant number of particles N, constant pressure P = 1 bar, and constant temperature
T = 310.15 K). We used the smooth particle mesh Ewald summation to compute Coulomb
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interactions [58,59] and a 10-12 A switch function for real-space interactions; covalent
bonds to H-atoms were fixed. An integration step of 1 fs was used throughout equilibration
and the first 1 ns of the production runs; for the production runs, we used a multiple time-
step integration scheme [60,61] with 1 fs for bonded interactions and 2 fs for short-range
nonbonded forces and long-range electrostatics. Coordinates were saved every 10 ps for
data analyses. The total sampling time of the two simulations was 1 ps.

Table 1. MD simulations performed. We report the length of the production runs performed without
any constraints. The total number of atoms we report includes atoms of the lipids and water molecules,
and the ions.

Sim #POPS/Chol Molecules per Leaflet #Atoms Length (us)
POPS POPS (109) 53,680 0.5
POPS:chol (10%) POPS/Chol (98/11) 51,859 0.5

2.2. H-bond Criteria, H-bond Graphs, H-bond Paths, and H-bond Occupancies

We identified H-bonds using a distance criterion whereby two groups were considered
as H-bonded if the distance between the H-atom and acceptor hetero-atom was within
2.5 A. This single distance criterion gives results largely equivalent to a combined distance
and angle criterion of H-bond distances <3.5 A between the H-bond donor and acceptor
hetero-atoms, and H-bond angles within 60° [62]. For potassium ion-mediated bridges
between two POPS phosphate groups, we used a distance criterion of 4 A.

A H-bond graph consists of nodes, which here are the POPS or cholesterol headgroups,
and the edges, which are direct, 1 water-mediated, or ion-mediated H-bond connections
between the nodes. A H-bond path between two lipid headgroups connects these two
headgroups via the shortest distance H-bond path, i.e., via the smallest number of interme-
diate H-bonds. The occupancy of a H-bond is the percentage of coordinate sets utilized
in analyses in which the H-bond criterion is satisfied [24,63]. We used Bridge [63,64] to
compute H-bond occupancies.

2.3. H-bond Clusters, Topology, Cluster Size, Path Length, and Occupancy of Lipid Clusters

A H-bond cluster consists of nodes and edges that interconnect with each other. The
topology of a H-bond lipid cluster is defined as the geometric arrangement of the nodes
and edges in that cluster. To identify lipid clusters, we used the recently developed DFS
algorithm [17] that analyses the H-bond graph to identify transient lipid clusters and the
topologies of these clusters. Briefly, the DFS algorithm treats the nodes and edges of the
H-bond graph as, respectively, data points and relationships between these data points. The
algorithm explores all graph nodes, monitors H-bond distances in the coordinate dataset
(MD trajectory), and constructs adjacency or connection matrices that represent the H-bond
connections between pairs of nodes. The nodes of the graph are clustered, according to the
H-bonding relationships between them, into four main topologies—linear, star and linear,
circular, and complex combinations of these three arrangements. A lipid cluster is then
characterized by its size, which is given by the number of lipid headgroups that constitute
the cluster, and by the path length L, which is given by the number of edges (H-bonds) in
the longest path connecting two nodes of the H-bond cluster.

The occupancy of a lipid cluster is the percentage of coordinate sets utilized in analyses
in which the cluster is present. The length of the water wire that connects two lipid head-
groups is given by the number of bridging H-bonded water molecules [63]; for simplicity,
and because water bridges between lipids tend to have very small occupancies, here we
considered only one-water bridges. All topology calculations were performed using the
VMD [65] and MATLAB data analysis scripts of the DFS algorithm [17] as deposited in the
Mendeley repository [66]. For data analyses, the complete trajectories of the production
runs were used.
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2.4. Structure Factors and the Number of H-bonds per POPS

We used the MEMBPLUGIN [67] in VMD [65] to evaluate the average thickness of
each bilayer, area per lipid, and order parameters. The H-bonds per lipid are reported as
the average number of H-bonds sampled by the specific lipid group in each coordinate set.

All molecular graphics were prepared using VMD 1.9.4 [65]. Boxplots of H-bond occu-
pancy values extracted with Bridge [63,64] were prepared using Python. Files pertaining to
the simulations reported here are released as a public Mendeley repository (see the Data
Availability Statement).

3. Results and Discussion

The simulations reported here have average membrane thickness, area per lipid, and
order parameter values close to previous experiments and simulations. For the POPS mem-
brane without cholesterol, the average membrane thickness we calculate is 41.2 & 0.5 A,
which is close to values reported from previous MD simulations, e.g., 43.2 & 0.5 A [68],
40.6 A [69],42.4 & 0.2 A [70], 42.1 4+ 0.5 A [17], and to the 42.2 A thickness measured by
neutron and X-ray scattering in the presence of NaCl [69]. In the presence of 10% choles-
terol, the POPS membrane is ~1.5 A thicker (Table 1, Figure 1A,C), which is compatible with
the ~2.2 A increase, relative to pure DMPC, in the thickness of DMPC/cholesterol mem-
branes with 10% cholesterol [71]. The calculated area per lipid for the POPS membrane is
59.8 4+ 1.9 A2, which is relatively close to previously reported values from MD simulations
(58.4 A% [72], 57.5 + 1.2 A% [70], and 62.0 A% [69]). A decrease of ~5 A2 in the area per
lipid and an increase in the order parameters found here in the presence of cholesterol
(Figure 1B,D) are in reasonable qualitative agreement with the decrease by ~6-7 A2 [73,74]
in the area per lipid of a DOPC/cholesterol membrane with 10% cholesterol. Likewise,
the order parameters for the POPS membrane (Figure 1D) are compatible with previous
studies [70,72].
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Figure 1. Basic features of the hydrated POPS and POPS:chol membranes. (A) Time series and
average values of the lipid bilayer thickness computed from POPS membranes (cyan profile) vs.
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POPS:chol (orange profile). (B) Time series of the area per lipid computed from POPS and POPS:chol
membranes. (C) Molecular graphics based on coordinate snapshots from simulations of POPS (left)
vs. POPS:chol (right). POPS are shown as yellow bonds; when present, cholesterol is shown as
orange bonds. (D) SCD order parameter profiles. (E) Molecular graphics illustrating POPS with
selected atoms labeled.

3.1. Direct and One-Water-Mediated H-bonding of POPS Headgroups

On average, each POPS headgroup has 1.5 £ 0.1 H-bonds with another POPS
(Figure 2A), which is close to the 1.1-1.2 H-bonds/POPS headgroup reported previously
from CHARMM36 MD simulations [7]. Each POPS headgroup also has, on average,
2.3 £+ 0.2 H-bonds from one-water bridges (Figure 2B) and 1.5 £ 0.1 potassium ion interac-
tions (Figure 2C). Each phosphate and serine group has about 1.3-1.4 H-bonds to a bridging
water molecule (Figure 2), slightly higher than the ~1.1 one-water-mediated H-bonds
per ester group (Figure 2B). When the ester groups are included in the H-bond computa-
tion, the average number of one-water-mediated H-bonds increases from 1.9 + 0.1 (when
only the POPS phosphate and serine groups are included in the H-bond computation) to
2.3 £ 0.2 (Figure 2), but these ester H-bonds have very low occupancies (Figure 3). The
total average number of H-bonds per POPS is similar in membranes with and without
cholesterol (Figure 2).
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Figure 2. Number of H-bonds per POPS. (A-C) Time series of interactions sampled in simulations of
the POPS membrane without cholesterol. We show the number of direct lipid H-bonds (panel A) and
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1-water-mediated (panel B) and ion-mediated bridges between POPS (panel C). The total number of
H-bonds per POPS is shown by the blue profile. For groups of atoms of POPS, we use the following
color code: serine, green; phosphate, red; ester, purple; phosphate and serine, orange; all, blue. For
clarity, coordinate sets were read each 1 ns. (D-F) Interactions sampled in POPS:chol membrane
simulations. We show the number of direct lipids H-bonds (panel C), 1-water-mediated (panel D) vs.
ion-mediated bridges between POPS (panel D). (G-I) POPS-cholesterol interactions. We monitor the
number of direct POPS-cholesterol H-bonds (panel G), 1-water-mediated (panel H) vs. ion-mediated
bridges (panel I). (J) Molecular graphics illustrating, from left to right, direct POPS H-bonds, 1-water
bridging, and potassium ion-mediated bridges.

