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Abstract

Abstract

Hydrogen bonds (H-bonds) are an essential interaction in membrane proteins. Embedded in
complex hydrated lipid bilayers, intramolecular interactions through the means of hydrogen
bonding networks are often crucial for the function of the protein. Internal water molecules that
occupy stable sites inside the protein, or water molecules that visit transiently from the bulk, can
play an important role in shaping local conformational dynamics forming complex networks that
bridge regions of the protein via water-mediated hydrogen bonds that can function as wires for
the transferring of protons as a part of the protein’s function. For example, the membrane-
embedded channelrhodopsins which are found in archaea are proteins that couple light induced
isomerization of a retinal chromophore with proton transfer reactions and passive flow of cations
through their pore. I contributed to the development of a new algorithm package that features a
unique approach to H-bond analyses. I performed analyses of long Molecular Dynamics (MD)
trajectories of channelrhodopsin variants embedded in hydrated lipid membranes and large data
sets of static structures, to detect and dissect dynamic hydrogen-bond networks. The photocycle
of channelrhodopsins begins with absorption and isomerization of the retinal from an all-trans
state to a 13-cis state and followed by the deprotonation of the Schiff base. Thus, the retinal is
found in the epicenter of the analyses. Through the use of 2-dimensional graphs of the protein H-
bond networks I identified protein groups potentially important for the proton transfer activity.
Local dynamics are highly affected by point mutations of amino acids important for function.
The interior of channelrhodopsin C1C2 hosts extensive networks of protein and H-bonded-water
molecules, and a never reported before, network that can bridge transiently the two retinal
chromophores in channelrhodopsin dimers.

In a recently identified inward proton pump, AntR, I applied centrality measures on MD
trajectories of the homology model I generated, to assess the communication of the amino acid
residues within the networks. I detected a frequently sampled long water chain that connects the
retinal with a candidate proton acceptor, as well as a conserved serine in the vicinity of the retinal
chromophore plays a significant role in the connectivity and communication of the H-bond
networks upon isomerization. A similar water bridge is sampled in independent simulations of
ChR2, where a participant for the proton donor group connects to the 13-cis,15-anti retinal.
Proton transfer reactions often take place through certain amino acids, forming patterns. |
analyzed H-bond patterns or motifs in large hand-curated datasets of static structures of a-
transmembrane helix proteins, organized according to the superfamilies they belong, their
function and an alternative classification method. The presence of motifs in TM proteins is tightly
related to their families/superfamilies of the host protein and their position along the membrane
normal.



Vi



Zusammenfassung

Zusammenfassung

Wasserstoffbriicken (H-Briicke) sind eine wesentliche Wechselwirkung in Membranproteinen.
Eingebettet in komplexe hydratisierte Lipiddoppelschichten sind intramolekulare
Wechselwirkungen iiber Wasserstoffbriickenbindungsnetzwerke oft entscheidend fiir die
Funktion des Proteins. Interne Wassermolekiile, die stabile Stellen im Inneren des Proteins
besetzen, oder Wassermolekiile, die voriibergehend aus der Masse zu Besuch kommen, kénnen
eine wichtige Rolle bei der Gestaltung der lokalen Konformationsdynamik spielen, indem sie
komplexe Netzwerke bilden, die Regionen des Proteins {iber wasservermittelte
Wasserstoffbriickenbindungen iiberbriicken, die als Drihte fiir den Transfer von Protonen als Teil
der Proteinfunktion funktionieren kénnen. Die in Archacen vorkommenden, in die Membran
eingebetteten Kanalrhodopsine sind beispielsweise Proteine, die die lichtinduzierte
Isomerisierung eines Retinachromophors mit Protonentransferreaktionen und dem passiven Fluss
von Kationen durch ihre Pore verbinden. Ich habe an der Entwicklung eines neuen
Algorithmuspakets mitgewirkt, das einen einzigartigen Ansatz fiir H-Bindungsanalysen bietet.
Ich habe lange Molekulardynamik-Trajektorien von Kanalrhodopsine-Varianten, die in
hydratisierte Lipidmembranen eingebettet sind, sowie grole Datensitze statischer Strukturen
analysiert, um dynamische Wasserstoffbriicken-bindungsnetzwerke zu erkennen und zu
zerlegen. Der Photozyklus der Kanalrhodopsine beginnt mit der Absorption und Isomerisierung
des Retinals von einem all-frans-Zustand zu einem 13-cis-Zustand, gefolgt von der
Deprotonierung der Schiff-Base. Somit steht das Retinal im Mittelpunkt der Analysen. Durch die
Verwendung von 2-dimensionalen Graphen der Protein- H-Briickenetzwerke identifizierte ich
Proteingruppen, die fiir die Protonentransferaktivitit wichtig sein konnten. Die lokale Dynamik
wird durch Punktmutationen der fiir die Funktion wichtigen Aminosauren stark beeinflusst. Das
Innere von Kanalrhodopsine C1C2 beherbergt ausgedehnte Netzwerke von Protein- und H-
Briicke-Wassermolekiilen und ein bisher unbekanntes Netzwerk, das die beiden retinalen
Chromophore in Kanalrhodopsine-Dimeren voriibergehend iiberbriicken kann.

In einer kiirzlich identifizierten Protonenpumpe, AntR, wendete ich Zentralititsmafe auf MD-
Trajektorien des von mir erstellten Homologiemodells an, um die Kommunikation der
Aminosdurereste innerhalb der Netzwerke zu bewerten. Ich fand, dass eine hdufig gesampelte
lange Wasserkette, die das Retinal mit einem Protonenakzeptor verbindet, sowie ein
konserviertes Serin in der Ndhe des Retinal-Chromophors eine wichtige Rolle bei der
Konnektivitdt und Kommunikation der H-Briickesnetzwerke bei der Isomerisierung spielt. Eine
dhnliche Wasserbriicke ist in unabhéngigen Simulationen von Kanalrhodopsine-2 zu finden, wo
ein Teilnehmer fiir die Protonendonorgruppe mit dem 13-cis,15-anti-Retinal verbunden ist.
Protoneniibertragungsreaktionen finden oft iiber bestimmte Aminosduren statt und bilden
Muster. Ich analysierte H-Briickemuster oder -motive in grofen, von Hand kuratierten
Datensdtzen statischer Strukturen von o-Transmembranhelix-Proteinen, geordnet nach den
Superfamilien, zu denen sie gehoren, ihrer Funktion und einer alternativen
Klassifizierungsmethode. Das Vorhandensein von Motiven in TM-Proteinen steht in engem
Zusammenhang mit ihren Familien/Superfamilien des Wirtsproteins und ihrer Position entlang
der Membrannormale.
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1.1 Proteins

Chapter 1 Introduction

The dissertation is focused on hydrogen bonding in transmembrane proteins (TM
proteins), which are found embedded in biological cell membranes. A large part of this
thesis will be dedicated to a TM protein coming from algae, which has a photoactivatable
switch as a co-factor. The retinal chromophore is found to be bound to a conserved lysine
amino acid residue, through a Schiff base. It is a light-gated ion channel and undergo a
photocycle where light is absorbed, and the retinal chromophore isomerizes from an
initial all-trans state to a 13-cis state. Another protein that will be discussed is a newly
discovered rhodopsin found in Lake Fryxell, Antarctica, called AntR. In the last part of
this thesis, a study on H-bond motifs that could be important for function will be
presented. Large data sets of TM proteins were compiled, curated, and analyzed for this

purpose.

1.1 Proteins

Proteins are essential biomolecules for life as we know it. They are polymers,
comprised by linked L-a-amino acids which are the building blocks. There are hundreds
of natural amino acids but only 20 are found abundantly in proteins [1]. Amino acids
feature a carboxyl (—C03) and an amino group (—NH3), separated by carbon atoms. In
o-amino acids there is only one carbon atom separating the carboxyl and amino groups
[1]. That carbon atom is a to the carboxyl group [1]. Attached to the a-carbon is a side
chain (R), unique to the amino acid, and its chemical nature can characterize the amino
acid as polar, nonpolar, acidic, or basic. The a-carbon is a chirality center, provided the
side chain is not a hydrogen atom, and naturally occurring amino acids in proteins are
characterized as L-amino acids. Amino acids are linked together through peptide bonds
formed between the carboxyl and the amino group, forming peptides. Peptides can be
characterized according to their length as oligopeptides (2-20 amino acids) and
polypeptides. (20-50 amino acids). Larger amino acid chains are referred to as proteins.
Protein can have a complex structure in the 3-D space and feature four main levels of
structure. The primary structure is the raw amino acid sequence of the protein. The
secondary structure is the local three-dimensional structures that are stabilized through
hydrogen bonds. Very common are the a-helix, the f-sheet, and the loops. The tertiary
structure is the overall shape of the protein in 3-D space and is often referred to as the
protein fold. Typically, proteins will fold in a way that they maximize their stability and
minimize their energy. In the tertiary structure elements like the disulfide bonds or
hydrophobic interactions through the nonpolar amino acids are observed. Lastly the
quaternary structure is comprised of multiple folded chains (subunits) that come together
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into a single complex. Proteins can transport molecules or ions, catalyze reactions, be
involved in cell signaling or provide structure in the cell, among many others.

1.2 Hydrogen Bonds

In 2011 the IUPAC task force recommended a new definition for the hydrogen
bond, that would include the insight gathered on the topic over the last half-century [2,
3]. The suggested definition for the hydrogen bond is as follows: “The hydrogen bond is
an attractive interaction between a hydrogen atom from a molecule or a molecular
fragment X—H in which X is more electronegative than H, and an atom or a group of
atoms in the same or a different molecule, in which there is evidence of bond formation.”
[2, 3]. Commonly, a hydrogen bond involves oxygen, nitrogen, and fluorine atoms (three
of the most electronegative atoms in the periodic table) that act as the donor atom and a
hydrogen atom that is covalently bound to the donor. The hydrogen atom is shared with
an acceptor atom, which is also electronegative in nature [4]. The typical nomenclature
for a hydrogen bond is D-H---A-X, where D-H is the hydrogen bond donor and the
hydrogen bond depicted with the three dots. The acceptor can be the atom or anion; A or
A, respectively, or the fragment A-X, when X is bonded to A [2, 3]. Atoms D and A can
be the same. A hydrogen atom can only form one chemical bond, when considering the
simple valence theory [5]. This led Linus Pauling to suggest that the nature of the
hydrogen bond is of electrostatic (ionic) nature [2, 3]. Even in the 50’s, the hydrogen
bond energy was decomposed in four components by Coulson [6], and Tsubomura [7]
suggested that the hydrogen bond cannot be characterized as primarily electrostatic, even
if the other components are practically zero [7, 8]. The notion of a purely electrostatic
nature of the hydrogen would also fail to explain experimental findings. For example,
infrared (IR) spectroscopy has been a vital technique in the detection of hydrogen bonds.
It was initially suggested that the D-H stretching peak disappears from the spectrum,
upon hydrogen bond formation [2, 8, 9], but it was later shown that the stretching peak
is red-shifted instead [2, 8, 10]. The shift is correlated to the strength of the hydrogen
bond D-H:--A [2, 8, 10], and in general the intensity of the band and the bandwidth are
also increased. The greater the lengthening of the D-H bond upon hydrogen bonding, the
stronger the hydrogen bond is, and new vibrational modes associated with the H---A
hydrogen bond are generated [2, 3]. In some cased, the length of the D-H bond could
decrease, resulting in a blue-shift. It has been shown that blue and red-shifted hydrogen
bonds do not have a fundamental difference [2, 11]. The D-H---A hydrogen bond will
result in an electronic redistribution around the hydrogen atom, meaning that the proton
is now strongly de-shielded [2]. NMR techniques can detect this de-shielding as a shift
to a lower magnetic field [2], with the magnitude of the shift being relatable to the
hydrogen bond strength [12, 13]. In their review van der Lubbe and Fonseca Guerra note
that hydrogen bonds are a complex superposition of different energy terms. Those terms
can have varying importance, according to the molecular system at hand [8]. Nowadays
it is generally agreed that hydrogen bonds are a complex interplay between the five
following contributions: a) electrostatic or coulomb energy, b) exchange repulsion, ¢)
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polarization energy, d) charge-transfer energy or covalent bonding, and e) dispersion
forces [6, 7, 13].

Hydrogen bonds are an interaction observed in nature abundantly, from providing
water with its properties, such as surface tension and its boiling point, to providing
structure to DNA and RNA by holding the base pairs of together. Hydrogen bonds are
also found to play an important role in the catalytic active site of enzymes. Those
intermolecular and intramolecular interactions can be essential for the folding, stability
and function of proteins [14, 15], stabilizing the secondary and tertiary structures. White
and Wimley showed in their review that hydrogen bonds between peptide bonds are
actually the driving force for having proteinic secondary structure (a-helix, f-sheet) in
apolar environments e.g. lipid bilayers, since the transfer free energy of a hydrogen
bonded peptide bond in a POPC interface is more than two-fold lower [16, 17] compared
to a standard peptide bond partitioned to the POPC interface [18]. High-resolution crystal
structures have revealed that protein interiors can host extensive networks of hydrogen
bonds that interconnect different regions of the protein [19, 20], and experiments and
computations suggest important roles of internal hydrogen bond networks in shaping the
protein conformational dynamics [21-24]. In the gas phase, the hydrogen bonds of a
peptide environment is =4.9 kcal/mol [25-27]. In water, the hydrogen bond energy is
significantly reduced to =1.5 kcal/mol [28, 29]. MD simulations can reproduce the
experimental values and ab initio calculations with very good agreement. The isolated a-
helix and f-hairpin [30] were simulated in the gas phase and in a water solution. The
calculated energy of activation was 5.57 and 4.79 kcal/mol in the gas phase and 1.93 and
1.58 kcal/mol in water, for the a-helix and fS-sheet, respectively [27].

Hydrogen bonds depend highly on their local environment [31]. In the interior of
bacteriorhodopsin, the hydrogen bond motifs (see following subchapter) T46-D96 and
T90-D115 were characterised as the strongest measured interactions, contributing -1.7 +
0.3 kcal/mol. Considering that the contributions involve two hydrogen bonds per pair,
the corresponding contribution was determined about -0.9 kcal/mol per hydrogen bond
[31]. The second strongest interaction measured was between the pair T170-S226 at -0.8
+ 0.3 kcal/mol, while other pairs had even weaker stabilizing contributions [31]. Through
double-mutant cycles it was shown that the eight hydrogen bonds studied showed a small
contribution of 0.6 kcal/mol [31]. In the outer membrane protein A channel, the
interaction of a salt bridge between E52-R138 was measured at -5.6 + 0.4 kcal/mol, while
the salt bridge between E128 and R138 showed a much weaker interaction of -0.6 + 0.5
kcal/mol [32].

During dynamics at room temperature individual hydrogen bonds within
hydrogen bond networks can display complex dynamics whereby hydrogen bonds
rapidly break and reform [21, 33, 34]. Such hydrogen bonds that can break and reform
without significant energy penalties might provide proteins with structural plasticity
needed for function [21, 31]. Dynamic hydrogen bond networks appear of particular
importance for proteins whose functioning involves proton transfer. Dynamics of
hydrogen bond networks might be required to orchestrate formation of proton transfer
paths [33, 35, 36]. IUPAC states that hydrogen bonds participate in proton-transfer
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reactions and they can be considered the partially activated precursors to such reactions
[2,3].