A B D Cholesterol-
POPS-POPS POPS-Cholesterol Cholesterol
serine
phosphate
phosphate and serine
ester
all
1-water bridge
E Lipid cluster topologies
: L=4 p
L=4 o \ =4 7 %‘% .
0\./.7 ° () P
T Tigh + » | e £ ) FoSP
& " 3 c- 3
4’ —2%
linear star & linear circular & star & linear circular

Scheme 1. H-bonds and lipid cluster topologies sampled in hydrated POPS bilayers. (A) H-bonding
groups used for topology analysis and H-bond calculations of POPS. (B-D) Molecular graphics illus-
trating 1-water mediated H-bond interaction between POPS headgroups (Panel B), POPS-cholesterol
(Panel C), and between two cholesterol molecules (Panel D). (E) Illustrations of the topologies studied
here with the DFS algorithm [17]. H-bond clusters with path lengths L = 3 and L = 4 are shown.

Overall, both the direct and one-water-mediated bridges between POPS have small
occupancies: 83-93% of the direct H-bonds have occupancies within 10-15% (Figure 3A,C),
and 69-100% of the one-water bridges computed for the different POPS H-bonding groups
have occupancies within about 5% (Figure 3B,D), suggesting these interactions are quite
dynamic. In the distribution of the occupancies of direct H-bonds and one-water-mediated
bridges, there are also outliers: for each of the H-bonds and water-mediated bridges
presented in Figure 3, about 4-8% of the data points are outliers, i.e., these are H-bonds
and water-mediated bridges with occupancy values significantly larger than the average
(Figure 3). The highest-occupancy H-bonds are, in the POPS membrane, a pair of POPS
headgroups that remain within H-bond distance for 306.2ns (i.e., 61.2% POPS simulation)
and, in the POPS:cholesterol simulation, a pair of POPS headgroups within H-bond distance
for 360.2 ns (72% of the simulation).
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Figure 3. H-bonds and water-mediated bridges have low occupancies. We present boxplots of H-
bond occupancy values for interactions between phosphate, serine, and ester groups, and for all three
groups (see Scheme 1A). (A-D) Occupancies (%) of direct H-bonds (panels A, C) and for one-water
bridges (panels B, D). In panels A and C, note that direct H-bonds between phosphate or ester groups
are not found. (E,F) Occupancies (%) of direct POPS-cholesterol H-bonds (panel E) and one-water
bridges between POPS and cholesterol (panel F). Overall, the same pairs of headgroups tend to give
the high-occupancy H-bonding and water bridging presented here for the distinct moieties.

3.2. Water-Mediated H-bond Clusters in the POPS:Cholesterol Membrane

We used the DFS algorithm as illustrated in Scheme 1 to characterize POPS clusters
in membranes with cholesterol, using as a reference the results obtained for the POPS
membrane without cholesterol [17,66].

We first considered all unique H-bonds sampled during the simulations. At any given
time, about 15-18 clusters are likely to be sampled in the POPS:cholesterol membrane,
that is, because each leaflet has 109 lipids (Table 1), at any moment of time about 81%
of the lipids participate in dynamic, low-occupancy H-bond paths of at least two lipids.
About half of these H-bond paths (8-9) are linear (Scheme 1, Figure 4A). Linear, relatively
short H-bond paths are favoured by POPS irrespective of whether cholesterol is present
or not (Figures 4A and 5) and are exclusively sampled in cholesterol clusters (Figure 6).
Circular and star and linear clusters are rare and, when sampled, have minimal sizes (3 and
4-5 lipids, respectively, Figure 4A,B). Star and linear and circular arrangements may also
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be sampled transiently, such that, overall, most of the H-bond paths sampled are either
linear or a more complex topology that includes a linear path segment (Figure 4).

A linear star and linear ,
circular star and linear and circular
510 direct 1-water jon bridge direct 1-water  jon bridge
= bridge N bridge
=8 .6
e 2
b E
ey (9]
%4 p
(] [@)] )
2 o
o ]
g 0 Z 0 ]
<C ~ POPS POPS: POPS POPS: POPS POPS: POPS POPS: POPS POPS: POPS POPS:
Chol Chol Chol Chol Chol Chol
C ol Without Cholesterol 2 With
b 2
. 2
+ . .m. Cholesterol
tﬁ %‘ 4
) ke

linear star and linear

circular star and linear and circular
Figure 4. POPS clusters sampled during simulations without and with cholesterol. (A,B) Bar graphs
of the average number of lipids clusters (panel A) and of the average cluster size (panel B) computed
separately for H-bond clusters mediated by direct POPS and POPS-cholesterol H-bonds, one-water
bridges, and potassium ion bridges. (C) Illustration of lipid clusters mediated by direct POPS H-
bonds in coordinate snapshots from simulations of POPS bilayers without (left) and with cholesterol
(right). POPS headgroups are shown with yellow bonds, and cholesterol oxygen atoms are shown as
purple spheres.

As reported previously for a hydrated POPS bilayer [17], linear H-bond paths (Scheme 1)
mediated by one water molecule are sampled throughout the entire POPS simulation:
on average, at least one linear path is sampled at any moment in time (Figure 5E). The
one-water-mediated linear H-bond paths tend to be relatively short, composed of 2-3 lipids,
that is, these are singular H-bonds, or two H-bonds with one common POPS headgroup
(Figure 5E). These results for the reference POPS simulation are in qualitatively good
agreement with our previous computations on hydrated POPS [17] and 4:1 POPC:POPG
membranes [23]. In the presence of cholesterol, direct singular H-bonds (H-bond paths
with length L = 1) between POPS headgroups are slightly less likely than in the POPS
membrane (Figure 5A), though such paths are sampled throughout the entire simulation
(Figure 5F). Taken together with the H-bond occupancy analysis summarized in Figure 3,
the time series of the H-bond paths of different lengths (Figure 5) suggest that, overall,
most H-bond clusters at the POPS headgroup interface are short and transient. It should
also be noted that the exact number of H-bond paths, or clusters, sampled throughout the
simulation trajectories (Figure 5), depends on the size of the lipid bilayer, and the time
series presented in Figure 5 are meant as an illustration of the H-bond dynamics at the lipid
headgroup interface of the hydrated membrane patches used here (Table 1).
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Figure 5. Path lengths for linear clusters in the POPS and POPS:chol bilayer. (A,B) Percentage
of number of linear clusters with different path lengths mediated by direct H-bonds (panel A) vs.
one-water bridges (panel B) in POPS (blue) vs. POPS:chol (orange) bilayers. Note that most of these
paths are transient, as most H-bonds and water-mediated bridges have small occupancies (Figure 3).
(C) Water-mediated linear clusters with path length L = 4; the four connecting H-bonds are shown as
thick green lines. (D,E) Time series of the number of direct (panel D) and one-water bridges (panel
E) linear clusters with path lengths between 1 and 6, computed from simulations of POPS without
cholesterol. (F,G) Time series of the number of direct (panel F) and one-water bridges (panel G) linear
clusters with path lengths between 1 and 6, computed from simulations of POPS with cholesterol.

As noted before for a hydrated POPS bilayer [17], linear paths with more than
2-3 lipids are sampled but only very rarely (Figures 4 and 5A,B). Most (~60%) of the
linear H-bond clusters sampled by POPS headgroups have a path length L =1, and a
significant percentage (25%) of the linear clusters have a path length L = 2. That is, when
sampled, linear H-bond paths are typically short, only 2-3 lipids; longer linear paths with
more lipids may be sampled but very rarely (Figure 5A,B). Cholesterol molecules may,
infrequently, sample small clusters (L = 1, i.e., two cholesterol molecules); longer linear
H-bond clusters with 3—4 cholesterol molecules H-bonded via one-water bridges are very
rarely sampled (Figure 6). The infrequent sampling of cholesterol clusters can be attributed
to its preference for H-bonding to single phospholipids [35]. Even in 1:1 concentrations,
cholesterol-lipid is more likely than cholesterol-cholesterol interactions [35-37]. We also
note that the sampling frequency of specific clusters can depend on the length of the
simulation.
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Figure 6. Cholesterol H-bond clusters. (A) Time series of the number of linear clusters mediated
by direct cholesterol-cholesterol H-bonds, one-water bridges, and ion bridges between cholesterol
molecules with path lengths 1-2. (B) Illustration of linear paths mediated via one-water bridging
between 2 and 3 cholesterol molecules. (C) Occupancy (%) of cholesterol-cholesterol H-bonds
mediated by 2, 3, 4, or 5 water molecules. (D) Cluster size. (E) lllustration of linear cholesterol paths
formed via water wires of length 2, 3, 4, or 5 water molecules.

4. Conclusions

Anionic PS lipid headgroups have a high propensity to H-bond [5-7], and topology
analyses have revealed preferred arrangements of POPS bridged by water molecules [17].
Because the H-bond dynamics of PS can be affected by cholesterol [30-32,34], here we
studied the dynamics of H-bond clusters sampled in atomistic simulations of a POPS
membrane with cholesterol and compared the results with those for a cholesterol-free POPS
bilayer.