Another type of interaction that can play a crucial role in protein stability [37, 38]
and folding [39] are hydrophobic bonding or hydrophobic interactions [40]. Hydrophobic
interactions are formed when non-polar groups associate in an aqueous solution, so that
they interact less with the neighboring water molecules [40]. In a study of small globular
proteins Pace and co-workers determined that the hydrophobic interactions played the
dominant role in the stability of the protein and always have a larger contribution as
compared to hydrogen bonds [41].

In the first part of this dissertation, an algorithm package [42] I contributed to the
development of, is presented. This algorithm enables efficient analyses of hydrogen bond
networks from experimentally determined structures and computer simulations. An
expansion [43] of said algorithm was presented one and a half years after its original
release with the addition of hydrophobic cluster interactions. Hydrogen bonds will be
referred to as H-bonds for simplicity, from this point on in this dissertation.

Hydrogen bonding criteria

An early description of H-bonds in proteins by an electrostatic potential was given
in ref. [14]. The authors calculated the electrostatic interaction energy between H-
bonding groups. That was possible after assigning partial charges to atoms C, O, N, H.
A H-bond was accepted between groups C=0, N-H if the interaction calculated was of
smaller value than the threshold given at -0.5 kcal/mol. Observations from accurate
crystal structures and computations led to the conclusion that a geometric criterion based
on the distance between the hydrogen atom and the oxygen heavy atom suffices to
describe key elements of H-bonding [44]. The strength of the H-bond between two amide
groups was found to be largely independent of the H-bond angle when the amides were
at optimal interaction distance and the steric hindrance was minimal [45]. Consistent with
the above notion, the authors [46] proposed an analysis to assess proteinic structure
quality and to refine NMR structures. There, they used a geometric criterion for the
describing hydrogen bonds. The H-bond distance Ruo was considered smaller than 2.5
A and the hydrogen bond angle was taken in the range of 120° < Onuo < 180°. A similar
approach was used in another study [47] where the distance between oxygen atoms was
set to Ro.o< 3.5 A and the angle in the range 120° < 0on.0 < 180°.

Algorithm implementations

Several algorithms have been proposed for the analysis of H-bonds from
molecular dynamics simulations and experimentally determined static structures. In what
follows a brief overview of some recent developments in the field is presented.
MDAnalysis [48, 49] is a toolkit to analyze molecular dynamics trajectories.
MDAnalysis is implemented as a Python package and makes use of object-oriented
programming. H-bonds are defined according to the default H-bond donors and acceptors
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of the CHARMM27 force field, and can be monitored along the simulation trajectory,
and lifetimes for H-bonds are calculated from the autocorrelation function [50].
MDAnalysis further includes the “WaterBridgeAnalysis” module, which allows the user
to identify water bridges that connect two disjoint sets of amino acid residues. A water
bridge is defined as one water molecule being H-bonded to one or more amino acid
residues from each of the two sets simultaneously. Wires with more than one water
molecules cannot be computed and an overlap between the two sets cannot be handled
by the program. HBonanza (Hydrogen-Bond analyzer) is an open source tool
implemented in Python [51], designed for the analysis and visualization of H-bond
networks of static structures, and analyses of molecular dynamics simulations. It can be
used to identify H-bonds between amino acid residues. Analyses results are visualized
in the Visual Molecular Dynamics (VMD) [52] program. H-bond networks are identified
recursively starting from a source group of interest, such as the ligand of a protein. HBAT
[53] is an automated tool for the analyses of non-bonded interactions in PDB files. It is
created using Perl and was proposed as a new generation software since it also features
a Graphical user Interface (GUI) for ease of use [53]. HBAT is mainly targeted to
crystallographers and works best with already predetermined hydrogen coordinates. One
of the first programs for detailed analysis of individual structures as well as
macromolecules is HBexplore [54]. Targeted for nucleic acid structures, and applicable
to protein structures this program written in C offers options for further analysis
compared to its predecessors. Since this program is targeted for single structures
originating from the PDB [55, 56], the authors have included a procedure for generating
hydrogen positions according to the protocol of Cornell et al. [57], before the actual
analysis. An exemplary illustration of network analysis was demonstrated by the group
of Zaida Luthey-Schulten were they studied allosteric communication effects in
tRNA:protein complexes [58-60]. They performed community analysis employing the
Girvan-Newman algorithm [61] to calculate the community distributions while
visualization of networks was achieved through graph theory elements.

1.3 Channelrhodopsin-2

Coming from the unicellular alga Chlamydomonas reinhardtii, Channel-
rhodopsin-2 (ChR2) [62, 63] is found in the eyespot region and is involved in the
photoperception of the alga, resulting in the mediation of the phototaxis [64, 65] and
photophobic response [66-68]. ChR2 belongs to the larger family of microbial
rhodopsins, is a light sensitive non-selective cation channel [62, 63], and consists of
seven transmembrane helices (TMs) containing a retinal chromophore covalently bound
to a conserved lysine (K257°"®?) residue via a protonated Schiff base. Upon illumination
with blue light a photocycle begins, where the retinal chromophore isomerizes from an
all-trans to a 13-cis state, triggering a series of conformational changes resulting to the
opening of the ion pore to a diameter of around 6 A [62, 69] allowing cations their
passage across the membrane. The ion conduction pathway is located between helices 1,
2, 3 and 7 of each monomer [70]. The pore diameter was suggested around 6 A in
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diameter, which constitutes it wider than a pore of a voltage-activated Na* channel [62],
since methylated ammonium ions (methyl / di-methyl and tetra-methyl-ammonium [62])
and guanidinium could permeate ChR2, whereas tetra-ethyl-ammonium, Mg?" and Zn**
did not measurably permeate [62]. ChR2 will primarily conduct protons across the
membrane, along with monovalent and divalent cations, to some extent [70]. The relevant
conduction of protons compared to Na*is 10>-10° [70], while Ca®* conductance is = 12%
that of Na?*, and cation conductance is pH dependent [62, 70, 71]. Increasing atomic
radius of the cation would decrease its permeability [62], and it was suggested that the
cations would need to be in a mostly dehydrated state in order to permeate the pore [62],
but the dehydration is most likely not complete [70]. Gatsby suggested that
channelrhodopsins might have evolved from microbial pumps, such as bacteriorhodopsin
or halorhodopsin, by degradation of a gate [72]. Although ChR2 is characterized as a
light-gated ion channel, the flow rate of = 3 x 10*[62] ions per second can be considered
slow for a channel, and it is comparable to a fast pump [73], constituting it in a “grey
zone” between a pump and a channel [72]. ChR2 shows high homology to
bacteriorhodopsin in regards to helices 3 and 7 [74] led to the question if it can function
as proton pump [74]. Indeed, the bifunctional character of ChR2 was shown in the
absence of any electrochemical gradient, where ChR2 could act as a leaky proton pump
[74].

Nagel et al. suggested the four-state model [62] to describe the
electrophysiological reactions during the photocycle [70]. In this model ChR2 reaches an
excited state from the photo-activation (<1 ns), followed by dark reactions leading to the
open state (<1 ms) and closing of the desensitized state (10-400 ms), depending on the
pH [62]. The closing of the channel has effective time constants between 10 and 20 ms
[70]. In the same study, the three-state model was also proposed [62], later modified by
Nikolic et al. [75, 76]. Only the four-state photocycle models with two closed and two
open states that were proposed by Nikolic et al. [76] and Hegemann et al. [77] could
describe the kinetics and the dark recovery of the peak current [70]. Many spectroscopic
studies have contributed to understanding the photocycle of ChR2. UV-visible
spectroscopy provides insight on the protonation of the retinal Schiff base, electronic
changes [78] in the retinal and interactions between the protein and the retinal [79]. Time-
resolved Fourier transform infrared (FTIR) spectroscopy is another widely used
technique to access structural dynamics (conformational changes) in retinal proteins and
changes in the hydrogen bonding of amino acid residues [79] (see subchapter “Hydrogen
Bonds” above). The photocycle of ChR2 is comprised of the dark state and four main
kinetic intermediate states, distinguished by the absorption maxima (Amax). The dark state
exhibits an Amax at = 470 nm, followed by the main kinetic intermediates P>, P,3%,
P332, and P4* [70, 76, 78-85]. The depolarization of the cell membrane upon light-
activation of ChR2 has constituted it as a very widely used and versatile [83] optogenetics
tool [86-96], when expressed in mammalian neurons.

Despite its wide usage in optogenetics, a high-resolution structure of the wild-
type ChR2 remained unknown until very recently when Volkov et al. solved the three-
dimensional structure through x-ray crystallography of the wild-type ChR2 at a
resolution of 2.39 A [97]. Previous attempts to gain insight on the structure of ChR2 were
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the presentation of a low-resolution structure of the C128T mutant through cryo- electron
microscopy, solved at 6 A [98]. In 2012 Kato et al. [99] solved the crystal structure for a
chimeric Channelrhodopsin, consisting of the first five transmembrane helices from
Channelrhodopsin-1 and the last two TM helices from Channelrhodopsin-2 [97].
Additionally, homology models have been employed in order to derive three dimensional
structures of ChR2 [100-103]. Knowing the structure of Channelrhodopsin-2 is crucial
due to its wide and successful applications in optogenetics. Nevertheless, there are still
numerous questions to be addressed about the function of protein.

Figure 1.1. Molecular representation of the crystal structure of ChR2. The graphics are based on
the coordinates the crystal structure of ChR2 (PDB ID : 6EID [97]). The retinal chromophore is
shown as orange lines and the two monomers as blue and cyan ribbons. Red spheres represent
the oxygen atoms of co-crystallized water molecules. The graphics were prepared using PyMol
[104].

1.4 Functional motif examples in proteins

Motifs are structural or sequence patterns that can have a large impact in the
biological function of important molecules, ranging from DNA to lipids and proteins.
Specifically in proteins, motifs or patterns of amino acid residues interact in ways that
can be the driving force for functionality and biological assembly. A prime example is
the 7-amino acid residue motif LIxxGVxxGVxxT that can dimerize effectively any a-
transmembrane helices that is introduced into [105]. Lemmon and co-workers were able
to quantify this with a series of experiments and computations on a chimera based on the
nuclease from Staphallococcus aureus (SN) and the transmembrane part of the human
glycophorin A (GpATM). With a multi stage mutagenesis, converting all amino acid
residues of the GpATM to leucine except the ones that comprise the motif, effectively
introducing the motif to poly-leucine, they concluded that the motif is responsible for the
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dimerization since there were no differences between the SN/GpA and the poly-leucine
mutant through a competition experiment [105].

A more general GxxxG motif is also responsible for dimerization of a-helices.
The glycine amino acid residues are found within one helical turn, are aligned and form
a flat surface (platform) for the glycines of the other helix to approach and form a
homodimer structure [106, 107]. The helix-helix interactions are stabilized by H-bonding
between the Ca H atom and a carbonyl group belonging to the backbone. This H-bond
provides stability to the helix-helix assembly by 0.88 kcal/mol [108]. In a large scale
search on the non-redundant PDB [55] containing 12808 a-helices, Kleiger and co-
workers [109] showed that the GxxxG motif’s occurrences are 41 + 9% higher than
expected, if the glycine amino acid residues were uniformly distributed. Similarly, the
AxxxA motif’s occurrences were computed to be 30 = 3% higher than expected.
Structures containing the GxxxG motif showed a statistically significant increase in the
helix-helix distance in the area of 6-7 A, while the AxxxA containing structures did not,
implying a biologically significant importance of the motif for function. Even though the
GxxxG motif has been thoroughly described as a dimerization signal Arbely and co-
workers identified the pattern in the spike protein of SARS-CoV [110]. The SARS-CoV
spike protein is known to be a homotrimer and it is the only transmembrane domain out
of the ten putative coronaviruses mentioned in the study. The motif is also found in the
proximity of highly conserved amino acid residues. Through mutagenesis of the glycine
groups to isoleucine in two steps they showed that the motif is vital for the
oligomerization of the transmembrane domain of the SARS-CoV, through the means of
quantitative CAT assay and electrophoresis. The motifs SxxSSxxT and SxxxSSxxT were
identified in twelve TM domains in the search of Dawson et al. [111] for polar motifs,
and it was suggested that the combinations of the two or three serine residues contribute
to the stability of helical interactions [111]. Due to the low number of identified motifs,
it was suggested that it is not common in helical association [111]. The motif was found
to conserved in any protein family and it was thus suggested that it would be unlikely to
play a role in the function of the proteins it is found in [111]. The truncated motif SxxS
was found in the structure of halorhodopsin with a possible involvement in helical
association and stabilizing the folded structure [111, 112]. In a bioinformatics analysis
of channelrhodopsin sequences [100], it was shown that channelrhodopsins have an
increased content of polar groups in helix B, compared to bacteriorhodopsin. A sequence
motif was detected in all, except two of the studied sequences as
ExxxxxxExxxxxxExxxX. Further analysis indicated that the glutamate motif would be
characterized as (GW)EEbYVCxbEbxKVxbEbbxE(F), where & represents a
hydrophobic group [100].

Patterns are identified in another secondary structure of proteins, in the S-sheets.
Understanding the f-sheet connectivity is vital for predicting protein folding and the
three-dimensional structure of an amino acid sequence. An early description and
classification of f-sheet topologies and connectivity patterns was given by Richardson
[113]. Using elements of graph theory, such as the subgraph isomorphism algorithm,
Mitchell and co-workers [114] introduced an intensive search for these motifs across the
structures of three-dimensional structures of proteins available in the PDB at the time.
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Effectively introducing one of the first database analyses of proteinic crystal structures
with a known 3-D structure [114].

One of the earliest applications of graph theory in motif search was to provide a
methodology for H-bond motifs and patterns in small organic molecules, categorizing
how different functional groups H-bond. The motifs are defined based on the H-bond
types, i.e., the chemical nature of the H-bond partners. With a formula of four
components a graph set can be defined to characterize H-bond patterns between
molecules, while higher order networks can be derived by combining basic motifs. The
suggested protocol provided empirical rules for future H-bonding analyses of crystals or
solutions of simple or more complex systems, directed to H-bond driven aggregation
[115, 116]. The methodology was applied on small organic crystals in order to identify
patterns in H-bonding between protein-DNA, with a focus around arginine, glutamate,
asparagine or molecules that contain fragments of those amino acid residues.

Membrane proteins that feature coupling of proton transfer reactions with
conformational changes to perform their biological function often rely on acid residues
with carboxylic or imidazole chemical groups in their sidechains. Ser/Thr motifs are
suggested to affect local helical dynamics through the means of kink introductions,
solvation enhancement and flexibility. In a large-scale study of bioinformatics analyses
combined with MD simulations, Ser/Thr structural motifs were identified in key areas
bacteriorhodopsin, halorhodopsin and SecY. It was shown that Ser/Thr amino acid
residues sidechains compete with their amide groups to H-bond to i-3 or i-4 carbonyl
oxygen atom [117-119]. In bacteriorhodopsin, an Asp-Thr-Asp motif is found in the
vicinity of retinal Schiff base including D85 which is the proton acceptor after
illumination in the beginning of the photocycle. It was shown through MD simulations
that the D96, D115 sites participate in H-bonding with Thr amino acid residues part of a
TT motif. The Thr group was involved in an intrahelical H-bond to the i-4 carbonyl at
both cases [119, 120]. The sites where shown to be of different sensitivities to
perturbations depending on the hydrophobicity of their local environment and it was
suggested that they are important for the stability of the protein [120].

Besides structural patterns, motifs can also an essential part for the mechanism of
function for many proteins originating from different families. Specifically titratable
amino acid residues that can H-bond and their protonation changes can alter local helical
dynamics [119, 121]. In the first iteration of the algorithm package Bridge [42], the first
algorithm to search for Ser/Thr---Asp/Glu motifs as well as the Ser/Thr
hydroxyl- - -backbone carbonyl of the i-3, 4, or 5 relative position that were detected as a
pattern and described in refs [35, 36, 117-119, 122] were implemented. Such H-bond
motifs are believed to be important for proton binding and shaping local dynamics [35,
36]. One of the most well-studied proton pumps is bacteriorhodopsin (BR), that involves
5 distinct proton transfer steps in its photocycle [123]. It begins with the retinal Schiff
base transferring the proton to the primary proton acceptor, D85 [124]. T89 is found in
the i+4 relative position to D85 and it has been shown that it can an intermediate proton
carrier during the first proton transfer event in the photocycle [125-127]. Next in
sequence of T89, is T90 that forms an interhelical H-bond with D115 and an intrahelical
H-bond with W86 [36]. In BR, the interhelical Thr-Asp motifs within proton transfer
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groups [36] organize in clusters, which largely respond to mutations and their dynamics
is highly affected by the surrounding local environment [36]. Similar H-bond patterns
are observed in the channelrhodopsin C1C2 chimera, the SecY protein translocon,
Anabaena sensory rhodopsin, KR2 sodium pump, the SERCA calcium pump ATPase,
and the multidrug transporter AcrB [35, 36, 100, 121, 128].

In an ammonia channel, two highly conserved histidines are found in the center
of a hydrophobic pathway (Figure A.7a) [129]. They form a Histidine-Histidine (His-
His) motif via H-bonding through N&-H:---N§ , they H-bond to the transporting ammonia
molecules contributing H-bond donors, effectively not allowing NH4" ions to be
transported [129].

In the TM section of the Vigna radiata proton translocating pyrophosphatase
homodimer [130] a narrow pathway consisting of charged amino acid residues was
identified, including E301, R242, D294 and K742 with the latter forming a salt bridge
(Figure A.7b). It was speculated that K742 regulates the protonation/deprotonation of
D294 and E301 resembling the machinery of BR [131, 132]. The pathway is proposed to
be the proton translocating pathway since it contains trapped water molecules, a common
feature of proton transferring systems like BR. One of the water molecules is stabilized
by N738, which I identified it to be a motif partner in the search, along with D294.

10
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Chapter 2 Methodology

This work was based on a variety of methods, approaches, and techniques.
Namely the biological systems are modelled in the computer and simulated. The
technique that was used for those simulations is called Molecular Dynamics Simulation
or MD Simulation or MD, which will be the term used throughout this work. MD is a
computer simulation technique developed in the 1950’s and although in the beginning it
was limited to simulating small systems of hard spheres [133], with the rapid
development of efficient algorithms and more importantly the capabilities of computer
hardware, MD is now capable of simulations of macromolecules in the realm of
nanoseconds until even milliseconds [134] using specialized hardware [135]. In the
simplest case, the equations of motions of Newton are numerically solved for every
particle in a system and thus the time evolution of the system, or trajectory, is determined.
Physical and structural properties can be calculated from the trajectories with principals
of statistical mechanics. In what follows, some essential concepts of MD are presented.
More details about the principles of MD can be found in the Appendix, subchapter
“Molecular Dynamics simulation principles”.

2.1 Force Field

Quantum mechanical methods can describe systems with high accuracy, but they
can be performed at relatively small systems due to their computational cost. Molecular
mechanics follows a classical approach for describing a system, ignoring electron motion
and interactions. Atoms, parts of molecules and even whole molecules are described as
spheres connected with springs. In what follows, spheres are used to describe atoms.
Force fields are empirical functions that approximate the potential energy of a system.
They are based on the Born-Oppenheimer approximation where the electrons’ motions
in the system are ignored, and the potential energy is formulated in terms of the nuclei.
Force fields are based on parameters that are generated through quantum mechanical
calculations and they can accurately approximate qualitatively and quantitatively
molecular behavior, while their use in through a classical approach offers high
computational efficiency. The quality of the simulations largely depends on the
underlying quality of the parameters (or the force field consequently). That quality is
evaluated by the ability of reproducing and predict molecular properties [136]. When a
force field is derived to describe large molecules such as proteins or DNA, the functional
is kept at a very simplistic form (eq. 2.1) [137]. Such force fields are classified as “Class-
I’ or “Harmonic” because harmonic functions are used to describe stretching and bending
terms. Class-I force fields no not include any cross terms i.e., coupling between internal
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coordinates. A Coulombic potential and a 12-6 Lennard-Jones (LJ) are used for the
electrostatic and van der Waals (vdW) interactions, respectively. No cross-terms are
being used in that case. The force field can be further simplified by not including an
explicit description for the hydrogen atoms. Instead, they are merged into the neighboring
heavy atoms, whose vdW radii are increased to compensate that adjustment [137]. This
further simplification approach would not be for example a good choice when attempting
to describe H-bonding dynamics. But it could serve well when exploring large-scale
conformational changes during extended simulation time.

A simple functional that describes a complete system is [137]:

k; k;
V(TN) = Z j(bl - bi,O)Z + Z 71(61 - 91"0)2 +

bonds angles
V. 1
Z ?( + cos(np —y)) + )1
torsions
N N o\ 12 o\ 44,
%2 (]G -G |7
=1 j=i+1 Tij Tij Ameory;

The interactions that a force field describes can be categorized in bonded and non-bonded
and are computed as a function of the coordinates.

Viotal (rN) = Vpondea + Vnon-bonded 2.2

In turn, the honded term contains the descriptions for bond stretching, angle bending, and
torsion.
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Figure 2.1. Bonded interactions described in a harmonic force field functional. Schematic and
graphical representations, respectively, for bond stretching (a, b), angle bending (c, d) and
dihedral torsion (e, ). Bond stretching and angle bending are described by a harmonic potential
and dihedral torsion Distance is measured in Angstrom (A), angle in degrees (°) and energy in
kcal/mol.

The non-bonded term describes the vdW interactions and electrostatics and is calculated
for atoms separated by more than two bonds (1-4 interactions).
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Figure 2.2. Non-bonded interactions described in a harmonic force field functional. Schematic
and graphical representations, respectively, for electrostatic interactions (a, b) and vdW
interactions (c, d). Electrostatic interactions are described by Coulomb’s law and the vdW
interactions by a 12-6 Lennard-Jones potential. Distance is measured in Angstrom (A) and energy
in kcal/mol.

In this work, the CHARMM force field [136, 138-147] (eq. 2.3) is used
exclusively for the description of the potential energy of the proteins, lipids, water, and
ions that will make up the simulation systems. The CHARMM force field is an all-atom,
Class-1 additive force field, designed for simulations with explicit solvents [145]. It
represents all hydrogen-atoms explicitly and does not sum them into neighboring heavy
atoms, and provides a good description of proteinic [136, 147] and lipid [146] properties.
A Urey-Bradley (UB) term is added to the functional as a harmonic function of the 1-3
distance and an additional harmonic term for the description of the improper dihedrals is
introduced, in order to control chirality and out-of-plane motions [145]. The UB term is
used rarely, while the improper dihedrals’ term is widely used in the CHARMM force
field [145]. Both of these terms are included to optimize the fit to vibrational spectra
[145]. The CMAP [141, 143] term is a correction for small systematic errors that occur
in the description of the protein backbone, from the CHARMM force field [145]. The
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result is a highly improved description and agreement with QM maps [141, 143, 145,
148]. The CHARMM force field equation, shown in eq. 2.3, relies on parameters that
depend on the atom types. Equilibrium values for the bond distance b, angle 68, UB
distance S and improper angle w are noted with the subscript (o) and the respective force
constant K. The dihedral angles are modelled with a cosine function featuring a force
constant, the multiplicity or periodicity n and the phase shift y. The CMAP correction
term is a function of the backbone dihedral angles ¢, Y, and concludes the bonded term
of the function. For the non-bonded part, a 12-6 Lennard-Jones potential and Coulomb’s
law are employed. In the LJ term, for two interacting atoms, I and j, the depth of the
potential is found as ei’;‘in, and the minimum interaction distance R{}”n, at which the
potential assumes the minimum value. Similarly, the Coulombic interactions are simply
described by the partial atomic charges q;, q; of the interacting atoms and the interatomic

distance ;5. The relative dielectric € constant assumes the value of 1 when an explicit

solvent is applied [145].

V(R) = 2 Ky (b — bo)? + z Ky (6 — 6,)2 + Z Ky (S — Sy)?
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The CHARMM force field with the harmonic terms and the 12-6 LJ is considered a good
compromise between accuracy and computational cost, especially for simulations around
room temperature [145], and is suitable for heterogenous systems such as protein-lipid
simulations which will be employed throughout this work. Though, it is not limited to
only these, it additionally includes descriptions for nucleic acids [149], sugars [150],
drugs [151], and drug-like moieties [151]. The accuracy of the force field parameters
used for a molecular dynamics simulation will determine how reliable the dynamics of
the system are, and thus how reliable the predictions from the simulation are. Especially
for co-factors, such as the retinal chromophore, which can be especially challenging to
represent in the setting of classical mechanics, due to its complex electronic structure.
The importance of reliable parameters was illustrated by Babitzki et al. [152] for various
MD studies of bacteriorhodopsin [153-155] using the common widely available force
fields and by Hayashi et. al. [156] using the AMBER force field with the TIP3P water
model, where a consistent decay of the hydrogen bond between the retinal Schiff base
and w402 was observed, followed by the formation of a stable ion pair between the
protonated Schiff base and D85 [152]. W402 left the crystallographic position in the
vicinity of the retinal Schiff base [152, 155]. Two major parametrization works from
Nina et al. [157] and Tajkhorshid et al. [158] were directly compared in MD simulations
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of squid rhodopsin for both an all-¢rans and an 11-cis retinal in a study by Jardon-Valadez
et al. [159]. The parameter sets differ with one another in the quantum mechanical
methods they are generated with. In the former, Hartree-Fock in the gas phase was used
to derive the bond lengths, angles and partial charges, while water interactions with the
Schiff base are accounted for, with two different locations for the water molecule [157,
160, 161]. Simulations with those parameters could reproduce very accurately the free
energy the all-trans and 13-cis models of the retinal, within ~kgT" from one another, and
the experiment [162]. The same parameters were used to correctly characterize the
favorable binding energy and interactions between “water A”, D85, D212 and the retinal
Schiff base [160]. The water molecule notes as “water A” was later identified in crystal
structures of bacteriorhodopsin and now referred to as w402 [19, 163]. The latter is
performed with B3LYP in the gas phase [164-166] and shows significantly larger
torsional barriers, and allowed for a reliable description of the retinal’s geometry [158,
161]. It was shown that the parameters used for the retinal chromophore largely affect
the dynamics of the system, from the retinal geometry, with the relative orientation of
the f-ionone ring to the polyene chain, to the dynamics of the internal water molecules,
underlying the strong coupling between the retinal and its local environment [159].

2.2 Water description

In a typical MD simulation, most of the components simulated are water
molecules. It is thus vital to have an accurate description of water, that can reproduce its
microscopic and macroscopic, bulk properties. Several water models have been proposed
and developed over the years with most notable the Single Point Charge - SPC (original
[167] and refined [168]), Single Point Charge / Extended - SPC/E [169] , Transferable
Intermolecular Potential 3P - TIP3P (original [167] and modified [170]), Transferable
Intermolecular Potential 4P - TIP4P [167]. It was decided that CHARMM [171] would
be parametrized with the TIP3P water model since it can reproduce the first hydration
and shell and the energetics of liquid water very well [138]. Though it lacks in its
tetrahedrality and results in fast dynamics through the means of self-diffusion. Its self-
diffusion coefficient value is computed to be more than double [172] compared to the
experimentally measured one [173, 174], but this can be adjusted with a factor called the
“Langevin damping coefficient” which introduces friction to the system. In comparison
the SPC/E model offers better tetrahedrality [138] and a self-diffusion coefficient much
closer to the experimental one [172], but it introduces inconsistencies in heterogenous
systems [ 138]. It would be a good choice in solvent simulations with an additional energy
correction term, but this could lead to overestimated solute-solute interactions and
incorrect predictions and computations of the solutes’ properties [138]. The TIP4P gives
very good results overall but is very expensive computationally. With the introduction of
a virtual particle, it would introduce complications in the way the forces would be
projected to the real atoms of the simulations [138]. CHARMM used a slightly modified
TIP3P where Lennard-Jones parameters are used for both oxygen and hydrogen atoms
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[145, 170]. The LJ parameters were introduced to the hydrogen atoms in order to avoid
singularities during calculation of integral equations [170, 175].

2.3 Concepts from graph theory

Graph definition

Graphs are mathematical constructs that represent relations between pairs of
objects. In principle they are composed of two sets of distinct components. The vertices
or nodes and the edges. In this work only the term nodes will be used. Edges connect the
nodes with one another. Graphs find many applications in various fields [176] since
attributes can be assigned to the nodes and edges. The relations between attributes can
be then represented and studied through connectivity networks. Namely, applications of
graph theory can be found in computer science and computer architecture, biology,
physics, chemistry, sociology, linguistics and many more. The concepts of graph theory
are used in this work in the context of H-bond networks, where nodes represent H-bond
donor/acceptor atoms or whole amino acid residues. Edges represent direct or water-
mediated H-bonds.

nhode

—0C)

e T~ edg/e<

Figure 2.3. Schematic example of a connected graph. The nodes are labelled 7 to 5. Edges connect
the nodes with one another.

Centrality

Centrality is a set of measures used in graph theory and network analysis to assign
a rank or a weight on nodes of a graph, based on their importance. Importance can be
relatively hard to define because it would be related to the problem at hand. It can be
conceptualized as the relation to the flow [177] of the graph or its cohesiveness [178].
There are many types of centrality measures, but in this work only the betweenness [179,
180] and the degree centralities will be discussed and applied. The betweenness centrality
(BC), originally published for psychological analysis and social networks [179] finds
many applications to this date, in many fields because it can express the role of nodes in
the communication of the network. The BC measure is based on the shortest path problem
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of graph theory. In a connected graph, given two random nodes, there will always be a
path that bridges them. The shortest path is the path (or paths) that connects the given
nodes with the minimum number of edges. In other words, the sum of edges of the
shortest path(s) is minimized. For a node to have a high BC value, it means that this node
acts as a bridge for many other shortest paths, passing through it. That node contributes
highly to the communication of the network, and it is expected that the network will be
highly perturbated or even disconnected with its removal. The degree centrality (DC) is
a simpler concept of graph connectivity, as compared to BC. It expresses the direct
connectivity of every node in a connected graph. The DC of a node is the number of
edges that are attached to that node.

For both BC and DC computations, the NetworkX [181] package for the Python
programming language was used. The BC of node i of a connected graph is given as the
fraction of all shortest paths that pass through that node (i) for every node pair (a, b)
found in the graph.

o oabli)
BC(i) = z m 2.4

a,bev

The number of shortest paths from node a to node b that pass through node i is given by
o(a, b|i), the number of all shortest paths from a to b is given by g (a, b), and the set of
nodes is given by V. BC can be normalized by a factor of 2/(N — 1)(N — 2), where N
is the number of nodes in the graph. The algorithm to compute the BC is Brandes’
algorithm [182].

The DC of a node i is the sum of its adjacencies [180, 183].