The concentration of cholesterol used here, 10%, approximates that of a healthy
eukaryotic plasma membrane [43]. We stress, however, that the POPS:cholesterol membrane
studied here is but a model membrane, because the eukaryotic plasma membrane is a
complex mixture of no fewer than 11 different types of lipids [43]. As anticipated based on
previous results reported in the literature [75], the POPS membrane is about 1.5 A thicker
when cholesterol is present (Figure 1A,C).

Regardless of the presence of cholesterol, POPS samples dynamic (low-occupancy)
water-mediated H-bond networks (Figure 3). As reported before, linear H-bond clusters
are sampled more frequently than more complex topologies (Scheme 1, Figure 4), yet
more complex arrangements may be sampled, particularly in the absence of cholesterol
(Figure 4).

Regardless of the presence of cholesterol, POPS tends to form small linear lipid clusters
with 2-3 lipids directly H-bonded or one-water-bridged (Figures 4 and 5). Cholesterol is
associated with fewer POPS being part of complex H-bond clusters (Figure 4).

POPS-cholesterol clusters are sampled less frequently than POPS-POPS clusters, and
cholesterol-cholesterol clusters are rare (Figure 6). When sampled, cholesterol-only clusters
are small, typically only two cholesterol molecules (Figure 6); this finding is compatible
with the previous study [76] reporting a preference of cholesterol molecules to form dimers.
POPS clusters mediated by potassium ions prefer a linear arrangement of 3—4 lipids,
whereas the more complex topologies are much less frequent (Figure 4). This is compatible
with previous work [17] indicating that sodium-mediated POPS lipid clusters tend to
prefer linear topologies with two lipid clusters; we note, however, that the number of
cation-mediated clusters sampled during the simulations, and the size of the clusters, might
depend on the length of the simulations and on the size of the lipid membrane patch.
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We anticipate that the protocol used here to evaluate the H-bonding of a simple
cholesterol-containing model bilayer could become useful to dissect dynamic H-bond
clusters sampled in simulations of more complex lipid mixtures, including for water-
mediated lipid headgroup H-bond paths of potential interest for lateral proton transfer
along lipid membrane interfaces, and to evaluate how different cations influence the
sampling of transient H-bond clusters, and the preferred topologies of these clusters, in
hydrated membranes with distinct lipid composition.
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Abstract

Hv1, a human voltage gated proton channel, aids highly metabolically active cancer cells
to dispose of excess acid from their intracellular environment to the negatively charged
extracellular environment. Protons may transiently bind to bulk exposed negatively charged
protein sidechains or lipid headgroups at lipid membrane interfaces and facilitate the proton
transfer along and across the cells. Using a graph-based approach, we investigate dynamic
water mediated lipid-protein hydrogen bonded networks at Hv1-lipid membrane interfaces
relevant to proton binding. The protocol described here identifies the most frequent hydrogen
bonded paths between the protein sidechains. We identify and characterize the dynamic H-
bond network of Hvl embedded in 5 different lipid bilayers and with different protonation
states of the titratable protein sidechains. We find that anionic lipids can participate in
the water-mediated H-bond network of Hvl and form extensive H-bond networks on the
membrane interface. We further identify frequently sampled water-mediated Hv1-lipid H-

bonded clusters that might serve as putative proton antennae.

Introduction

Mammalian voltage-gated proton channel Hv are involved in the control of intracellular
pH. They are expressed in various tissues, such as the brain, lung, sperm, and skeletal
muscle, and a number of blood cells. The Hv1 channel, initially denoted as Voltage-sensor-
domain-only protein (VSOP), is implicated in key physiological processes such as control of
intracellular pH in neurons and in phagocytes during the respiratory burst, and in human
disease —~Hv1 has been linked to a worsening of tissue damage during ischemia, and to faster
tumorigenesis. > The importance of Hvl for human physiology and disease make Hvl a
major target for developing therapies and a potential bio-marker for cancer.®* Description
of the mechanisms used by Hvl to collect protons from the bulk and direct them towards

the interior of distinct cell membranes could guide and inform the design of drugs with



desired Hv1 binding properties. To this aim, here we conducted an extensive set of atomistic
simulations of Hv1 in hydrated membranes with different lipid composition, and implemented
a graph-based protocol to characterize dynamic hydrogen(H)-bond networks that could be
used by Hv1 to collect and guide protons in cell membranes.

A peculiar aspect of Hv1 is that it lacks a classic ion channel domain —as the alternative
nomenclature suggests, Hvl uses the same protein domain for voltage sensing and proton
permeation.® R201, R204, and R207 (mouse Hvl numbering, mHV1) (Figure 1B) are the
essential structural elements of voltage gating. In the resting, closed state of Hvl, these
three gating Arg groups salt-bridge to D108 and D170.%7 During activation of the channel,
structural changes occur in two stages: First, R201 reorients relative to F146, R204 reorients
to interact with D108, and R207, with D170. Then, in the second step, movement of helix S4
associates with reorientations of R201 and R204 towards the extracellular side, and formation
of salt bridge pairs R201-D119, R204-E192/E115, and R207-D108.7

The carboxylic groups that interact with the gating Arg in the resting state of the channel
are important for function: D108 (D112 in human Hv1, hHV1) is the carboxylic group that
makes Hv1l selective for protons,® as its mutation to Ala,®? Phe, Lys, His, Asn, or Ser?
makes Hv1 permeable to anions, and its mutation to Val® or Ile!? makes Hv1 unfunctional;
by contrast, D108E remains proton selective®!! D170 is known to be a binding site for Hv1

12714 and mutating it to Ala causes the opening of the channel at 0 mV.!® Relatively

inhibitors
close to the extracellular side, H136 is required for the binding of Zn?* which inhibits hHv1.¢
A hydrophobic cluster composed of denoted as the hydrophobic gasket (Figure 2B) blocks
the flow of water and ion when the channel is closed.!”

The inner region of Hvl contains a number of carboxylic and His groups (Figure 1B)
whose mutation impacts the voltage threshold needed to elicit proton current, and the bind-
ing of inhibitors. Relative to the wild-type channel, the voltage threshold at which proton

current could be detected was higher when, close to the extracellular side of the channel,

D119 or E115 were mutated to Ala,? D108 to Ala, Asn, Phe, Ser, Lys, or His,®? D181A,8



or D181 to Asn, Met or Val.® By contrast, the voltage threshold for detecting proton cur-
rent decreased when carboxylic groups closer to the cytoplasmic side, D170, D149 (E153
in hHv1), E167 were mutated to Ala;? similarly, a decrease in the voltage threshold was
observed for H95A.° The effect of mutations on the binding of inhibitors differs somewhat
on the inhibitor that was probed — for example, D181A binds inhibitors known as HIFs (Hv1
Inhibitor Flexibles),'*!3 but not hanatoxin,'® whereas E167Q and D170E have reduced HIF
inhibition. 1213

With variations in pH, the sidechains of titratable amino acids change their protona-
tion status, which in turn substantially regulates the voltage-gated proton channel Hv1.192!
The pH- and ApH-dependent gating of the human Hvl channel was investigated using
constant pH molecular dynamics simulations under symmetrical and asymmetrical pH cir-
cumstances.'® Amino acids near the extracellular entrance of the channel are involved in
Hv1 activation as the outer pH rises, extending the network of interactions from the external
solution down to the hydrophobic gap. In contrast, amino acids near the channel’s cytoplas-
mic entry play a role in activation when the inner pH drops and in a network of interactions
that extends from the cytoplasm all the way up to the hydrophobic gap.!?

At the cytoplasmic side, the long helix contains six carboxylic groups whose functional
role is unclear. This extended helix from the membrane into the cytoplasm creates a dimeric
interface and forms a coiled coil region that induces cooperative gating of the dimer?? 24
and mediates thermosensitivity of the channel.?® In the crystal structure of Mus musculus
Hv1 chimera (PDB ID: 3WKYV), this C-terminal coiled coil region is replaced by the GCN4
leucine-zipper transcriptional activator from S. cerevisiae to increase the thermostability of
the channel.'® Conserved residues of the coiled coil domain present in heptad repeats stabilize
the dimer formation by hydrophobic interactions, salt bridges, disulfide bonds, and hydrogen
bonds.?* Multiple sequence alignment of the cytoplasmic coiled coil region shows conserved
carboxylates E221, E235, and E237 whose functional role remains to be explored (Figure

S34). Truncating of the C-terminal coiled coil region affects the localization of Hv1.26



At the interface with the lipid bilayer, Hv1 has several Arg, Lys, and Trp sidechains that
could anchor Hvl to membranes (Figure 2A). Potential lipid anchors of Hvl include previ-
ously reported significant residues in Hv1 function - R96, K121 and W203. Mutation of R96
to Ala decreases whereas K121 to Ala increases the voltage threshold for detecting the proton
currents.? W203 (207 in hHv1) is highly conserved along with the voltage sensing Arginines
in Hvl. Mutagenesis studies show that W203 is important for four unique properties of Hv1:
proton selectivity, slow channel opening, highly temperature-dependent gating kinetics, and
ApH-dependent gating.?® Though little is known about the coupling between Hv1 and the
lipid bilayer that surrounds it, voltage-gated ion channels are known to couple to the lipid
bilayer. For KvAP, a voltage gated potassium channel, variation in the lipid composition of
a bilayer switches the voltage sensing domains between open and close state conformations
without any change in the transmembrane voltage.?"?® Voltage sensors on potassium chan-
nels embedded in lipid bilayers become immobile when the lipid phospho-head groups are
removed 263! whereas removal of the choline group leads to apparent activation of the chan-