N

DC() = Z a(i, )) 2.5

j=1

The term a(i, j) assumes the value of 1 only when the nodes i, j are connected with an
edge, otherwise it assumes the value 0. The formulation above is independent of the graph
size. The DC can be normalized for the size of the graph with the factor N — 1 with the
complete expression shown in eq. 2.6:

N

DCQ) = Z a(i,j)/N 1 26

j=1
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Figure 2.4. Schematic example of the BC and DC measures on an arbitrary connected graph. In
the middle is the starting graph. On the left side a DC computation is shown and on the right side
a BC respectively. Both computations are unnormalized and shown on a perpetually uniform
color scale.

Using a graph-based approach to analyze H-bond networks offers the possibilities of
using multiple tools from graph theory to bring new insights and new perspectives to H-
bond analyses. Specifically considering the centrality measures where relatively
important nodes for the networks can be identified. When amino acid residues are
represented by nodes in a graph, by employing the BC and DC measures, critical amino
acid residues of the connected H-bond network can be detected. This is especially
important in the prediction of possible sites for point mutagenesis. As of this date there
is no clear criterion for what could make a good mutation candidate and most of the
decisions are met with empirical criteria and are mostly knowledge or experience based.
The concept of applying BC and DC measurements in analyses of dynamic H-bond
networks was introduced in our laboratory by Konstantina Karathanou [184] in analyzing
complex H-bonds sampled in the protein motor SecA of the Sec protein secretion
pathway found in bacteria [ 184]. Inspired by the capabilities of this analysis, BC and DC
functions were implemented in H-bond analysis algorithm package, Bridge [42]
(discussed in chapter “Channelrhodopsin C1C2”") and they were used in analyses of
AntR to provide insight on the importance of S74 upon retinal isomerization [185]
(discussed in chapter “Antarctic Rhodopsin ™).

Unique Shortest Paths (USP)

In a previous study which will not presented in this work [186] we introduced a
new measure named Unique Shortest Paths (USP) that reports the number of unique
shortest paths. Betweenness centrality (BC) computations on graphs of H-bonds of
biomolecules can lead to redundancy of shortest pathways. Consequently, the BC values
can pose a difficulty when it comes to interpreting them in terms of their biological
meaning. The USP computation will measure only the longest shortest paths between
pairs of nodes. All measured paths are unique and will never be a part of (or belong to)
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another path (Figure 2.5). In Figure 2.5 a schematic representation of a USP calculation
is presented on a random H-bond network and an isolated pathway within the graph
(a—h). The USP value of node e i.e., the number of unique shortest paths going through
node e is 1. Subpaths a—f (magenta) and a—g (cyan) are included in the longer a—#
(black) and are not considered.

H-bond network Unique Shortest Paths

P
, \

1 USP (a~h) through node e.
Linear path fromato h Subpaths a~f, a~g are included in the
longest path a~h and are excluded.

Figure 2.5 Unique shortest paths (USP) definition scheme. Starting from a random H-bond
network (left), and considering only the path a to %, the USP computation will search for the
longest shortest path to bridge nodes a and 4. For demonstration purposes the USP(e) will be
discussed. The USP value of node e i.¢e., the number of unique shortest paths going through node
e is 1. Subpaths a—f (magenta) and a—g (cyan) are included in the longer a—# and are not
considered. In contrast, a BC computation would include subpaths a—f (magenta)and a—g
(cyan) as shortest paths going though node e. Adapted from ref. [186].

In comparison the BC measure will count all shortest paths between pairs of nodes in a
graph (Figure 2.5, Figure 2.6), thus it would include subpaths a—f (magenta) and a—g
(cyan), as shortest paths going though node e. USP allows intuitive interpretation in the
role of a node in an H-bond graph. In this work I will be applying the Unique shortest
paths algorithm that we developed [186]. Similarly to the BC, the USP is applied to an
H-bond graph and returns a value per node which is an amino acid residue in our case
(Figure 2.6) [186].
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2.3 Concepts from graph theory

Unique Shortest Paths (USP) Betweenness Centrality (BC)

7 BC 66

Figure 2.6 Schematic representation of USP vs. BC values for an arbitrary H-bond graph. The
USP values range from 15 to 26 (purple), while the BC values range from 27 to 66 (orange), for
the same graph.

Length of the shortest paths computations

USP is a valuable tool to understand the connectivity of a node in a graph and the
likeliness of high disturbance of that graph when the node is removed. But it does not
provide insight on the extent of that connectivity. For the work presented in Chapter 5
“Conserved H-bond motifs in membrane transporters”, in the context of H-bond motif
detection I have constructed an analysis to compute the lengths of the shortest paths that
involve groups of H-bond motifs (Figure 2.7, Figure 2.8). The amino acid residues of
interest are isolated in search of the root node, e.g., Asp/Glu groups in Asp/Glu-Ser/Thr
motifs. The root nodes are filtered so that only unique entries are analyzed. The topology
of the root node in the graph determines the analysis that follows.
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Internal nodes Peripheral nodes

Figure 2.7 Schematic representation of the Internal vs Peripheral node topologies in an H-bond
graph. H-bond paths can pass through internal nodes, but they can only begin/end on peripheral
nodes.

If the root is an internal node (Figure 2.7), then the number of shortest paths going
through that root node is computed, the length of the longest path(s) is collected and the
number of paths with that length are detected (Figure 2.8). If the root is a peripheral node
(Figure 2.7, Figure 2.8), no shortest path can pass through it. The path(s) must begin or
end in that node. In that case the number of shortest paths beginning from that root node
is computed (Figure 2.8). Same as previously, the length of the longest path(s) is
collected and the number of paths of that length are detected.

a Root is Internal b Longest paths through the root

Maximum path length : 7
Number of paths with max. length: 12

c Root is Peripheral d Longest paths from the root

root2

s .
S
L
=T .
\ PENS
4 ; AN
/- o
R RN
RS
St 1 — | -/
S N~

B, L

;’""/':\ :.' "‘“‘,‘/I:* J
= /_ = /_ Maximum path length : 7

\._.» Number of paths with max. length : 3

motif2

Figure 2.8 Schematic representation of a longest shortest path analysis from motif roots. An H-
bond motif is detected in a set of crystal structures or trajectories. The root node is selected and
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2.4 Programs/Software

found to be internal (a) or peripheral (c) to the graph. The shortest paths passing through the root
node (b) or beginning from the root node (d) are computed and the length of the longest of shortest
paths as well as the number of unique paths of that length are collected. In panels b, d the arrows
are shown for illustration purposes only and they should not be confused with directed graph
computations.

In MD simulations of Aqyl and ChR2 the motifs detected for this computation are not
filtered for their position along the membrane normal and the root nodes are not filtered
to unique entries. It was found that different monomers of oligomeric structures can show
different dynamics of H-bond networks, such as the network of H-bond in the retinal
vicinity of the C1C2 chimera [42].

2.4 Programs/Software

Chemistry at HARvard Macromolecular Mechanics

Chemistry at HARvard Macromolecular Mechanics (CHARMM) is a one of the
most widely known force fields [140] and one of the earliest molecular dynamics
simulation software packages [145, 171]. Its first release was in 1983 and was presented
as a very flexible, coherent, and efficient program to model, simulate and analyze
biological molecules. It is still used to this date after several releases. In this work, the
CHARMM program was used to model transmembrane proteins in lipid bilayer
environments through its recent, in comparison, graphical interface CHARMM-GUI
[187-191], released in 2008. CHARMM was also used to perform dihedral angle
isomerization of the retinal chromophore of ChR2 and AntR via adiabatic mapping,
followed by energy minimization.

NAnoscale Molecular Dynamics

NAMD [192, 193] was developed by the Theoretical and Computational
Biophysics Group in the Beckman Institute for Advanced Science and Technology at the
University of Illinois at Urbana-Champaign. NAMD is one of the most widely known
programs to perform molecular dynamics simulations. It offers parallelization in order to
run large scale simulations efficiently, using supercomputing clusters. It is implemented
in the C++ language and is compatible with the CHARMM force-field (potential energy
function), parameters and file formats. NAMD uses the stochastic Langevin equation (eq.
2.7) [193, 194] to generate the canonical (NVT) ensemble and a natural extension of the
Verlet method to integrate the equations of motion, named the Briinger-Brooks-Karplus
method [195].
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2ykpT
M0=F(r)—yv+\] VMB R(t) 2.7

In the Langevin equation 2.7 above ¥ is the friction coefficient, M the mass, v the
velocity and R an univariate Gaussian random process [193]. To generate the NPT
ensemble it uses a modified Nosé-Hoover method, which is a combination of the Nosé-
Hoover method for constant pressure [196] and piston fluctuation control [197]. For the
electrostatic interactions the smooth particle-mesh Ewald (SPME) [198] method is
employed.

MD trajectories in this work were generated with NAMD in the high-performance
computing (HPC) cluster Curta [199] of the Zentral Einrichtung Datenverarbeitung
(ZEDAT)-Freie Universitit Berlin, the Cray system of the Norddeutsche Verbund fiir
Hoch- und Hochstleistungsrechnen HLRN-III in the Zuse-Insitut Berlin (ZIB), as well as
the HLRN-IV systems of the Georg-August-Universitdt Gottingen and Zuse-Institut
Berlin.

Visual Molecular Dynamics

Visual Molecular Dynamics (VMD) [52] is a sister program of NAMD [193] for
molecular graphics, in which visualization, small simulations, systems setups, and
analyses can be performed. It features a powerful atomic selection syntax with Boolean
operators, spatial and regular expressions. VMD features a complete graphical interface,
as well as an interface with the Tcl scripting language, allowing for powerful scripting
capabilities, specifically for analysis purposes. VMD was used in this work to visualize
molecules, generate graphics, and perform analyses using Tcl scripts. To render
molecular graphics the Tachyon Ray Tracing library [200] was used, within VMD.

OPM database/PPM server

In this study the OPM database and the PPM webserver are used to orient proteins
along the membrane normal, in addition to the VMD “Alignment to principal axes”
package. The OPM/PPM are freely accessible resources that provide spatial coordinates
for known, solved three-dimensional structures of proteins, positioned in a lipid bilayer
environment and orientation in regard to their cellular localization [201]. A short
summary of the principles of the placement of proteins in a lipid environment is given
below. In their study, Lomize and co-workers presented a methodologically improved
model [202] that was implemented in their program for predicting energetically favorable
orientation of various macromolecules in model membranes, ranging from integral to
peripheral proteins and from peptides to small organic molecules. The new implicit
solvent model treats a solute (macromolecule) as a rigid body and the lipid bilayer as an
anisotropic fluid / binary mixture of a polar aqueous and a non-polar lipid phase and is
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based on the energy transfer profiles from solvent to an arbitrary position in the model
membrane, of amino acid residues in regard to their position along the membrane normal
[202]. The membrane itself is modelled to have varying parameter profiles along the
membrane normal. For every amino acid-residue the AGyuansfer is computed by placing it
in an a-helix or b-barrel consisting by Ala residues, perpendicular to the model membrane
moving along the membrane normal in a 1 A step, while adjusting the bilayer thickness
for a-helical and b-barrel integral proteins, respectively [202]. The AGuanster for the
standard amino acid residues after normalization to account for the over-exposure of
simple a-helical model compared to a polytopic protein, also follows the biological
hydrophobicity scale [203, 204]. The computational method was applied to over 1000
proteins from the OPM database, after exhaustive testing and calibrations against
experimental energy profiles. Additionally, it offers significant improvements compared
to the older version PPM 1.0 when it comes to the correlation of the experimental vs.
computed free energy of membrane insertion for peripheral proteins. The correlation
between the experimental and calculated free energy of transfer was increased from (R?
=0.47 / RMSE = 2.73 kcal/mol in PPM version 1.0 to R*=0.78 / RMSE = 1.13 kcal/mol
in the PPM version 2.0.
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Chapter 3 Channelrhodopsin C1C2

This chapter is based on the following publication where Malte Siemers and I shared equal contribution as
first authors:

Siemers, M., Lazaratos, M., Karathanou, K., Guerra, F., Brown, L.S. and Bondar, A.N., 2019. Bridge: A
graph-based algorithm to analyze dynamic H-bond networks in membrane proteins. Journal of chemical
theory and computation, 15(12), pp.6781-6798.

I collaborated with Malte Siemers during this work and contributed to the development of Bridge under
the guidance and supervision of Prof. Dr. Ana-Nicoleta Bondar. It should be disclosed that Malte Siemers
wrote the Bridge analysis algorithm package in the Python programming language, following previous
work where he collaborated with Federico Guerra [33], to develop the algorithm which detects water wires.
Analysis functions of Bridge and basic concepts of its operation are presented here for consistency and
clarity, but it should be disclosed they were implemented by Malte Siemers. I contributed to concepts of
the analysis functions and how they should be implemented within the code and presented by testing code
versions, bug reporting and providing feedback. I also helped in the design of the PyMol interface through
feedback and reporting of bugs. The trajectories in the above publication and in this chapter are set up and
ran by Prof. Dr. Ana-Nicoleta Bondar and they were then passed on to me to analyze. Konstantina
Karathanou contributed to the above publication with the section “Lipid-Protein H Bonds Connect the
Membrane to the Internal H-Bond Network”, using Bridge for the protein-lipid analysis. This section will
not be discussed in this chapter. I performed all other analyses presented in the above publication, and
subsequently, all analyses presented in this chapter, I contributed to the writing of the text and prepared
the majority of the published figures under the close guidance and supervision of Prof. Dr. Ana-Nicoleta
Bondar. Lukas Kemmler wrote the script I used to perform the STRIDE analysis for the trajectories.

Parts of the work presented in this chapter are originally published in the Journal of Chemical Theory and
Computation. Published figures contain input from other co-authors with the most important input being
that of Prof. Dr. Ana-Nicoleta Bondar. Figures and text originally published in the journal are modified in
order to be presented in this chapter and will be noted with “Adapted from ref. [42].”

Reprinted with permission from J. Chem. Theory Comput. 2019, 15, 12, 6781-6798. Copyright © 2019
American Chemical Society.

Doi: https://doi.org/10.1021/acs.jctc.9b00697

Author-directed link: http://pubs.acs.org/articlesonrequest/ AOR-KP4PD4QI6BqCA6IN82wg
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3.1 Algorithms to detect H bonds and water wires

Existing software packages and programs for H-bond analyses (as described in
subschapter “Hydrogen Bonds”, section “Algorithm implementations”), will only work
with single frame structures using the PDB file format, with the exception of
MDAnalysis. HBonanza can still perform an analysis with a trajectory in PDB format. In
this chapter a new generation software that performs dynamic H-bond analysis and water
mediated H-bond analysis for molecular dynamics simulations & static structures is
described. The algorithm package features a wide variety of algorithm implementations,
visualization routines and a graphical interface for one the most widely used molecular
graphics platforms, PyMol [42, 104]. To illustrate the capabilities of the new algorithm
package on identifying and characterizing dynamic H-bond networks in complex protein
environments, I used trajectories from molecular dynamics simulations. As protein
model systems the membrane protein, channelrhodopsin chimera C1C2 was chosen.
Channelrhodopsins use a retinal moiety as a chromophore and are well studied through
experiments and simulations. Their biological function involves changes in H-bonding
and H-bond networks of selected protein groups. In Channelrhodopsin-2, the reaction
cycle involves protonation-coupled protein conformational changes and opening of a
pore that transports cations across the membrane [62].