28,29.31

nels. The Arginies on the S4 helix of the voltage sensing domains have been suggested

to interact with the lipids providing a stabilizing effect for either the open or closed state of
the channel in the specific type of lipid bilayer. 2830

The discussion summarized above on how mutation of specific sidechains impact the func-
tion of Hv1 suggests that the ion channel is robust: except for D108, mutation of any of the
other carboxylic sidechains to a non-titratable sidechain impacts, but does not abolish pro-
ton conductance. Likewise, Hv1 can function in lipid bilayers of various composition —from
the widely different lipid composition of the tissues in which it is expressed, to membranes
that are used for reconstitution in the lab, including the Escherichia coli membrane. Recent
studies report Hv1 as a novel target for neuroprotection since it is upregulated in parkinso-
nian mice and mediates the generation of pro-inflammatory cytokines by microglia.?? The
3

genetic deletion of Hv1 suppresses tumor formation.?

The pH variation leading to protonation of titratable amino acids of Hv1 has been linked



to the extension of the network of interactions formed on the extracellular or cytoplasmic
site.1® The robustness of Hv1’s functioning and its gating mechanisms have been investi-
gated, however more insights are still needed to understand how Hvl interacts with lipids
and how protonation of specific titratable side chains affects the dynamics of its H-bonds
and its conformation. Here, we use a graph-theory based procedure for investigating Hv1’s
protonation and lipid-coupled hydrogen bond dynamics in various lipid bilayers. Instead
of adopting the shortest path, the protocol described here characterizes the most frequent
hydrogen-bonded path between the titratable side chains, enriching the sampling of H-bond
paths. The H-bond paths identified could be used by Hv1 to facilitate proton transfer along
and across the cell membranes.

Mammalian Hv1 is a dimer, but each monomer has its own proton-conduction path and

can function on its own.?® Okumura group suggested that in Hvl dimers VSDs interact

16,34 26,35

via S4 segments whereas Li et al. and Mony et al. proposed the S1-S4 interactions

between dimers. For simplicity, and since the dimer interface remains unclear, 6:26:34:35 3]

computations were performed on a single copy of Hvl1.

Methods

Starting protein coordinates, protonations, and lipid membrane composition. Protein coor-
dinates were taken from the crystal structure of mHv1l (PDB ID:3WKV).!® Missing internal
loops were generated using Modeller®® (Figure S1). The structure of Hv1 was oriented along
the membrane normal using the OPM server3” and placed in the membrane with CHARMM-
GUIL3®40 We used 0.15M neutralizing KC1 , for a total of ~96K to ~107K atoms. We
prepared 14 independent simulations distinguished by the protonation of selected titratable
sidechains, and by the composition of the lipid bilayer, as follows (Table 1).

To probe the dynamics of Hv1 in bilayers with different lipid composition, we used stan-

dard protonations for all titratable protein sidechains, i.e., we considered all Asp/Glu as



negatively charged, Lys and Arg, positively charged, and all His neutral and described as
Nd1 tautomers. We placed Hv1l with standard protonation in membranes composed of i) 1-
palmitoyl-2-oleoylphosphatidylcholine (POPC) lipids; ) 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) lipids; 1) 5:1 POPE:POPG 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylglycerol; iv) 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) lipids;
v) the E. coli membrane model Top6 from ref.*!

To probe the impact of protonation on the dynamics of Hvl, we used a hydrated POPC
lipid bilayer to perform independent simulations in which i) neutral H95 was described as
an Ne2 tautomer; i) H136 was protonated at both the Nd1 and Ne2 atoms, i.e., it has a net
charge of +1e; 4ii) Seven independent simulations in which one of the following carboxylates

was protonated - E115, D108, D119, D149, E167, D170, D181 (Table 1, Figure S2).

Table 1: Summary of simulations performed. ‘Protonation’ indicates whether all titratable
sidechains were considered in their standard protonation or, when a sidechain has non-
standard protonation, the identity of that sidechain.

Sim Lipid bilayer / #lipids Protonation | #Atoms | Length (ns) | RMSD (A) ®
Siml | POPC / 218 standard 107348 | 500 2.0£0.2
Sim?2 D119 107291 300 2.8 £0.3
Sim3 E167 107297 | 300 24+ 0.3
Sim4 D108 107295 | 300 29 £0.3
Simb E115 107267 | 300 2.5 £0.5
Sim6 D181 107247 | 300 24+£04
Sim7 D170 107396 | 300 2.8 £0.2
Sim8 D149 107286 | 300 2.8 £0.3
Sim9 H95 107331 300 1.8 +£0.3
Sim10 H136 107309 | 300 24+ 0.3
Sim11 | POPE / 218 standard 96095 300 3.2+04
Sim12 | 5:1 POPE/POPG (180/36) | standard | 95918 | 280 3.0 £ 0.2
Sim13 | Top6® standard 99141 300 3.0+0.3
Sim14 | POPS /218 standard 97775 300 29£0.3

2)We report the Coe RMSD and the standard deviation are computed from the last 200ns of each
simulation. P Top6 consists of 28 POPE lipids, 16 YOPE, 20 PYPG, 28 QMPE, 104 PMPE, and 22 PMPG
lipids.

Protocol for MD simulations. We used CHARMMS36 for the protein, lipids, and ions,*> 7
and the TIP3P water model.*® All simulations were performed with NAMD version 2.13.49-%

51,52

We used the smooth particle mesh Ewald summation for Coulomb interactions, and a

7



switch function between 10 A and 12 A for real space interactions. Equilibration for ~1 ns
was performed according to the standard CHARMM-GUI protocol. All production runs were
performed in the NPT ensemble (constant number of particles N, constant pressure P =
1bar, and constant temperature 7' = 310.15 K) using a Langevin dynamics scheme®%* with
an oscillation period of 200 fs, a damping time scale of 100 fs, and a damping coefficient
of 5 ps!. Covalent bonds to H atoms were fixed using SHAKE.?® Equilibration and the
first 1 ns of the production runs were performed with an integration step of 1 fs. All
remaining production runs were performed with a multiple time step integration scheme?®%->7
with integration steps 1 fs for the bonded interactions, 2 fs for short-range nonbonded forces,
and 4 fs for long-range electrostatics. Coordinates were saved every 10 ps.

Ca Root-mean-squared distances (RMSD) profiles. Time series of the Cae RMSD profiles
were monitored separately for the entire protein, for the transmembrane helical region and
for the loops and termini of Hvl (Figure S3). Average RMSD values were computed from
the last 200 ns of each simulation.

H-bond criteria, H-bond occupancy, H-bond graphs, local H-bond clusters, and H-bond
paths. We used standard distance and angle criteria for H-bonding, whereby two groups
were considered as H-bonded if the distance between the donor and acceptor heavy atoms
was within 3.5 A, and the H-bond angle, within 60°. The occupancy of an H-bond gives
the percentage of the coordinate sets used for analyses during which the H-bond criteria are
met.

An H-bond graph consists of nodes, which here are the protein H-bonding groups, and
edges, which are direct or water-mediated H-bonds between protein sidechains. The local
H-bond cluster or local network of a specific protein sidechain consists of the nodes and
edges that connect to that specific group of interest. An H-bond path between two nodes
(protein groups) of interest consists of the nodes and edges that inter-connect those two
protein groups via intermediate H-bonds. The Joint Occupancy (JO) of an H-bond path is

given by the percentage of the coordinate sets used for analyses during which all intermediate



path segments meet the H-bond criteria at the same moment of time.

A D/EHST @ B . C - D

all H-bond paths most frequent
protein-water H-bond graph H-bond graph of D/E/H/S/T between i,j H-bond path
Step 1 Step 2 Step 3 Step 4

Scheme 1: Schematic illustration of how H-bond paths between Asp, Glu, and His sidechains
are extracted from the protein-water H-bond graph. (A) Complete protein-water H-bond
graphs (Step 1). (B) Extracted graph of Asp, Glu, His, Ser, Thr (Step 2). (C) Computation
of all H-bond paths and joint occupancies of these paths between carboxylates/histidines of
interest (Step 3). (D) Most frequent H-bond path between carboxylates and/or histidines in
MD simulations. Here, each circle represents a H-bonding group (Step 4). An edge represents
a H-bond. Asp/Glu, His, Ser/Thr are shown as red, blue and green circles. Amino-acid
residues in the selected paths are shown as bright colors whereas the faded circles represent
the remaining amino acid residues in the extracted H-bond graph.