3.1 Algorithms to detect H bonds and water wires

An H-bond between two groups is registered when the distance between the
heavy atoms of the H-bond donor and acceptor, and the angle formed by the acceptor
heavy atom, the hydrogen atom, and the donor heavy atom, are smaller than the user-
defined value. Here the H-bond distance threshold was set at 3.5 A and the H-bond angle
threshold at 60°. Computing H-bonds based on geometric criteria involves computations
of nearest neighbors, i.e., atoms within a certain distance from each other, and
subsequently computations of the H-bond angles for nearest neighbor atoms. These
computations are generally costly when the biomolecule is large and water-mediated H-
bonds are included. Bridge makes efficient the computations of H-bonds by using k-d
trees [205] to partition the spatial points and for the detection of nearest neighbors. Bridge
is implemented in Python, which is generally slow for direct computations, and it relies
on compiled libraries such as Numpy for high performance computations. For angle
computations, the implementation of the Einstein sum convention from the Scipy python
package is used. The angle criterion is an optional argument in the function, so that
structures that do not contain any hydrogen atoms can still be analyzed without further
processing. Selections are on which the analysis will be performed on, are translated from
atom-parsing language into sets of coordinates using the MDAnalysis package [48, 49].
Static selections are used for the H-bond analysis since they are computationally
efficient. The algorithm described in [33] is used to compute the water mediated
connections or water wires. Water wires are defined as shortest connections between two
protein groups that are mediated via H-bonded water molecules and the Dijkstra’s
algorithm [206] is used to find the shortest connections. The length of a water wire (L) is
defined as the number of H-bonded water molecules that bridge two protein groups. The
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maximum value of the wire length L=5 is chosen, since an H-bonded chain of five waters
corresponds to an essentially zero probability of proton transfer between an acid and a
base in aqueous solution [207]. The internal data structure of Bridge for the results of the
H-bond or the water wire computation is Python dictionaries. Elements of graph theory
are employed in order to visualize an interconnected 3-D structure, which is the protein,
on a 2-D surface. Bridge does that by a principal component analysis (PCA) and uses the
projection with the highest variance along the bases axes, resulting into the least number
of overlaps of nodes in the graph.

3.2 Bridge functions and algorithm implementation

A unique characteristic of Bridge is that it uses the graph element as the
foundation for further analyses of the H-bond networks in the system of interest. Below,
key functions that were used to analyze H-bond networks C1C2 are summarized. Graphs
can be curated in order to extract valuable information for the analyses and further
analyze the networks they represent. Such curations will be referred to as filters. The first
filter that is applies in the following work is the occupancy filter. H-bonds are sampled
for a percentage of time during the trajectory and are represented via edges in a graph.
The mean occupancy is stored in a Python dictionary and using the filter occupancy
function with the specified threshold value, H-bonds whose mean occurrence is higher
than the threshold value are returned. In this way, stable H-bond connections can be
easily identified in highly complex graphs. The next step in dissecting H-bond graphs is
search for the sub-graphs of all connections starting from a single node. In proton transfer
systems it is often shown that proton transfer processes take place via continuous
pathways of H-bonds. Two protein groups that are located within distance significantly
longer than of one H-bond might bridge via continuous pathways of several intermediate
components. Each component can consist of a protein-protein H-bond, a protein-water
H-bond, or a water-water H-bonded chain. In retinal proteins the first proton transfer
reaction of the photocycle involves the retinal Schiff base, where the proton will be
transferred to the counterion (another amino acid residue). Later in the photocycle, proton
transfer reactions are observed between amino acid residues and such reactions can
involve water molecules, for example in the case of bacteriorhodopsin [125, 208-210].
With this in mind, the connected component search was implemented in Bridge to
identify all connections starting from a root node, which would be passed as an argument
in the function. Nodes and edges that are not part of any connected component are
excluded. A function to extract the shortest paths between a root node and an end node
was also implemented, that searches for the shortest paths employing Dijkstra’ algorithm
[206]. Root and end nodes are connected via intermediate nodes that make up the
pathways and that can be the case that there are multiple shortest paths can connect the
root and end nodes. The functionality to extract single paths was introduced to isolate
individual pathways of amino acid residues from complex networks, for the purpose of
processing them further. When a path, or paths is the result of a filter, the timeseries of
its individual components can be overlapped to determine the joint occupancy of the
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complete pathway. This value, denoted as JO shows the percentage of time that the whole
pathway is sampled for. A schematic example of root and intermediate nodes as well as
pathway exampled in a 2-D graph form and molecular graphics is shown in Figure 3.1.

a Graph representation b Molecular representation

Root node

@ K296

Intermediate node ‘ E162 D292 9.. Y
D292 . Intermediate node Lo, K
—_— B? E162

K132 CR
termediatenode q C‘ K132

. E136 @© H-bond partner &
End node r E136

\\ Water wire,0<L <5
extracellular

Figure 3.1. Schematic representation of a dissected H-bond network. (a) Graph representation of
an arbitrary network, consisting of H-bond pathways to connect the root node K296 and the end
node E136. Amino acid residues are represented as nodes and are connected via edges, which
represent the H-bonds. Edges are water-mediated H-bonds (water-wires) with its length varying
from 0 < L < 5. The shortest paths connecting K296 and E136 feature the intermediate nodes
E162, D292 and K132. (b) Molecular graphics of the graph shown in panel a. The root and end
nodes are labelled with red font in both panels. Adapted from ref. [42].

The analysis protocols for an H-bond graph would include a prefilter of occupancy rates
to 1% that is being applied to an unfiltered graph, to eliminate infrequent connections
with no significant sampling importance, that could influence the results of the following
filters. Alternatively, the occupancy threshold can be raised to values around ~50% or
higher to analyze the frequently sampled H-bonds. A connected component analysis
follows in order to determine connections that begin from a root node. In this chapter the
root node would be the retinal Schiff base. Otherwise, a filter to determine the shortest
paths between the root node and a target node would be applied instead. In the case that
multiple H-bond paths are retuned, or there is a specific pathway of interest, single linear
paths can be further isolated and analyzed independently. The order of the filters applied
to a graph that represents an H-bond network plays a role in the output. The three primary
filters that were applied in this chapter are summarized in Figure 3.2 below.
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Figure 3.2. Schematic overview of a graph dissection procedure using the Bridge analysis
algorithm package, showcasing three independent filters on an arbitrary H-bond network. (a)
Arbitrary H-bond network with nodes a-i. Occurrence rates for the connections b-4, c-d, d-f and
Jf-g are shown for the occupancy filter demonstration. (b) H-bond network originating from panel
a after applying an occupancy filter of 20%. Node c is no longer part of the connected graph. (c)
H-bond network showing the shortest paths between root node a and end node /4. (d) H-bond
network originating from panel a after applying a specific pathway filter, filtering for the path a-
b-d-f-h. (e) H-bond networks originating from panel d after applying an occupancy filter of 20%.
The connection d-f is sampled 5% of the time and is filtered out. There are no continuous
pathways between a and /4 using the procedure of panels (d) and (e), while there is one pathway
following the procedure of panels (b) and (c). Adapted from ref. [42].

I applied the newly developed capabilities of Bridge in simulations of C1C2 to
explore the dynamic H-bond networks it hosts in its interior. Four simulation systems of
C1C2 were prepared using the chimeric structure as the starting coordinates [99]. One
simulation was prepared for the wild-type and three simulations for three point-mutations
of functionally important amino acid residues. Namely, the mutants R159A, E162T and
H288A were prepared, using the wild-type as the template. The missing atoms and amino
acid residues of the crystal structure were generated using Modeller [211-213]. The
crystal structure [99] contains 43 oxygen atoms of water molecules, and they were
included in the starting coordinates of the setup. Hydrogen atoms were set up using the
HBUILD command of CHARMM [171]. Three disulfide bridges link the dimer
involving the amino acid residues C66, C73 and C75 [99]. Standard protonation states
were applied for titratable amino acid residues, except for E162 which was considered
deprotonated as suggested in refs. [214] and E122, E129 and D195 which were
considered protonated as suggested in refs. [215-217]. Histidine amino acid residues
were set up with the hydrogen atom on the Ne. A hydrated lipid bilayer of 576 POPC
lipid molecules was employed to embed the protein in. Chloride ions added to neutralize
the system’s charge. The summary of the MD simulations performed for this chapter is
presented in Table 3.1 and the complete system setup is shown in Figure 3.3.
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Table 3.1. Summary of the MD simulations prepared and performed in this chapter. The
simulation system, the mutation applied, number of atoms, temperature, the lipid bilayer
environment, length of the simulation are reported in the table. Adapted from ref. [42].

Simulation Mutation Number of atoms Temperature (K) Lipids Length (ns)

S1 Wild type 288,831 198.4

S2 E162T 278,831 2154
300 POPC

S3 R159A 278,805 215.4

S4 H288A 278,817 215.0

Total 844.2 ns

Membrane Normal

extracellular

¢ Water content of the extended RSB-network
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4
I 304
©
2
T
O 20
]
€
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O i

cicz E162T R159A H288A

Figure 3.3 Molecular architecture of the C1C2 chimera. (a) Molecular graphics of the C1C2
chimera embedded in a hydrated POPC lipid bilayer. The protein in shown in Ribbons, colored
per monomer. Monomer-A is shown in orange and Monomer-B in tan. The retinal chromophore
is shown as yellow bonds. Internal water molecules are highlighted as compared to the bulk water
shown in a vdW representation. (b) Extended H-bond network of the RSB. The network is shown
for Monomer-A of the wild-type C1C2 simulation. The extended RSB network includes E162,
D292, H288, R159 and V156, which is located within 1 helical turn from R159. V156 was
included in the definition of the network to accommodate for the Arg to Ala mutation in the
position 159. Water molecules within 6 A of the protein groups of the extended RSB network are
depicted. (c) Average number of water molecules of the extended RSB network across four
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simulations of the Channelrhodopsin C1C2. Results for Monomer-A and Monomer-B are shown
in orange and tan respectively. Additional data analyses for internal water molecules in C1C2
simulations are presented in Figure A.2. For clarity, only the H atom of the RSB is shown.
Molecular graphics were prepared with VMD. Adapted from ref. [42].

3.3 H-bond network analyses of C1C2

Graphs of the retinal networks in simulations of wild-type C1C2

During the MD simulations of the C1C2 dimer at room temperature the protein
structure remains stable, with an average Ca root-mean-squared deviation value of
1.85/1.81 A (Monomer-A & B respectively) (Table 3.1, Figure A.1). Numerous water
molecules visit transiently the interior of the protein: there are, on the average, 64.6/58.4
water molecules (Monomer-A & B respectively) in the interior of the protein (Table 3.2,
Figure A.2). In the extracellular side specifically, the channel hosts between ~25 to 35
water molecules in the extended RSB network (Figure 3.3b, ¢). Studying C1C2 in this
chapter, a special focus on the retinal Schiff base and its connectivity will be given. In
CI1C2 and other retinal proteins, the retinal Schiff base binds a proton in the inactive state
of the protein, and functions as the primary proton donor group in the beginning of the
photocycle. Particularly important protein groups close to the retinal Schiff base are
D292, which corresponds to the primary proton acceptor of ChR2 [218] and, E162 which
interacts directly with the RSB as indicated by FTIR [214]. E129 (E90°"??) is thought to
undergo proton transfer reactions during the reaction cycle [215, 218].

Table 3.2. Internal water molecules in the inter-helical region of C1C2 trajectories. The number
of water molecules is reported separately for Monomer-A and Monomer-B. Timeseries of
internal water molecules are presented in Figure A.2. Adapted from ref. [42].

Number of internal water molecules

Simulation Monomer-A Monomer-B
S1 64.4£5.2 58.4+4.9
S2 58.8£5.1 62.945.7
S3 69.7+9.3 61.1+£5.7
S4 61.1+£5 59.5+5.7

Each of the C1C2 monomers contains numerous H-bonds, and they extend in complex
networks (Figure 3.4a). Decomposing the initial graph using a connected component
analysis with the RSB as the root node, pathways that connect the retinal Schiff base to
E129 are identified. The direct H-bond network of the RSB in Monomer-A is rather local
and disconnected from the rest of the protein, albeit rather stable (Figure 3.4b, c). The
shortest path connecting the retinal Schiff base to E129 (Figure 3.4b, ¢, orange lines) is
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found to pass via E162 and includes two segments: one segment connects the retinal
Schiff base to E162, and the second segment connects E162 to E129 via K132, which
shapes the energetics of SB deprotonation [219]. The joint occupancy for the path via the
direct K132-E129 H-bond is sampled 4.7% of the time. The alternative pathway that is
no longer the shortest, bridges K132 to the counterion D292 which in turn H-bonds to
E129 with a joint occurrence rate of ~99%. On the other side of the network, T166 of
helix C H-bonds for 98.5% of the time with the sidechain of the suggested [214] proton
acceptor E162 (Figure 3.4b, c¢). Repeating the analysis for Monomer-B, the network is
found to differ significantly from the one generated for Monomer-A. The RSB maintains
a direct connection with E162, as indicated by FTIR [214]. Here, a connection from the
RSB to E129 is not sampled, but another pathway to the extracellular side of the
membrane is revealed. E274 is the equivalent of E1945R [99] which a part of the proton
release group in BR [220]. The disconnecting point of the network is the H-bond between
D292 and H288 which is sampled only 1.2% of the time. The shortest path would in turn
continue to the gating arginine R159 with a 7.5% sampling rate and then directly to E274
at 22.5% (Figure 3.4c). Visualization of the pathways suggests that H-bonding would be
possible (Figure 3.4d). The complete pathway RSB-E274 is rarely sampled at 0.2% of
the time through direct H-bonds only (Figure 3.4c). The inclusion of water molecules is
vital if the frequency that the RSB connects to EC side is to be quantified, through the
~25-35 water molecule it hosts (Figure 3.3c, Figure A.2e-h).
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Figure 3.4. Generating H-bond graphs and identifying H-bond pathways using Bridge in C1C2.
(a) H-bond graph of direct protein-protein H-bond network of the wild-type C1C2 simulation.
Nodes are colored according to the monomer they belong to, orange for Monomer-A and tan for
Monomer-B respectively. The node of K296-RSB is highlighted in red for both monomers. (b)
Subgraphs of the direct protein-protein H-bonds network, featuring K296-RSB as the root note
in Monomer-A. (c) Molecular graphics of the networks shown in panel ». The highlighted path
K296-E129 is shown with orange dotted lines. (d) Subgraphs of the direct protein-protein H-
bonds network, featuring K296-RSB as the root note in Monomer-B. (e) Molecular graphics of
the networks shown in panel d. The highlighted paths K296-D292, K296-R159 and H288-E274
are shown in blue, red, and green dotted lines respectively. The occupancy (%) of each H-bond
is annotated along every edge. The Joint Occupancy of the indicated paths in panels b and d are
annotated in the respective color as dotted pathways. Adapted from ref. [42].

Water wires of C1C2

Allowing water molecules to mediate H-bonds between amino acid residues
reveals that the dimer can host extensive connections that span through the length of the
two monomers of C1C2. There are in total 2908 (1188 for Monomer-A, 1186 for
Monomer-B & 534 wires connecting Monomer-A and -B, respectively) water-mediated
bridges (Figure 3.5a), as compared to 318 (146 for Monomer-A, 145 for Monomer-B &
27 between Monomer-A and -B, respectively) connections in which protein groups
interact directly with each other (Figure 3.4a). Most of the water-mediated bridges
between protein groups are short lived, with occupancies of 0-10% (1710 connections).
There are, however, 163 water wires with occupancies > 90%. These water wires are
spread within the protein and split into 3 zones. High-occurence wires are found in the
extracellular part of the protein that is heavily exposed to the bulk, the extracellular part
of the protein that is in the general vicinity of retinal Schiff base and lastly, the
cytoplasmic region of the protein that is in contact with the bulk.

Table 3.3. Protein-protein and water-mediated H-bonds in C1C2 trajectories. The number of H-
bonds and water wires are reported separately for Monomer-A and Monomer-B.

Number of H-bonds Number of water wires

Simulation
Monomer-A Monomer-B Monomer-A Monomer-B

S1 146 145 1188 1186
S2 135 142 1149 1217
S3 146 136 199 1150
S4 148 126 1149 1217

Water molecules can extend the H-bond networks and the long-distance bridging of the
RSB to the EC side, effectively allowing the RSB to participate in stable and frequently
sampled H-bond networks with amino acid residues important for proton transfer.
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d Water-mediated H-bond network b RSB water-wire network

Monomer-B

extracellular & \% extracellular

Figure 3.5. Computing water-wires and generating their graph representations using Bridge in
C1C2. (a) 2-D graph of the water-mediated H-bonds of the wild-type C1C2 simulation. The graph
is shown prior to any filter applied. (b) Subgraph of the water-mediated H-bonds, featuring K296-
RSB as the root note in Monomer-A in the search. The RSB of Monomer-B is found in that
subgraph as part of the network. The connected component search shown in this panel was
applied to a pre-filtered graph of a minimum occurrence of 1%. Nodes are colored according to
the monomer they belong to, orange for Monomer-A and tan for Monomer-B respectively. The
node of K296-RSB is highlighted in red for both monomers. Adapted from ref. [42].

Using the shortest path computation with the RSB of Monomer-A as the root node, and
E129 as end node, the RSB is found to bridge to E129 via two networks, each comprised
of three segments (Figure 3.6). Both include a direct, protein-protein connection of the
Schiff base to E162 as the first segment, and two water-mediated chains. E162 H-bonds
to D292 and in turn to D292 H-bonds to E129. A noticeable difference is that in the
water-mediated analysis the two counterions are connected via a water molecule,
allowing for more stable networks and more connectivity options for the RSB. Allowing
for water to mediate the H-bonds the E162-D292 connection is sampled 99.2% of the
time. The calculated joint occupancy of the RSB-E162-D292-E129 pathway is computed
to be 99.2%, thus, the retinal Schiff base bridges to E129 at all times via direct protein-
protein and protein-water H-bonds. The alternative pathway bridges E162 to K132 and
in turn to E129 (Figure 3.6a, b). The H-bond K132-E129 is sampled slightly more with
the introduction of water molecules in the calculations from 5.4% to 14.4%. The pathway
via K132 is sample significantly less frequently sampled at 14.3% of the time. In
Monomer-B, the shortest bridges are composed of short-lived individual wires, in
comparison to Monomer-A. Although, not being the shortest pathway, the same pathway
to connect the RSB to E129 was identified (Figure 3.6a, b), with the individual
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connection of D292-E129 (18.9%) being the determining factor for the joint occupancy
of the whole path (17.2% vs 99.2% for Monomer-A).

Comparing the orientation of E129 in Monomer-A vs Monomer-B (Figure 3.6) provides
insight for this significant difference between the connectivity of the monomers. E129
can further extend through water-mediated H-bonds to form two bistable H-bonds E129-
N297 (47.9%) and D292-N297 (61.9%) in Monomer-A. The corresponding connections
in Monomer-B show significant differences compared to Monomer-A, where E129 is
constantly connected to N297, making the bridging of E129-D292 far less frequently
sampled (E129-N297 99.9% and D292-N297 1%). E129 and N297 are directly H-bonded
(Figure 3.6¢, d) and this has an effect on the orientation of E129 in relation to D292.
N297 is a conserved amino acid residue [ 100] of the central gate [70, 99] which is formed
together with E129 and S102. Point mutations of the equivalent asparagine in ChR2
(N258C"R2) shows that the photocurrent is largely abolished when mutated to N258V,
and the conductance of sodium/potassium ions is reduced when mutated to N258Q [221].
The local H-bonding cluster of the SB further extends to E136 via protein-water H bonds
(Figure 3.7). The E136A mutant shows a reduced photocurrent [99], and E136 is thought
to interact with hydrated cations that are passing through the channel [222].

a RSB water-wires to E129/ Monomer-A b
JOE129=99.2% JOEr129=14.3%

N297 [
JOE129+JOE120=14.2% f K296 )
q EcD292 3

extracellular

C RSB water-wires to E129 / Monomer-B  d

JOE120=17.2%

N297

K296-RSB

v L ¢
B C extracellular

Figure 3.6. Water-mediated connections of the RSB to E129 in simulations of wild-type C1C2.
(a) Shortest-paths connecting the RSB to E129 in Monomer-A. Pathways to E129 via D292 and
K132 are colored in blue and green dotted lines respectively. Their JO values are annotated in
the same colors, along with the JO value of the combined blue and green paths. The node of N297
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is shown in the graph as a branched connection, since is not part of the shortest-path computation.
(b) Molecular graphics for the H-bond pathways shown in panel a. The orientation of E129 in
relation to N297 favors water-mediated connections between N297-E129 and N297-D292. (c)
Shortest-paths connecting the RSB to E129 in Monomer-B. The shortest paths computation
shows a consecutive series of H-bonds from K296 to E129. The node of N297 is shown in the
graph as a branched connection, since is not part of the shortest-path computation. (d) Molecular
graphics for the H-bond pathways shown in panel ¢. The orientation of E129 in relation to N297
favors direct connections between N297-E129. Graphs were pre-filtered to a minimum
occupancy of at least 10% before being subjected to the all-paths filter. The occupancy (%) of
each H-bond is annotated along every edge. Adapted from ref. [42].

With the addition of H-bonded water molecules in the network computations the
frequency that the retinal Schiff base connects to carboxylate groups on the extracellular
side of the protein increased significantly (Figure 3.7, Figure 3.8). Inspired from
bacteriorhodopsin, a well-studied and model system for retinal proteins, H-bond
pathways to carboxylate groups on the extracellular side of the membrane were explored,
that could serve as potential proton release groups. Both E136 and E274, are located in
the extracellular part of the protein in close contact with the bulk and the former’s
position is the equivalent of E194BR, Thus, it could be suggested that they could act as
possible groups that could release the proton to the bulk.

a RSB water-wires to E136 / Monomer-A b

Jov\a DZ9Z:92'4% 4
JO. . =91.0% {
‘ " K296-RsB

via K132
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C RSB water-wires to E136 / Monomer-8  d

JO=43.4%
K296-RSB

E162

E136

Monomer-B (

extracellular

Figure 3.7. Water-mediated connections of the RSB to the extracellular side of the membrane in
simulations of wild-type C1C2. (a) Shortest-paths connecting the RSB to E136 in Monomer-A.
Pathways to E136 via D292, K132 and H288 are colored in blue, green, and orange dotted lines
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respectively. Their JO values are annotated in the same colors. (b) Molecular graphics for the H-
bond pathways shown in panel a. (¢) Shortest-paths connecting the RSB to E136 in Monomer-
B. The shortest paths computation shows a consecutive series of H-bonds from K296 to E136 via
E162. (d) Molecular graphics for the H-bond pathways shown in panel b. Graphs were pre-
filtered to a minimum occupancy of at least 10% before being subjected to the all-paths filter.
The occupancy (%) of each H-bond is annotated along every edge. Adapted from ref. [42].

In Monomer-A the H-bond networks are extended to connect to E136 via 3 alternative
shortest paths. The pathway branches after the connection RSB-E162 into 3 subpaths, via
D292, or H288 or K132 to end up on E136 (Figure 3.7a, b). The pathways via K132 and
D292 are sampled in very high occurrence rates (91-92.4%, green and blue highlights,
Figure 3.7a, b). The determining factor for the lower sampling rate of the pathway via
H288 is the H-bond H288-E136 which sampled only 25.8% of time. In Monomer-B,
E162 can bridge to E136 through H-bonded water molecules, effectively enabling a
shorter pathway to be sampled, albeit at a lower rate - 43.4% (Figure 3.7c, d).

a RSB water-wires to E274 b
Monomer-A
K296-RSB

J0=98.5% 100

E162

99.2

H288

99.2
E274
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. e y E
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Figure 3.8. Water-mediated connections of the RSB to the extracellular side of the membrane in
simulations of wild-type C1C2. (a) Shortest-paths connecting the RSB to E274 in Monomer-A.
The shortest paths computation shows a consecutive series of H-bonds from K296 to E136 via
E162 and H288. (b) Molecular graphics for the H-bond pathways shown in panel a. (¢) Shortest-
paths connecting the RSB to E274 in Monomer-B. Pathways to E274 via R159, and H288 are
colored in blue, and orange dotted lines respectively. Their JO values are annotated in the same
colors. (d) Molecular graphics for the H-bond pathways shown in panel b. Graphs were pre-
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filtered to a minimum occupancy of at least 10% before being subjected to the all-paths filter.
The occupancy (%) of each H-bond is annotated along every edge. Adapted from ref. [42].

The connection of the RSB to E274 in Monomer-A features one shortest pathway through
E162-H288-E274 which is very frequently sampled at 98.5% (Figure 3.8a, b). The
equivalent connection in Monomer-B features a branching of two sub-paths with the
RSB-E162 being a common connection. In turn E162 can connect either to H288 or to
R159 and then E274. Both alternative pathways are sampled at similar rates 56.1-58.5%
(Figure 3.8c, d), with the determining factor the H-bonds between E162-H288 and E162-
R159.

An extended H-bond network to bridge the two proton donors

The decomposition of the water wire graph (Figure 3.5) indicated that the retinal
Schiff base of Monomer-A connects to the retinal Schiff base of Monomer-B (Figure
3.9a, b). The extended network features 46 amino acid residues and numerous water
molecules (Figure 3.9a). After prefiltering to show only high occupancy H-bonds of at
least 50% the network reveals four extended pathways of 12 H-bonds each, that connect
the two RSBs (Figure 3.9b). The joint occupancy of the retinal-retinal H-bond networks
is relatively low, in the range 9.4-10.5%, but this stands for the complete pathways to be
sampled as whole. For this kind of extended network, it is suggested that the likelihood
of complete pathways to be sampled at these occurrence rates is a find of great
significance [42]. From the timeseries, (Figure 3.9) the different paths show a similar
trend in terms of their likelihood to be present for the trajectory segment at hand. The H-
bond networks that connect the retinal Schiff base to the extracellular half includes
protein groups known to be essential for the functioning of C1C2. The E162T mutant
shows faster kinetics and reduced photocurrent amplitude [223] as well as much reduced
light sensitivity as reported in [224]. R159A leads to a reduction of the photocurrent
produced as reported in [99, 225].
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Figure 3.9. The retinal Schiff bases of Monomer-A and Monomer-B are connected in the C1C2
simulations through an extended water-mediated H-bond networks of the extracellular side. (a)
Graph representation of the RSB-RSB H-bond network. The nodes of K296-RSB are shown as
red nodes for both Monomers. (b) High occurrence RSB-RSB H-bond network where the
individual connections are pre-filtered to 60% minimum occurrence. Path-1 that consists of the
nodes 1°-1-3-4-5-6-7-8-9-10-11 is highlighted in blue dotted lines. (c) Molecular graphics of Path
1 shown in panel b. Lines represent the water-mediated connections and are colored according to
their occupancy using a BGR color scale. For clarity the lines connect the amino acid residues to
their backbone C atom. (d) Timeseries of the four pathways (1-4) that bridge the RSB of
Monomer-A to the one of Monomer-B in the wild type C1C2 simulations. The components that
make up the pathways are annotated above their respective trendline. Adapted from ref. [42].

Prominent contributors to this network are the carboxylate counterions E162 and D292,
K132, H288, and carboxylates that face the extracellular bulk (Figure 3.9b, c). Repeating
the analysis to search for pathways that bridge the retinal Schiff bases of Monomer-A
and Monomer-B across reveals a main difference between C1C2 and the mutants (Figure
3.10Figure 3.9). All the RSB-RSB bridges across the different simulations performed are
illustrated in a schematic representation (Figure 3.10aFigure 3.9). C1C2 differentiates
from the mutants in the sense that the RSB-RSB bridges include entirely different amino
acid residues aside the counter ion E162. On the contrary, all 3 mutations feature the
almost the same amino acid residues that comprise the RSB-RSB pathways. In wild-type
C1C2, the extended H-bond network that can transiently connect the two retinal Schiff
bases (Figure 3.9) includes the three protein groups that were mutated for simulations
S2-S4. Each of the three mutations are found to cause significant rearrangements of the
retinal-retinal network, even though common components of the networks can appear
through the different simulations (Figure 3.10, Figure 3.11). In the case of the long-lived
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individual water wires of E162T, it can be deduced that there are more components
comprising the pathways, thus multiple combination of nodes to link retinal in Monomer-
A to Monomer-B. The number of components is reduced in the R159A model, while the
joint occupancy of the pathways is increased (Figure 3.10d, paths 11 to 16, Figure 3.11)
and finally in the H288A model there are two pathways, where a branching is observed
in node 10 or 10°, to link the two RSBs. The joint occupancies of the pathways are
summarized in a histogram (Figure 3.10d), where the effect of the mutations is shown.
In the case of S4 an increase of joint occupancy of around ~4-fold is observed, where in
the cases of S2 and S3 the increase in joint occupancy is significant compared to the wild-
type, up to ~3-fold (Figure 3.10d) [42].
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Figure 3.10. Mutations affect the dynamics of the extended RSB-RSB H-bond network in the
extracellular side of C1C2. (a) Schematic overview of the extended RSB-RSB network across all
four C1C2 simulations. Amino acid residues of Monomer-A are shown as gray nodes and of
Monomer-B in white nodes. The nodes of K296-RSB are shown as red nodes for both Monomers.
Pathways of the wild-type C1C2 are shown in blue lines, E162T mutant in orange, R159A mutant
in green and H288 A mutant in red. (b) The water-mediated H-bond bridging the retinal Schiff
base to E136 in the E162T. The connection is sampled 76.3% of the time. (c) Timeseries of the
water wire length of the RSB-E136 connection. The number of water molecules ranges from 2
to 5. (d) Occupancy histogram for the 18 high-occupancy paths connecting the retinal Schiff
bases across four different simulations. The RSB-RSB networks for C1C2 are shown in Figure
3.9b and for the mutants are shown in Figure 3.11. Adapted from ref. [42].
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Figure 3.11. Extended water-mediated H-bonds connecting the retinal Schiff bases in C1C2
mutant simulations. Amino acid residues of Monomer-A are shown in orange nodes and of
Monomer-B in tan nodes. The nodes of K296-RSB are shown as red nodes for both Monomers.
(a, ¢, ¢) RSB-RSB H-bond networks sampled for the E162T mutant (a), R159A mutant (c) and
H288A mutant (e) simulations of C1C2. For clarity, only high occurrence H-bond pathways are
shown. (b, d, f) Occupancy timeseries for the pathways shown in the respective graphs. Every
node except the K296-RSB is indexed. Primed numbers indicate an alternative route along the
path. Adapted from ref. [42].