Implementation of H-bond path calculations for titratable protein sidechains. To identify
H-bond paths that inter-connect Asp, Glu and His sidechains via water molecules and protein
sidechains that could participate in proton transfer, we proceeded as follows (Scheme 1).
First, we computed protein-water H-bond graphs from the last 200ns of each simulation
trajectory; we considered water bridges of up to three H-bonded waters. In the second step,
we extract the H-bond graph of Asp, Glu, His, Ser, and Thr. Then in the third step, for all
unique pairs of Asp, Glu, and His side chains, we use the depth-first search algorithm from
the NetworkX package®® to compute all the H-bond paths mediated via up to three water
molecules. In the fourth step, we compute the JO value of each path, and rank the paths
according to their JO. We then report the most frequent paths between the carboxylates
and/or histidines of interest.

Protocol for H-bond and H-bond path calculations. All H-bond graph computations were



performed with Bridge.®®%° Local H-bond clusters and H-bond paths were extracted from
the H-bond graphs using Connected Component Analyses® in Bridge. Unless specified
otherwise, water-mediated bridges between protein sidechains include up to three H-bonded
water molecules; for clarity, we include in data analyses only H-bonds with occupancies

higher than 30%. We only report H-bond paths with a joint occupancy greater than 5%.

Results and discussion

We report the results from 14 independent simulations distinguished by the composition of
the lipid bilayer and protonation of selected titratable sidechains with a total sampling time
of 4.38 ps. Twelve of our simulations are 300 ns, one is 500 ns and one is 280 ns long (Table
1). Structure of Hvl models becomes stable in all simulations with Cae RMSD of TM helices
within 3.5 A relative to starting crystal structure with resolution of 3.45 A (Figure S3).'6
The modeled loops and non-helical regions are dynamic and show Ca RMSD values upto 45
A. In 5:1 POPE:POPG and Top6 bilayers, the cytoplasmic part of S4 helix orients towards
the lipid headgroups, resulting in high RMSD values for non-helical regions of Hv1.

We report the most frequent H-bond paths between carboxylates of Hvl sampled during
the MD simulations. The protocol used here takes into account all the H-bond paths rather
than only the shortest path i.e. the H-bond paths with minimum number of nodes (Figure
1A). This enriches the sampling of H-bond paths for calculation of the most frequent H-bond

paths.
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cytoplasm

Figure 1: Protocol for finding most frequent paths of Hvl and architecture of Hvl. (A)
Graphical representation showing comparison between shortest path approach and our pro-
tocol to find the most frequent H-bond paths between carboxylates of Hvl. (B) Cut-away
view of Hvl in membrane. The membrane Hv1 is shown schematically as a surface colored
grey, the protein is shown as thin cyan ribbons, and the Ca atoms of selected protein groups
are shown as small spheres.

A dynamic H-bond network inter-connects acidic and histidine sidechains of Hvl. As a
reference simulation, we consider Hvl with standard protonation of all titratable sidechains
and embedded in a hydrated POPC lipid membrane (Table 1). From H-bond path calcu-
lations for this simulation, we identified a dynamic network that contains carboxylic and
histidine sidechains (Figure 2C). Though extensive, this internal H-bond network is inter-
rupted at approximately the center of the membrane plane, where D108 and D170 connect

to either side of the membrane but not to each other: D108 connects to the extracellular side
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via water-mediated paths that include seven other carboxylic and His sidechains, whereas
D170 connects to E167 at the cytoplasmic side (Figures 2C,D,E). The interruption of the
internal H-bond network of Hv1 is likely due to a cluster of hydrophobic side chains (V174,
1173, V105, and F146) known as the hydrophobic gasket (Figure 2B).'"

To further analyze the interruption of the H-bond network, we calculate the minimal
distances between the carboxylates D108, D181, and D170 and their respective interaction
partners. We find that D108 maintains a stable salt bridge interaction with R201, whereas
D181 toggles between R201 and R204 (Figure S4). D170, on the cytoplasmic side, prefers
R207 as its interaction partner for most of the trajectory (Figure S4). These salt bridge
interactions are consistent with earlier research.57

We report the most frequent water mediated H-bond paths formed between acidic and
histidine sidechains (Figure 2D,E, Table S1). On the extracellular side the most frequent H-
bond paths between titratable sidechains extend from D108 to E115, H136, D119, E192 via
D181 with joint occupancy in the range of 7-27% and mediated via 1,2 or 3 water molecules
on an average (Figure 2E). On the cytoplasmic side, D170 and E167 form the most frequent
H-bond path with joint occupancy of 91% and mediated by an average of 2 waters (Figure
2E).

12
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Figure 2: H-bonding groups, hydrophobic gasket and H-bond network of Hvl. (A) Arg,
Lys and Trp sidechains that could anchor to lipid membranes and Arginines forming the
Voltage sensing domain(VSD). (B) Hv1 groups in and around the hydrophobic gasket. (C)
Close view of the H-bond network between selected protein side chains and water molecules.
(D) Close view of the internal H-bond network and interruption at D108-D170. The most
frequent water mediated H-bond paths connecting the hydrophobic core to the extracellular
and cytoplasmic side are shown here. (E) Graphs of the H-bond networks computed from
simulations illustrated in Panel D. The numbers on edges represent the average number of
waters per water wire of the graph. The molecular graphics were prepared with Visual Molec-
ular Dynamics (VMD)% based on a coordinate snapshot from the simulation of Hvl with
standard protonation and embedded in a hydrated POPC lipid membrane environment. The
protein is shown as thin cyan (Panel A) and white (Panel B, C, D, E) ribbons, the selected
protein groups are shown as licorice and water molecules are shown as CPK representation.

Uncharged polar amino acid residues serve as linkers connecting the internal H-bond
network to cytoplasmic and extracellular sides. Several Ser, Thr, Asn and Gln represent in the
proximity of carboxylates and histidines that form H-bond network in Hv1. We observe that
the connection between internal and cytoplasmic H-bond network is mediated by N160, N210
or S215 whereas the extracellular carboxylates and internal H-bond network are connected
by T133 or Q128 (Figure 3, S5). We call these H-bonding groups “linkers” (Figure 3). The

extracellular and cytoplasmic H-bond networks are formed by amino acid residues located
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in the highly dynamic part of Hvl however N210 and S215 are highly conserved. N210C
or N210A blocks proton permeation whereas N210R is proton permeable. %364 Mutation
of N210 to Lys decreased the voltage threshold for detection of proton currents whereas
Arg had the opposite effect.?%* S215, located at the beginning of the cytoplasmic helix,
has been reported to interact with Hvl inhibitor and its mutation to Ala showed reduced
inhibitory effect.!* Thus we can suggest that the linker groups N210 and S215 play a role
in determining the connectivity between the internal H-bond network and extracellular and

cytoplasmic networks.

B
D170 o £127 ’{xtracellular
D126 & <&
N16O ¢ D129

D222 5D’ , e‘y
cytoplasm % D119’U m

Figure 3: Linkers between internal and cytoplasmic and extracellular H-bond networks of
Hv1. Molecular graphics showing (A) N160, N210 and S215 connecting D170 and E167 from
internal H-bond network to the cytoplasmic H-bond network via water mediated H-bonds
and (B) Q128 or T133 connecting D119 and H136 from internal H-bond network to D126
or E124 of the extracellular H-bond network via water mediated H-bonds. The linkers and
selected H-bonding groups are shown in orange and cyan licorice representation respectively.
The molecular graphics were prepared with Visual Molecular Dynamics (VMD)% based on
a coordinate snapshot from the simulation of Hvl with standard protonation and embedded
in a hydrated POPC lipid membrane environment.