Mutations alter the dynamic networks of C1C2

To probe how CI1C2 responds to mutations that alter H-bonding in its
extracellular half, the dynamics of E162T (S2), R159A (S3) and H288A (S4) were
studied. On the timescale of the S2-S4 simulation lengths, the overall structure of C1C2
remains stable, with relatively small values of the backbone RMSD, many water
molecules visit the protein transiently and the fractions of secondary structure elements
reach a plateau (Figure A.1, Figure A.2, Figure A.3).
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To further access the effect of the introduced mutations a specific pathway for all four
C1C2 variants was examined. When connecting to the EC, namely to E136 or E274, the
RSB strongly H-bonds i.e., 100% occurrence rate, to the counterion E162. When E162
is mutated to threonine (S2), the retinal Schiff base can connect directly to the other
counterion D292, and the pathways will shift (Figure 3.11a) towards the two most
suitable candidates that make up the shortest paths to the EC, bridging to R159 and H288
via H-bonded water molecules (Figure 3.11). Additionally, the replacement of a
glutamate with a threonine shifts the hydrogen bond network to D292, allowing water
molecules to mediate a long-lived connection from the retinal Schiff base to the
extracellular located E136 (Figure 3.10b). The length of the water chain in terms of water
molecules varies from 3 to 5, with an average wire length value L=3.9 (Figure 3.10b).
The water-mediated pathway from the retinal Schiff base to E136 reveals a JO=76.3%.
In Monomer-B, where the retinal Schiff base bridges directly to D292, water-mediated
connections via E136, E140 and D142 can lead to the extracellular side of the membrane
where the protein comes in contact with the bulk (Figure 3.11a). Another aspect of
different dynamics between E162T vs. wild type could be due the role of K132 in the
networks. The E162T variant features more frequent sampling of extended H-bond
pathways as compared to the wild-type C1C2.
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Figure 3.12. Internal communication networks of C1C2 are disturbed upon mutation. (a, ¢, ¢) The
RSB-E136 connection sampled for the E162T mutant (a), R159A mutant (c) and H288A mutant
(e) simulations of C1C2. The pathways are mediated from E162, D292, K132 and water
molecules. (b, d, f) Water-wire length timeseries for the K132-E136 connection in the E162T
mutant (b), R159A mutant (d) and H288A mutant (f) simulations of C1C2. E162T mutant I
shown in orange, R159A mutant in green and H288A mutant in red. Adapted from ref. [42].

The significance of R159 in the studied pathway is more challenging to access through
the point mutation. Observing the path in C1C2 and R159 there are no differences in the
nodes list (Figure 3.10a, Figure 3.11c). The difference lies in the occupancy of the
connection H288-E274. Visual inspection of the trajectory could provide insight for why
there is an occupancy difference in the R159A vs. wild type. The substitution of arginine
with an alanine allows for greater mobility of H288 [42], thus making the network very
dynamic and as a result the H288-E274 occupancy is reduced from 99.2 to 76.9%. K132
can directly connect to E162, thus changing orientation compared to the E162T variant
(Figure 3.11, Figure 3.12). Extended water wires are still able to constitute the K132-
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E136 connection in the EC side, with increased water content. R159 could be
characterized as very a suitable candidate for an interconnecting node in the pathways
linking to the EC side, for the wild-type simulations along the simulations S2 and S4 of
the mutations. In wild-type C1C2, H288 is part of the H-bond network of the retinal
Schiffbase (Figure 3.5, Figure 3.7, Figure 3.8, Figure 3.9, Figure 3.10), and it participates
in the long-distance H-bond path that can connect transiently the retinal Schiff bases of
the two protein monomers (Figure 3.9) and it contributes in all other systems with
frequent connections to E162 & E274 (in wild-type, R159A), with K296 & E274 (in
E162T).

In the H288A simulation, absence of the His sidechain causes rearrangement of
the H-bond network and altered dynamics of specific H-bonds of the network. Direct H-
bonding between the retinal Schiff base and the primary proton acceptor D292 is sampled
very rarely, just 5.3% for Monomer-A, and 6.9% for Monomer-B respectively, and the
Schiff base H-bonds instead to E162 (direct connection) which further bridges to E136
via H-bonding water (wire length £=4.2) with the JO computed at JO=68.9% (54% for
Monomer-B). Alternatively, a low occupancy path via D292 can connect the retinal
Schiff base to E136 (JO=5.3% for Monomer-A and 6.7% for Monomer-B, respectively).
K132 is oriented towards the counterion in the H288A variant. Extended water-wires are
still sampled to connect K132 to E136 with the water-wire length value being higher than
the R159A equivalent.
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Figure 3.13. The effect of the E162T mutation in the internal communication networks of C1C2.
(a, ¢) Histograms of the interatomic distance between the NC of K132 and the Cé of E136 in
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Monomer-A (a) and B (c), respectively. The histograms are computed from timeseries of the
entire length of each trajectory. (b, d) Radial distribution function for the distance between water
oxygen atoms and the N{ of K132 in Monomer-A (b) and B (d). Bars for the wild-type C1C2 are
shown in blue, E162T mutant in orange, R159A mutant in green and H288A mutant in red.
Adapted from ref. [42].

In the wild-type C1C2, E136 bridges to K132 via H-bonded waters. In contrast,
in the E162T mutant, E136 salt-bridges directly to K132, and it only rarely connects to
K132 via water (Figure 3.12, Figure 3.13). The distance between the N atom of the
lysine and the C§ of the glutamate is computed around ~3.5 A in Monomer-A and ~4 A
in Monomer-B (Figure 3.13). In comparison, in the wild-type and the two other mutants
variants (R159A, H288A), the distance between the functional groups of K132 and E136
is significantly larger (6 A -11 A), with the distributions centered around 8-9 A. Thus,
the salt bridge between K132 and E136 reduces the mobility of E136 since the
distribution of the K132-N{:E136-Cd distances are significantly wider in the wild-type
and R159A/H288A mutants while only in the case of E162T the distributions feature a
narrower range of distance values (Figure 3.13).

3.4 Summary

In this chapter, the new-generation algorithm package [ contributed to the
development of, Bridge [42], was described. Bridge was specifically designed with the
efficient analyses of complex H-bonds networks in mind. It can be independently applied
in static (crystal) structures and trajectories from MD simulations of proteins. In reality,
the algorithm is very flexible, as it allows for lipid molecules, DNA or any other entity
that features H-bonds to be analyzed, as long as a structure file exists. A key difference
compared to other, already available analyses packages is that Bridge was designed to
employ graph-based approaches to compute [33] and analyze [42, 185, 226] H-bond
networks.

Implementations of graph-based algorithms that were employed in Bridge as the
“Connected Component analysis” and Dijkstra’s algorithm allow for an intuitive
approach to the analyses. Most of the analyses features of Bridge were designed for
proton-transferring systems in mind, and especially insightful are proved the graph
curation functions and routines of Bridge in the case of retinal proteins, since the first
step of the proton transfer events observed during the photocycle begins from the
protonated retinal Schiff base. The RSB is thus a solid starting point when a network of
H-bonds is to be dissected and queried. I analyzed the all-trans state of the C1C2 chimera
and focused on the extended hydrogen-bond networks and clusters that dynamically form
in the interior of the protein. The graph-based approach allows for the conclusion to be
drawn, that E162 plays a very significant in linking the retinal to the other amino acids
of the retinal vicinity, maintaining direct H-bond with the Schiff base almost 100% of
time. Quantifying the local networks of the SB, I found that they can vary between the
two monomers. An extended network that is comprised only by direct H-bonds stretches
to the EC side, more specifically ending at E274, the equivalent of E1945% [99], which is
a part of the proton release group in BR [220, 227-229]. In both monomers K132 is a
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central node in the networks and retains stable connections to the two counterions. An
H-bond motif between the sidechains of T166 and the counterion E162 is observed in
both monomers. An equivalent motif'is observed in ChR2 between T127 and E123 [230],
only when E123 is unprotonated [230]. A similar motif'is also observed in the acidic dark
state of BR where T89 participates in an intrahelical H-bond motif with the backbone
carbonyl of D85 which is found in the i-4 relative position [35].

Water mediated H-bonds increase the complexity of the systems significantly and
allow for many more connections and pathways to be sampled. The interactions between
E129 and N297, noted in the literature as the inner gate [101, 215] vary between the two
monomers, with Monomer-B showing very frequent sampling (100%). Aside the local
interactions in the vicinity of the RSB, water-mediated networks extend to carboxylates
of the EC side, namely E136 and E274 (E194BR) with very high sampling rates for the
complete pathways. The pathways detected are shortest paths and the contain the two
counterions E162, D292, K132, H288 and R159 in various combinations, as intermediate
groups between the root and the end nodes.

Simulations of mutations on key amino acid residues heavily affect the local
dynamics of the C1C2 networks. The impact of the mutations was characterized by a
complex and extended H-bond network. With the graph-based queries and curation
functions of networks I identified a very complex network of 46 amino acid residues
bridging the two proton donors, the Schiff bases of the two monomers. Such a network
has not been reported in the literature before, to the best of my knowledge.
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Chapter 4 Antarctic Rhodopsin

This work is based on the following publication where I was second author:

Harris, A., Lazaratos, M., Siemers, M., Watt, E., Hoang, A., Tomida, S., Schubert, L., Saita, M., Heberle,
J., Furutani, Y. and Kandori, H., 2020. Mechanism of inward proton transport in an antarctic microbial
rhodopsin. The Journal of Physical Chemistry B, 124(24), pp.4851-4872.

I collaborated with Malte Siemers during this work, and it should be disclosed that Malte Siemers and I
contributed to the theoretical section of the published material under the supervision of Prof. Dr. Ana-
Nicoleta Bondar. I generated the homology model of AntR, using the amino acid sequence that I was
trusted with, from Prof. Dr. Leonid S. Brown. I performed all system setups and MD simulations presented
in the above publication along with all H-bond and network analyses on those systems. I prepared the
figures for the corresponding chapters in the publication, and I contributed to writing of the text for the
corresponding sections, under the close guidance and supervision of Prof. Dr. Ana-Nicoleta Bondar.
Published figures contain input from other co-authors with the most important input being that of Prof. Dr.
Ana-Nicoleta Bondar. Malte Siemers implemented the centrality analysis and the comparative graph
analysis functions into the Bridge algorithm package. The former were previously introduced to our group
from Konstantina Karathanou [184]. Lukas Kemmler wrote the script I used to perform the STRIDE
analysis for the trajectories.

Parts of the work presented in this chapter are originally published in the Journal of Physical Chemistry B.
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. [185].”

Reprinted with permission from J. Phys. Chem. B 2020, 124, 24, 4851-4872. Copyright © 2020 American
Chemical Society.

Doi: https://doi.org/10.1021/acs.jpcb.0c02767

Author-directed link: http://pubs.acs.org/articlesonrequest/ AOR-NFS7GPY8BUFVIXPKMPBX

48



4.1 Background

4.1 Background

In Lake Fryxell, Antarctica, under several meters of permanent ice a new group
of inward proton-pumping rhodopsins was discovered [185]. The representative member
that was studied is referred to as AntR (Antarctic Rhodopsin). The newly formed AntR
subgroup is clustered along the recently discovered Schizorhodopsins (SzRs) [231] and
is found between Xenorhodopsins (XeRs) [232] and Heliorhodopsins [233] in the
phylogenetic tree [185]. AntRs and SzRs share a common characteristic. They both
feature a single carboxylate counterion on helix G (D185 in AntR). In contrast, XeRs
feature their single carboxylate on helix C. A unique feature of AntRs is that they feature
a tyrosine hydrophobic group on helix C, in the position of the missing carboxylate
counterion group, creating a strong electrostatic asymmetry or imbalance, in the retinal
Schiff base vicinity. This characteristic is suspected to affect the deprotonation path of
the Schiff base during the photocycle [185]. AntR is found to be an inward-proton pump,
same as XeRs [234], which are the only inward proton transporting microbial rhodopsin
group that has been described so far [232]. Members of XeRs show inward proton
transport by their wild types, namely PoXeR, NsXeR and RmXeR. Anabaena Sensory
Rhodopsin (ASR) does not pump protons or ions during its photocycle and functions as
a sensor. Inward proton transport can be observed when a point mutation is introduced
to the cytoplasmic proton acceptor D217, from an aspartate to a glutamate [235, 236].
AntR also has a cysteine group, C75, the homologous of a conserved cysteine in
Channelrhodopsins that form the DC gate [217, 237]. Nevertheless, AntR is found to be
an inward proton pump, that is capable of transporting protons against the membrane
gradient [185].

4.2 Homology model and simulation system preparation of AntR

Starting from the raw amino acid sequence, a homology model for AntR was
derived, using the Phyre2 webserver [238] through a sequence alignment on multiple
retinal proteins whose structures are known. Six templates were used to build the model
of AntR:

i) Chain D / Halorhodopsin from Natronomonas phraonis (3A7K [239])

ii)  Chain A / Halorhodopsin from Halobacterium salinarium (1E12 [112])

iii)  Chain A / Sensory rhodopsin II from Natronomonas phraonis (1H2S [240])

iv)  Chain C/ Proton pumping rhodopsin AR2 from Acetabularia acetabulum (3AM6
[241])

v)  Chain A / L1-intermediate of Halorhodopsin T203V from Halobacterium
salinarium (2JAG [242])

vi)  Chain A / Acetabularia rhodopsin 1 from Acetabularia acetabulum (3WT9-
superseded by SAX0 [243])

The six templates (i-vi) used in the modelling of AntR share a 18-24% sequence
identity with the AntR target sequence. Three amino acid residues, M1, V214 and G215

49



Antarctic Rhodopsin

were modelled ab initio. The alignment of the remaining 212 amino acid residues resulted
in a confidence score of 100%. The confidence score is given by the HHsearch [244]
alignment algorithm for significantly improved alignment and detection that is employed
by Phyre2 [238]. The retinal chromophore was docked in the model by coordinate
transferring. A coordinate overlap was performed between the model and the first
template (i), of Halorhodopsin. In order to avoid steric clashes a partial geometry
optimization was performed for the amino acid residues around 4 A of the retinal Schiff
base using CHARMM.
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Figure 4.1. Overview of the AntR homology model. (a) System setup of the generated homology
model of AntR, with an all-trans retinal chromophore, embedded in a hydrated lipid bilayer. (b)
Water wire analysis of the all-frans AntR with a 35% pre-filter. Lines represent water-mediated
connections between amino acid residues and are colored according to their occupancy rates
using a blue-green-red (BGR) color scale. For clarity, the lines connect the H-bonded amino acid
residues through their Ca-atoms. The protein is shown as orange ribbons using the New Cartoon
representation of VMD. Adapted from ref. [185].

Isomeric states of the retinal Schiff base

Three isomeric states of the retinal have been modelled in this study. The retinal
chromophore was docked in the all-¢rans conformation. Using CHARMM, the 13-cis, 15-
anti conformer was modelled by performing a twist on the all-trans using coordinate
driving in CHARMM with the C12-C13=C14-Ci5 retinal dihedral angle set to 0°. After 65ns
of simulation time on the all-trans system, a twist on the C14-C15=N-Cg retinal dihedral
angle was performed by posing a 5 kcal/mol force on the dihedral and a target value of
0°, using the “collective variable” option within NAMD, obtaining in the 13-cis,15-syn
conformer (Figure 4.2). In order to perform the twist, the positions for all atoms that are
not within 4 A of the retinal Schiff base were frozen. An optimization of the retinal
vicinity was performed in CHARMM to avoid steric clashes. Afterwards the constraints
were lifted, and the simulation was performed for an additional 135ns.
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Figure 4.2. Dihedral angle dynamics for the C;2-C13=C14-C15 and C14-C15=N-Ce in simulations of
the all-trans (blue), 13-cis,15-syn (orange) and 13-cis,15-anti (green) conformations of the RSB.
(a, b) The C1»-C13=C4-Cis (a) and C14-C5=N-Ce (b) dihedral angles’ timeseries. Values for the
all-trans simulation are shown as a scatter for clarity. The 13-cis,15-syn and 13-cis,15-anti
timeseries are shown as a solid trendline. (c, d) Timeseries for the twist from planarity for the
Ci2-C13=C4-Cis (c) and C4-C;5=N-Cg (d) dihedral angles. Adapted from ref. [185].