Protonation of acidic and histidine sidechains affects the internal H-bond dynamics of
Hvl. To study the effect of protonation state on the H-bond network dynamics of Hv1l, we
analyzed 10 independent simulations with different protonation states of carboxylates and
histidines present in the most frequent H-bond paths (Figure 2D,E) and of significance in the

proton conduction pathway as described in the literature. We observe that waterwire span
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across Hv1l depends on the protonation state of the carboxylates and histidines forming the
most frequent paths (Figures 4,5). A continuous H-bonded waterwire between D/E/H/S/T
spans the transmembrane region only in simulations where D108 and D181 are protonated
(Figures 4B,4C,5). This continuous water mediated H-bond network is interrupted at two
sites: (1) at E115 when carboxylates on the extracellular side D119 or E115 are protonated
(Figure 4D,E); and (2) at D108/D181 in standard protonation state and when carboxylates
on the cytoplasmic side D170, E167 or D149 are protonated (Figure 4F-H). Disruption
of waterwire in the resting state of Hvl at only two specific sites suggests a significant
role of carboxylates D108, D181 and E115 in mediating proton transfer pathway. H136 no
longer remains part of the H-bond network on double protonation (Figure 5J) whereas the
cytoplasmic H-bond network is lost when H95 is epsilon protonated (Figure 5I). Depending
on the location of the protonated amino acid residue, the cytoplasmic H-bond network cluster
extends or collapses (Figures S6-S15). This cytoplasmic cluster is present when carboxylates
on the cytoplasmic side below E115 are protonated whereas an interruption is observed
when carboxylates at the extracellular side E115 or D119 are protonated (Figures 4, 5). The
conserved graph analysis using Cgraphs software® shows the rearrangement of the dynamic
water-mediated H-bond network depending on the protonation state of the carboxylates
and histidines (Figure S16). This suggests that location of protonated amino acid residues
regulates the continuity of the waterwire on a specific side of the Hvl. It aligns with the
discussion of increase in outer or inner pH leading to extended H-bond network on the
extracellular or intracellular side.' If we include all the titratable sidechains of Hv1 in H-
bond network calculations, we still observe the interruption of H-bond network in simulations
with standard protonation (Figure S17), protonated D119 (Figure S18), D149 (Figure S19),
D170 (Figure S20), E115 (Figure S21), H95 (Figure S22) and a continuous H-bond network
when D108 (Figure S23), D181 (Figure S24) are protonated. For simulations with E167
protonated (Figure S25) and H136 doubly protonated (Figure S26), we observe that R204,

R207 and W203 form water mediated H-bonds with neighbouring carboxylates D108, D181,
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D149 and D170 leading to a formation of continuous H-bond network. These H-bonds are

usually mediated by 2-3 water molecules on an average (Figure S25-526).

A standard protonation B C D E
189 = o H19Q TI133 H190 . T133 H189
S~ D119 ° H189 D119, H e & 8 #2115 H190 M3 &®
i E192 @HBG g A ’”\Dli%" 3\" ‘&&(' T;e" s188 9,'0119
s188 -0y < #4136 51887 1R e L1136 «) 7O ge® €136
M X €pi36 E192 & E192°188 1% flo2 %
\ s, 55139 E192» E115 e £ \ f
E115 ( g o S139 € 5139 @ ~EL15
. DI8L& ’ D181,
DIeE o > £a @ 5139 ) o C e =~ L Re
{ “v ’-’DlOB ( b4 5177\_ & R s177, *“.*"
\fwmos . ) *‘-HDlOS P » % 0108
5177'1‘ . =2 , ¢ ",a
o 5177 ‘ ey o (9% iDlﬂ =)
( .
( <, ° 0170 D170 ( .% D170 - Do
D170, | Dl7o~o NN A ) .
. Y ¢ P (
R 1 N 167 r: B "t: & E167g” ! ) L”Elm
E167 ) Occupancy(/) b w !
cytoplahsm . T 70 T163 @~ o O .
F | J
L D119 1133 H189
189
H100 N H190, S188 Say & & : oo D119, H190 H189
€ Dp119 ﬂ . K \ o *As D119
Je g \ D119 H136 Ry p
-{smsa'/ 4 ﬁ ?3 Q13 183 H136 WoP Y o EllSr" S188 j H136
E192% S v <« £192. E11 asize N | E192:Q :YQ E192° »EllSF\)
4136 "- Ellswe oy (5135 Tor & usim0
\ & ¢ (D108 I\ % 5% A tﬁ’ ¢ év K
4 S139 N . £ D181 "
D181 ? D181 D181 \ p1e%h, N N,
9 5‘ D108 p10s
D108 si77y 8 ~‘§, M _w(  <oDuws 177 d. p
( & 1*0149 s177 q, € D149 e =
( > e . ( 3
e ( 9 rv ( { «
( ( '8

4 LS ‘ 2
D1700: .( o D17ou‘~o .% oo, '%53 'SR '@5 é . %\.‘
E167J e Y, Coey @ ‘ V. ‘R (G ( . H95 \; o
J ¢ o 9 (N
7163 cyopiasm } .{ Elm.\'" ! y T163 ¢ f
Figure 4: Protonation coupled H-bond network dynamics of Hvl. (A-J) Molecular graphics
of Hvl from simulations with standard protonation for all titratable sidechains (Panel A),
with neutral D108 (Panel B), neutral D181 (Panel C), neutral D119 (Panel D), neutral E115
(Panel E), neutral D170 (Panel F), neutral E167 (Panel G), neutral D149 (Panel H), Ne
protonated H95 (Panel I) and doubly protonated H136 (Panel J). The protein is shown as
thin white ribbons, the selected protein groups are shown as licorice and water molecules
are shown as CPK representation. H-bond paths shown here are mediated by water bridges
with up to 3 H-bonded waters in chains. Graphs of the H-bond networks computed from
simulations illustrated as insets on the bottom right of each Panel. The molecular graphics
were prepared with Visual Molecular Dynamics (VMD)%? based on a coordinate snapshot
from the simulation of Hvl embedded in a hydrated POPC lipid membrane environment.
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cytoplasm
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Figure 5: Water-wire span across Hvl varies depending on the protonation state of car-
boxylates and histidines forming the most frequent H-bond paths. (A-J) Molecular graphics
of Hvl from simulations with standard protonation for all titratable sidechains (Panel A),
with neutral D108 (Panel B), neutral D181 (Panel C), neutral D119 (Panel D), neutral E115
(Panel E), neutral D170 (Panel F), E167 (Panel G), D149 (Panel H), doubly protonated
H136 (Panel I) and with Ne protonated H95 (Panel J). The protein is shown as thin white
ribbons. The selected protein groups Asp, Glu, His, Ser, Thr are shown as red, pink, cyan,
yellow and purple spheres. Water molecules are shown as iceblue QuickSurf representation.
The molecular graphics were prepared with Visual Molecular Dynamics (VMD) % based on a
coordinate snapshot from the simulation of Hvl embedded in a hydrated POPC lipid mem-
brane environment.

Lipid composition influences the internal H-bond network dynamics. We characterize
internal H-bond network dynamics of Hv1l in bilayers distinguished by lipid composition
(Table 1). This network is interrupted at the hydrophobic cluster surrounding D108-D170 in
pure POPC, pure POPE and 5:1 POPE:POPG bilayers and at E115-D108 in E. coli bilayer
(Figures 6, S17, S29- S32). The internal H-bond network of Hvl may become continuous in
the POPS membrane (Figures 6B,F, S28, S31). This suggests that, in POPS, helix S3 re-
orients relative to the remaining of Hv1, and this associates with a number of rearrangements
of internal amino acid residues of the H-bond network. In all simulations with acidic lipids,

titratable sidechains of Hvl can be part of dynamic water-mediated H-bond clusters with
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lipid molecules. This suggests that Hv1 sidechains and the lipid headgroups could collectively
bind protons and the interface. To test this hypothesis, more advanced computations with

quantum mechanics would be necessary.
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Figure 6: Illustration of the internal H-bond network of Hv1 in bilayers of distinct lipid
composition. We present a molecular graphics of the H-bond network, and the corresponding
graph representation of the network, for Hvl in POPC (Panel A, E), POPS (Panel B, F),
POPE( Panel C, G), 5:1 POPE:POPG (Panel D, H) and the E. coli membrane mode (Panel
E, D).

Acidic lipids can participate in water-mediated H-bond clusters with Hvl. Close proximity
of Hv1 sidechains to lipid headgroups indicates the possibility of formation of extended water
mediated H-bond network on the extracellular and cytoplasmic sides (Figure 1C). To derive
insights into how acidic lipids could participate in proton binding to Hvl, we performed
atomistic simulations of membrane-embedded Hv1 with distinct compositions of the lipid
membrane. At the membrane interface, POPS tend to engage in extended H-bond networks
(Figure 7). POPE and POPG in 5:1 POPE:POPG and the Top6 E. coli membrane model
have somewhat less extended H-bond networks than POPS (Figure 7). Whereas, POPC
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lipids barely participate in water-mediated H-bond networks with protein sidechains (Figure
7). We further characterized the dynamic H-bond paths that can transiently connect internal
titratable sidechains and lipid headgroups to the bulk using our protocol for calculation of
water mediated H-bond paths. To derive clues about paths that could function as proton
wires, we rank the paths according to how frequently all intermediate path segments are
sampled during the independent simulations performed. We identified water-mediated H-
bond clusters that contain POPS lipid headgroups and carboxylic sidechains of Hv1 (Figure
8). At the extracellular side of Hvl, an H-bond cluster extends from D108 to POPS lipid
headgroups (Figure 8A). At the cytoplasmic side, there is an H-bond cluster that includes
E167 and lipid headgroups, and another protein-water-lipid H-bond cluster that includes

carboxylic sidechains of the S4 helix (Figure 8A).

19



A direct B l-water bridge C ion bridge
 2:5] POPE POPS POPC 5:1 POPE:POPG
2 E. coli
% 2.0
el
c
o
2
: I
°
2
<
K9]
°
£ 0.0 0.0} 0.0
0 50 100 150 0 50 100 150 0 50 100 150
Time(ns) Time(ns)
D POPC E 3 G 5:1 POPE:POPG H E. coli
5 ; [
E ) Y . .
= 5 . } T
] ~ $0 8 % yaer AN
© ‘?\3 e " " Vi
4>_<l v "1‘\' ““ v
w 1 ~
¢ o N
© PR
:3 .. 2 : o ::.
§ : RN N
° Vg A 23 y ‘u 2 . .f"
£ . T "Ry o W]

protein sidechain PC PS *E PG Occupancy(%) >70

Figure 7: Water-mediated H-bond network at membrane interfaces with Hvl. (A-C) Time se-
ries of the number of direct (Panel A), one-water mediated bridges (Panel B), and potassium-
ion-mediated bridges between lipid headgroups (Panel C). For clarity, coordinate sets were
read each 1 ns. (D-H) Illustration of water-mediated H-bond network at membrane inter-
faces with Hvl. For each simulation, the top Panel shows a view from the extracellular side
of Hv1, and the bottom Panel, from the cytoplasmic side. H-bond network at the interfaces
of POPC (Panel D), POPS (Panel E), POPE (Panel F), 5:1 POPE:POPG (Panel G), and
E. coli Top6 membranes (Panel H). The H-bond networks were computed using Bridge. %%
H-bonds with occupancy greater than 20% are shown here.

The two simulations of Hvl embedded in bilayers that contain acidic PG-type lipids (Ta-~
ble 1) suggest that, similarly to the POPS membrane, PG-type lipids may be part of dynamic
H-bond clusters at membrane interfaces of Hvl (Figure 9, 10). In both the POPE:POPG
and F. coli membranes, PG-type lipids are part of water-mediated H-bond clusters with
H189, S188 and D129 at the extracellular side, and with E167, E226, H233 and S86, at

the cytoplasmic side (Figure 9, 10). Likewise, both lipid membranes allow water-mediated

20



lipid-Hv1l H-bond clusters at the extracellular E115 site (Figure 9, 10). The finding here
that E115 participates in H-bonding with water molecules and PG-type lipids is relevant for
considerations of proton transfer, because E115 is thought important for proton transfer by
Hv1. 567966 Relative to the wild-type channel, the voltage threshold at which proton current
could be detected was higher when E115 was mutated to Ala.”
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Figure 8: Water-mediated Hv1l-POPS H-bond clusters. (A) Molecular graphics illustrating
selected H-bond clusters at distinct sites of Hvl. (B) Schematic graph representation of the
H-bond clusters shown in Panel A. For clarity, only H-bonds present during at least 30% of
the time are present, and paths with minimum JO value of 5%
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Figure 9: Water-mediated protein-lipid H-bond clusters of Hvl in a hydrated membrane
with 5:1 POPE:POPG lipids. (A) Molecular graphics illustrating selected H-bond clusters
at distinct sites of Hvl. (B) Schematic graph representation of the H-bond clusters shown
in Panel A.
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Figure 10: Water-mediated protein-lipid H-bond clusters of Hv1 in a model E. coli bilayer.
(A) Molecular graphics illustrating selected H-bond clusters at distinct sites of Hvl. (B)
Schematic graph representation of the H-bond clusters shown in Panel A.

Lipid anchors of Hvl. We identified amino acid residues of Hv1 that interact with lipid
headgroups in nine different types of lipids: neutral POPC, zwitterionic POPE, PMPE;,
QMPE, YOPE, negatively charged POPS and POPG (Figure S27). In addition to the lipid-
Hv1 H-bond clusters above, both the 5:1 POPE:POPG and E. coli membrane models allow
multiple interactions between PE-type lipids and Hv1 sidechains (Figure S33). Bioinformat-
ics analyses suggest that sidechains found here to anchor Hvl to the membrane tend to be
conserved (Figure 11), suggesting lipid-protein anchoring could be important — for example,
to control the orientation of Hv1 relative to the membrane interface. K121, R96 and R216
interact with the lipid headgroups in all the Hv1 simulations with different lipid composi-
tion (Figures S35). Arginines and Lysines on the cytoplasmic side - R85, R87, K159 and
K223 interact with negatively charged headgroups PS and PG (Figures S35) whereas car-
boxylates D119 or E115 on extracellular side interacts with the amine group of zwitterionic

PE (Figure S35). K121, E115 and D119 when mutated to Ala increases the voltage thresh-
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old for detection of proton current whereas R96A has an opposite effect.*%* However these
mutagenesis studies were done using the same cell line without differentiation in the lipid
composition. As the lipid anchors differ based on the nature and charge of lipid headgroups,
we suggest mutagenesis analysis of these lipid anchors in lipid membranes with different lipid

composition.
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Figure 11: Conserved lipid anchors of Hvl. (A) Molecular graphics showing lipid anchors of
Hv1. The protein is shown as thin white ribbons, and the protein groups that anchor to the
lipid headgroups are shown as licorice. The molecular graphics were prepared with Visual
Molecular Dynamics (VMD)%? based on a coordinate snapshot from the simulation of Hv1
with standard protonation and embedded in a hydrated POPC lipid membrane environment.
(B) Logos diagram for multiple sequence alignment of lipid anchors of Hvl. The height of
each symbol represents the conservation of that residue in 10 different Hv1 sequences from
9 species. The Logos diagram was generated using WebLogo. 5768

Conclusions

The simulations we performed were on the closed state of the channel, in the absence of

external voltage. Hv1 is thought to have a complex energy landscape, with multiple con-

24



formations of the closed state.®* Our atomistic simulations (Table 1) capture the impact
of protonation and lipid composition on the conformational and hydrogen bond dynamics
of the closed state of the Hvl channel. Our graph-theory based protocol to identify the
most frequent H-bond paths rather than the shortest H-bond paths enriches the sampling of
H-bond paths and provides valuable insights to understand the functioning of Hvl (Scheme
1, Figure 1). We identify a dynamic H-bond network that interconnects acidic and histidine
sidechains of Hvl (Figure 1). This network extends from D108 to the extracellular side and
from D170 to E167 on the cytoplasmic side and is interrupted at the hydrophobic gasket
of the Hvl channel (Figure 2). The internal H-bond network is connected to the cytoplas-
mic and extracellular sides via conserved uncharged polar amino acid residues - N210 and
5215 (Figure 3). We examined 10 independent simulations with various protonation states
of carboxylates and histidines that are significant in the proton conduction pathway and
present in the most common H-bond paths (Figure 2D,E) in order to study the impact of
protonation state on the H-bond network dynamics of Hvl. As seen in Figures 4 and 5,
the protonation state of the carboxylates and histidines forming the most frequent pathways
affects the waterwire span across Hv1.

We for the first time explore the lipid interactions of Hvl embedded in lipid bilayers
of different lipid compositions. To probe the impact of lipid composition on the H-bond
network dynamics of Hvl, we examined 5 independent simulations with Hvl embedded in
pure POPC, pure POPE, pure POPS, 5:1 POPE:POPG and E. coli bilayer. We observe
a continuous H-bond network spanning across the Hvl channel in pure POPS bilayers in
contrast to the other bilayers in study where the H-bond network is interrupted at the
hydrophobic gasket (Figure 6). This suggests that lipid composition influences the internal
H-bond network dynamics. Hv1 has carboxylate and histidine groups in close proximity to
the lipid headgroups suggesting formation of proton antennas. In our simulations of Hv1 in
different lipid bilayers we observe that acidic lipids can participate in water-mediated H-bond

clusters with Hvl (Figure 7). Using our protocol to find the most frequent H-bond paths,
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we identify potential proton antennas connecting the Hv1 sidechains and lipid headgroups -
POPS (Figure 8), POPE and POPG (Figure 9) and in model E. coli (Figure 10) bilayers.
We further investigated the lipid anchors of Hvl. According to bioinformatics analysis,
sidechains that connect Hv1l to the membrane tend to be conserved (Figure 11), indicating
that lipid-protein anchoring may be crucial for controlling, for instance, how Hv1 is oriented
in relation to the membrane interface. We find that the lipid anchors vary depending on the
nature and charge of the lipid membranes. A mutagenesis analysis of these lipid anchors in
lipid membranes with various lipid compositions would provide further insights into the role

of lipid composition in functioning of Hv1.
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Supplementary Information

Table S1: Illustration of the most frequent H-bond path calculation. Most frequent H-bond
paths from D108 and D181 sampled in MD simulations of Hvl in hydrated POPS lipid
bilayer with all amino acid residues in their standard protonation state.

From | To Path Path length | 1-water | 2-water | 3-water
D108 | D181 | - 1 - 77 86
D108 | D119 | D181, E115 2 - - 22
D108 | D119 | D181, E115, E192 3 - - 17
D108 | D119 | D181, E115, H136 3 - - 16
D108 | D119 | D181, E115, S139, H136 4 - - 8
D108 | E115 | D181 1 - - 27
D108 | E192 | D181, E115 2 - - 19
D108 | E192 | D181, E115, D119 3 - - 19
D108 | E192 | D181, E115, H136, D119 4 - - 14
D108 | E192 | D181, E115, S139, H136, D119 | 5 - - 7
D108 | H136 | D181, E115 2 - - 24
D108 | H136 | D181, E115, D119 3 - - 15
D108 | H136 | D181, E115, S139 3 - - 13
D108 | H136 | D181, E115, E192, D119 4 - - 12
D181 | D108 1 - 7 86
D181 | D119 | E115 1 - - 27
D181 | D119 | E115, E192 2 - - 21
D181 | D119 | E115, H136 2 - - 20
D181 | D119 | E115, S139, H136 3 - - 10
D181 | E115 1 - - 34
D181 | E192 | E115 1 - - 24
D181 | E192 | E115, D119 2 - - 23
D181 | E192 | E115, H136, D119 3 - - 16
D181 | E192 | E115, S139, H136, D119 4 - - 9
D181 | H136 | E115 1 - - 29
D181 | H136 | E115, D119 2 - - 19
D181 | H136 | E115, S139 2 - - 17
D181 | H136 | E115, E192, D119 3 - - 14
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Figure S1: Multiple sequence alignment of our Hvl model with Mus musculus and Homo
sapiens Hv1. The sequence alignment was performed by Clustal Omega.%

Figure S2: Protonated residues of Hv1 in individual membrane simulations. (A) Mus muscu-
lus crystal structure of Hvl (PDB ID: 3wkv) before modeling of missing loops. Protonated
residues of Hvl in individual simulations displayed in yellow licorice representation. (B)
Distances of H95 from neighboring residues raise the possibility of singly protonation on the

Ne atom. The numbering scheme in the figure is based on Mus musculus crystal structure
of Hvl1.
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Figure S3: Structural stability of Hvl in membrane simulations. Ca RMSD profiles for
helical regions of Hvl. (A) Ca RMSD profiles computed for helical regions of Hv1 in pure
POPC membrane in with all aminoacid residues in their standard protonation state (Panel
A), pure POPE membrane, 5:1 POPE:POPG membrane, Top6 bacterial cell membrane with
all aminoacid residues in their standard protonation state (Panel B) and Hv1 in pure POPC
membrane with D108, D119, D149, D170, D181, E115, E167, H95 and H136 protonated in
individual simulations (Panel C).
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Figure S4: Dynamics of Aspartates forming salt-bridge in Hv1. Time series of the minimal
distance between H-bond forming groups of D108-R201, D108-R204, D181-R201, D181-R204
Panel A) and D170-R207, D170-N160, D170-Y157, D170-E167 (Panel B). The coordinates
used for calculation of minimal distances were read every 1ns from 500 ns trajectory.
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Figure S5: Dynamic H-bond network of Hvl. (A) Molecular graphics representation of
water-mediated H-bond network of Hvl in POPC bilayer in standard protonation state.
The protein is shown as thin white ribbons, and the selected protein groups are shown as
licorice. (B) Graph view of the H-bond network from Panel A. The molecular graphics were
prepared with Visual Molecular Dynamics (VMD)%? based on a coordinate snapshot from
the simulation of Hvl with standard protonation and embedded in a hydrated POPC lipid
membrane environment.
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Figure S6: H-bond dynamics of Hvl in POPC with standard protonation state. (A) H-bond
network via possible proton carriers mediated by waterwires of maximum length 3. (B)
Molecular graphics of H-bond network in Panel A. The last frame of 500 ns MD simulation
is used for molecular graphics representation. Here the minimum occupancy of the H-bonds
is 30%.
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Figure S7: H-bond dynamics of Hvl in POPC with D108 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S8: H-bond dynamics of Hvl in POPC with D119 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3.
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S9: H-bond dynamics of Hvl in POPC with D170 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3.
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S10: H-bond dynamics of Hvl in POPC with D181 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S11: H-bond dynamics of Hvl in POPC with D149 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S12: H-bond dynamics of Hvl in POPC with E115 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S13: H-bond dynamics of Hvl in POPC with E167 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S14: H-bond dynamics of Hvl in POPC with H95 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S15: H-bond dynamics of Hvl in POPC with H136 protonated. (A) H-bond network
via possible proton carriers mediated by waterwires of maximum length 3. (B) Molecular
graphics of H-bond network in Panel A. The last frame of 300 ns MD simulation is used for
molecular graphics representation. Here the minimum occupancy of the H-bonds is 30%.
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Figure S16: Conserved H-bond network via potential proton carriers across protonated Hv1
systems under study. (A) Graph of conserved H-bond network mediated by waterwires of
maximum length 3. (B-K) Difference H-bond graphs of Hvl from simulations with standard
protonation for all titratable sidechains (Panel B), with neutral D108 (Panel C), neutral
D181 (Panel D), neutral D119 (Panel E), neutral E115 (Panel F), doubly protonated H136
(Panel G), Ne protonated H95 (Panel H), neutral D170 (Panel I), neutral E167 (Panel J) and
neutral D149 (Panel K). H-bonds and H-bonding groups conserved across simulations are
shown in grey. The difference between conserved H-bonds and H-bonding groups is shown
in blue whereas protonated H-bonding group is shown magenta. The H-bond graphs were
generated using Cgraph™ with an occupancy filter of 30% and conservation threshold of
80%. (L) Molecular graphics of conserved graph from Panel A.
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Figure S17: H-bond network of Hvl in POPC with standard protonation. (A-B) H-bond
network mediated by waterwires of maximum length 3 with H-bond occupancies (Panel
A) and average number of waters in a waterwire (Panel B) shown on the edges. Here the
minimum occupancy of the H-bonds is 30%.
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Figure S18: H-bond network of Hv1l in POPC with D119 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S19: H-bond network of Hvl in POPC with D149 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S20: H-bond network of Hv1 in POPC with D170 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S21: H-bond network of Hv1 in POPC with E115 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S22: H-bond network of Hvl in POPC with H95 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S23: H-bond network of Hv1 in POPC with D108 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S24: H-bond network of Hv1 in POPC with D181 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S25: H-bond network of Hvl in POPC with E167 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S26: H-bond network of Hv1 in POPC with H136 protonated. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S27: Types of lipids in Hv1 and lipid membrane simulations.
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Figure S28: Conserved H-bond network across Hv1l systems in different lipid bilayers. (A)
Graph of conserved H-bond network mediated by waterwires of maximum length 3. (B-
F) Difference H-bond graphs of Hvl from simulations with standard protonation for all
titratable sidechains in pure POPC (Panel B), pure POPS (Panel C), pure POPE (Panel
D), 5:1 POPE:POPG (Panel E) and E. coli (Panel F) bilayers. H-bonds and H-bonding
groups conserved across simulations are shown in grey. The difference between conserved
H-bonds and H-bonding groups is shown in blue whereas protonated H-bonding group is
shown magenta. The H-bond graphs were generated using Cgraph™ with an occupancy
filter of 30 % and conservation threshold of 80 %.
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Figure 529: H-bond network of Hv1l in POPE bilayer. (A-B) H-bond network mediated by
waterwires of maximum length 3 with H-bond occupancies (Panel A) and average number

of waters in a waterwire (Panel B) shown on the edges. Here the minimum occupancy of the
H-bonds is 30%.

occupancy(%) average #water

Figure S30: H-bond network of Hvl in 5:1 POPE:POPG bilayer. (A-B) H-bond network
mediated by waterwires of maximum length 3 with H-bond occupancies (Panel A) and
average number of waters in a waterwire (Panel B) shown on the edges. Here the minimum
occupancy of the H-bonds is 30%.
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Figure S31: H-bond network of Hvl in POPS bilayer. (A-B) H-bond network mediated by
waterwires of maximum length 3 with H-bond occupancies (Panel A) and average number
of waters in a waterwire (Panel B) shown on the edges. Here the minimum occupancy of the

H-bonds is 30%.
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Figure S32: H-bond network of Hvl in E. coli bilayer. (A-B) H-bond network mediated by
waterwires of maximum length 3 with H-bond occupancies (Panel A) and average number
of waters in a waterwire (Panel B) shown on the edges. Here the minimum occupancy of the

H-bonds is 30%.
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Figure S33: Lipid interactions of Hvl. (A-B) Water-mediated lipid interactions of Hvl in
5:1 POPE:POPG bilayer (Panel A) vs E. coli bilayer (Panel B).
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Figure S34: Multiple sequence alignment of cytoplasmic helix of Hvl. The sequence align-
ment was performed by Clustal Omega. %
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