Simulation setup

The “HBUILD” command was used in CHARMM to construct coordinates for H
atoms. AntR was oriented along the membrane normal using the PPM webserver of the
OPM database [201]. Using CHARMM-GUI interface, the model of AntR was placed in
a hydrated lipid bilayer consisting of 496 POPE:POPG lipids in a ratio of 3:1, with 122
sodium ions added for charge neutralization. The total number of atoms in the simulation
systems is approximately 165,770. The model of AntR with an all-#rans retinal embedded
in a hydrated lipid bilayer is shown in Figure 4.1.

MD simulation protocol

The systems were equilibrated using the CHARMM-GUI protocol, which
features a 6-step relaxation. Three types of restrains are posed on the system and are
gradually being reduced during those 6 steps. According to the protocol, harmonic
restraints to ions and heavy atoms of the protein are applied, repulsive planar restraints
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to prevent water from entering into the membrane hydrophobic region, and planar
restraints to hold the position of head groups of membranes along the Z-axis [187]. The
TIP3P water model was used, and the CHARMM-36 force field parameters for proteins
and lipids.

Comparative H-bond graphs

A function to produce comparative H-bond graphs in the Bridge algorithm
package was implemented for this project by Malte Siemers. Having in mind that three
identical simulations of the homology model of AntR were generated, with the only
parameter changing being the isomerization state of the retinal chromophore I was
inspired to propose a new function in order to quantify how the H-bond networks re-
arrange upon different isomerization states. In principle, the implemented function is
applicable to systems with the same sequence. An additional option in the function was
included to allow mutations in the sequence, in order to be more universally applicable
for the people interested in using the software. The mutation option requires for the user
to input the mutation manually. The function compares two graphs, one being the
“target” and one being the “reference”. The comparison between two graphs is displayed
through colored edges, using the reference graph as the skeleton. Black edges represent
the common H-bonds that are featured in both the reference and the target. The difference
between the graphs is displayed using colored edges. Green edges represent H-bonds that
are found in the target graph and not in the reference, thus being a new H-bond. Red
edges represent H-bonds that are found in the reference graph but not in the target, thus
being an H-bond that was lost and is not no longer present. The function is depicted
schematically in Figure 4.3.
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Figure 4.3. Schematic representation of the graph comparison function in Bridge. (a) Graph
representation of an arbitrary H-bond network, used as the reference graph. (b) Graph
representation of the farget graph. (c) Comparative graph between the reference and target graph.
H-bonds found only in the target are shown as green edges, while H-bonds found only in the
reference graph are shown as red edges. H-bonds that are common between target and reference
are shown as black edges. Adapted from ref. [185].
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4.2 Homology model and simulation system preparation of AntR

Structural stability and water content

During MD simulations of the all-¢frans conformation of AntR, the Ca - RSMD
values of the helical segments are computed 2.14 + 0.40 A, while for the 13-cis,15-syn
are 1.74 + 0.13 A and for the 13-cis, 15-anti, 1.92 = 0.16 A respectively (Figure 4.4a,c,e-
orange trendline). The turns and coils were decomposed and their respective RMSD
values were computed. Those are naturally very dynamic and are in the range between
3-7 A (Figure 4.4a,c.e-green trendline). The generated homology model does not include
any internal water molecules in the starting structure, nor any transferred coordinates of
co-crystallized water molecules from any of the templates used. Due to numerous polar
amino acid residues in the surface of the protein both in the extracellular and the
cytoplasmic sides of the membrane, water molecules from the bulk were observed
visiting the internal pore of the protein early in the simulation. The computations of the
internal water molecules of AntR showed an average of 24.5 + 8.5, 24.8 + 8.7 and 27 +
9.4 for the all-trans, 13-cis,15-syn and 13-cis,15-anti simulations respectively (Figure
4.4b,d,f-orange trendline). The positions of water molecules along the membrane normal
was additionally computed as time-dependent variable. This was done in order to ensure
that the protein in not leaking water molecules in the dark-adapted all-trans model
(Figure 4.5). Computing the number density profiles for the retinal Schiff base and water
around 10 A within the RSB it was confirmed that water does not visit every coordinate
along the membrane normal and a narrow part of the RSB is consistently unvisited by
water molecules (Figure 4.5). This effectively creates two separate extended clusters in
AntR, located in the extracellular and cytoplasmic sides respectively.
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Figure 4.4. Ca - RSMD and number of internal water molecules profiles for the homology model
of AntR in three different simulations of different isomeric states of the retinal. (left) Ca. - RSMD
profiles for the helical segment (orange) and the turns/coils (blue) for simulations in the all-trans
(a), 13-cis,15-syn (c) and 13-cis,15-anti () conformations of the RSB. (right) Number of internal
water molecules profile for simulations in the all-trans (b), 13-cis,15-syn (d) and 13-cis,15-anti
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(f) conformations of the RSB. Adapted from ref. [185].
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To further examine the structural stability of the model, a time-dependent
secondary structure analysis using STRIDE was performed. The primary type of
secondary structure detected in the simulations is the a-helix, comprising about 70% of
the protein while the coils comprise ~15% and the turns ~10% (Figure A.5), in all three
simulations.



4.3 Extended H-bond pathways in the all-trans model
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Figure 4.5. Internal water molecule calculations in the simulation of the model of the all-trans
AntR. (a) Molecular representation of the internal water molecules in the all-trans simulation of
AntR. The internal water is shown using a volumetric representation, named Quick Surfin VMD.
Functional amino acid residues as well as non-polar amino acid residues surrounding the channel
are shown. (b) Top view of the molecular graphics shown in panel a. The hydrated lipid molecules
around the protein are shown in pink. The protein is shown in transparent for clarity. (c)
Timeseries profile of the Z-coordinate e.g., coordinate along the membrane normal, for the water
molecules around 5 A of the RSB during the all-trans simulation of AntR. The timeseries was
computed for the whole length of the trajectory. (d) Number density profile for water, lipid
headgroups and the RSB as a function of the distance from the bilayer center in A. For the water,
only the oxygen atoms were selected (black trendline), for lipid headgroups-the phosphorus
atoms (orange trendline), and for the RSB-the N16 nitrogen atom (green trendline). (F) Zoom-in
number density profile for the N16 nitrogen atom of the RSB (green trendline) and the water
oxygen atoms around 10 A of the RSB (blue trendline). For the number density profiles the
Density Profile Tool [245] of VMD was used, with the last 100 ns of the all-frans simulation of
AntR and a cell thickness of 0.1 A. Adapted from ref. [185].

4.3 Extended H-bond pathways in the all-frans model

The sequence and in turn, the three-dimensional structure of AntR features
numerous homologues from Channelrhodopsin-2 and Bacteriorhodopsin [185]. A prime
example is the aspartate group D167 in the extracellular side of AntR. D167A™® is the
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equivalent of the proton release group E194 of BR. Since in BR, E194 is part of the
extracellular proton release cluster [220], it was examined whether D167 bridges to
the RSB via protein-protein, protein-water and water-water H-bond pathways. It was
found that indeed, D1672"™® and three other extracellular carboxylate groups - D2, E6
and E62 bridge to the RSB. The shortest paths from the extracellular carboxylate groups
to RSB pass through the central arginine and the counterion D185 (Figure 4.6).

a b C
JO=84.2% JO=64.7% JO=37.7%
all-trans RSB 13-cis,15-syn RSB
100 S74
gs5 JOD18 87.4| 13-cis,15-anti RSB

R67 D185
99.5
D167 D167 extracellular D167

E:—/f b W '
M - . extracellular

Figure 4.6. H-bond pathways from the extracellular side to the RSB in AntR. (a-c) Graph
representations of the shortest paths sampled between D1674™® and the RSB in the all-trans (a),
13-cis,15-syn (b) and 13-cis,15-anti (c) conformations of the RSB. The joint occupancy for every
pathway is shown in its respective color code. (d) Structural alignment between AntR (yellow)
and BR (green) (PDB ID: 1C3W). The proton release pair E194-E204 of BR are shown as well
as the equivalent of R194, D167 of AntR and three additional carboxylate groups in the
extracellular side- D2, E6, E62. Adapted from ref. [185].

For AntR with the RSB in the all-trans conformation, the connections to the EC
side are very frequent, up to 84% Joint Occupancy for the RSB-D167 path (Figure 4.6),
even when considering shortest path computations. The shortest paths connecting the
RSB to the carboxylates in the EC side (D2, E6, E62) involve the counterion D185
connected to the Schiff base for 100% of the trajectory analyzed (Figure 4.7). The next
step in the pathways for all the cases except D2, is the gating arginine R67 which is very
frequently connected to D185 (84.5%). R67 is the key amino acid residue in forming
these networks because it is the one that will connect to all the carboxylates on the EC

56
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side, except D2. D2 is reachable though a connection via E6 or E62, for 87.5% and 90.2%
of the time, respectively in the all-frans simulation (Figure 4.7b,c). An additional feature
of D185 and S74 in the all-trans model was found. The counterion D185 is the first
connection of the RSB and the gateway to the EC side through water-mediated H-bonds.
On the other hand, D185 can connect to S74 of helix C, thus allowing for connections to
CP side, even with an EC-oriented Retinal Schiff base. Indeed, extended H-bond
pathways were computed from the RSB to the CP side, namely two carboxylates. E81 is
the equivalent of D965R, which functions as the cytoplasmic donor during the photocycle
of the outward proton pump [246-249]. It was suggested that it would be the prime
candidate for the role of the proton acceptor during the photocycle of the inward proton
pump AntR [185]. Mutagenesis and kinetics data from our collaborators suggest that the
E81Q mutant leads to faster deprotonating SB and that E81 could not be the only proton
acceptor. Instead, a proton acceptor complex could be in place [185]. D195 is a conserved
group among AntRs and is also suggested as a candidate proton acceptor. High-
occurrence H-bonds between D195 and E81 and R84 were identified. Although the
homologues of L196 function as proton acceptors in ASR and PoXeR [250, 251], kinetics
data of the D195N mutant disprove the hypothesis. Instead, it is suggested that a network
of highly dynamic hydrogen bonds in CP side provides alternative proton transferring
pathways [185].
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Figure 4.7. Extended H-bond pathways for the all-trans AntR. (a) Graph representation of the
water-wire analysis on the all-frans AntR using a 5% occupancy filter. Functional amino acid
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residues and extracellular carboxylates groups that are part of H-bond pathways are highlighted
as red nodes. (b) Graph representation of the connected EC and CP pathways in the all-trans
AntR. (c) Molecular graphics of the networks shown in panel b. (d) Graph representation of the
extended water-wire CP pathways in the all-trans AntR. For the extended-water wire
computation they threshold was increased to 12 water molecules. (¢) Molecular graphics of the
networks sown in panel d. Pathways are highlighted with colored dotted lines and their Joint
Occupancy values are shown in the same color. Adapted from ref. [185].

4.4 H-bond pathways in the 13-cis models

13-cis,15-syn

The 13-cis,15-syn retinal retains characteristics of the all-f7ans model. Extending
the search for pathways bridging the RSB to the extracellular side for the 13-cis,15-syn
retinal it was found that the networks are almost identical to the ones computed for the
all-trans retinal. This could be expected since the orientation of the Schiff base remains
to be oriented towards the EC side. The major difference is that in 13-cis,15-syn model,
D2 is directly connected with R67 and an extra mediating connection via another
carboxylate in the EC side is no longer needed, as compared to the all-trans. A slightly
reduced Joint Occupancy for the respective pathways is also observed, when compared
to the all-trans AntR (Figure 4.8a,b).
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Figure 4.8. Extended H-bond pathways for the 13-cis,15-syn and 13-cis,15-anti AntR. (a) Graph
representation of the connected EC and CP pathways in the 13-cis,15-syn AntR. (b) Molecular
graphics of the networks shown in panel a. (¢) Graph representation of the connected EC and CP
pathways in the 13-cis,15-anti AntR. (d) Molecular graphics of the networks shown in panel c.
(e) Extended water-wire computation for the 13-cis,15-anti AntR. Using a threshold of 8 water
molecules. The pathway connects the RSB to D195 trough water-mediated connections for
78.8% of time and an average length of wire L=6.2. Pathways are highlighted with colored dotted
lines and their Join Occupancy values are shown in the same color. Adapted from ref. [185].

13-cis,15-anti

The 13-cis,15-anti retinal connects to E81 and D195 at the cytoplasmic side of
the membrane. An extended water chain that connects the 13-cis,15-anti AntR to D195
was identified(Figure 4.9). The chain of H-bonded water molecules that is sampled
between the RSB and D195 has a range of 4 to 8 water molecules in the wire. The average
water-wire length is L=6.2 and is sampled 78.8% of the time (Figure 4.9b). These water
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molecules interact with the retinal Schiff base, S74 of helix C and are also supported by
H-bonding to the backbone O atoms of Y150 and F192 of helix D and F, respectively.
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Figure 4.9. An extended water-wire connection in the 13-cis,15-anti AntR model. The wire
connects directly the RSB to D195 and is the shortest path sampled between the two amino acid
residues. The connection is sampled 78.8% of the time with an average length of 6.2 water
molecules. (a) Molecular graphics of the extended water-wire sampled. (b) Water-wire length as
a function of time. The water content of the wire ranges from 4 to 8 water molecules. Adapted
from ref. [185].

S74 mediates transient bridging of the 13-cis,15-anti RSB to the extracellular H-bond
network. The RSB of 13-cis,15-anti retinal connects transiently to the extracellular H-
bond network via S74, whose hydroxyl group participates in dynamic H-bonds with the
Schiff base and with D185 (Figure 4.8). S74 is found to be extremely important for
linking the all-frans retinal to E81 found in the CP side, as well as linking the 13-cis, 15-
anti retinal to the carboxylate groups in the EC side. When the Schiff base is oriented
towards the CP side (13-cis,15-anti model), the Schiff base will connect to S74, which
in turn will connect to the counter ion D185 or R67. The JO for the pathways in the 13-
cis, 15-anti conformer is largely reduced when compared to the all-¢rans due to the Schiff
base-S74 connection which is sampled 48.7% of the time (Figure 4.8).

4.5 Centrality computations identify “hot-spots”

The treatment of the H-bond networks via graphs is a concept that allows one to
analyze them using terms and elements from graph theory. The betweenness centrality
shows important nodes that participate in networks. Amino acid residues with high BC
values are important for the communication of the network, and their removal from the
graph will most likely result in major disruptions. H-bond pathway analyses indicate that
S74 plays a critical role in the linking of the two extended H-bond networks sampled in
both sides of the membrane. When the RSB is in the all-trans and 13-cis,15-syn
conformations e.g., EC-oriented, S74 links the RSB to the CP side of the membrane to
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the proposed proton acceptor E81, through the counterion D185. Similarly, in the 13-
cis,15-anti conformer, when the RSB is CP-oriented, S74 mediates the connections
between the RSB and the glutamates in the EC side. In all H-bond pathway analyses of
the three isomers that were analyzed, R67 is always the link between the RSB and
glutamates on the EC side. Computations of centrality measures in terms of BC, DC
(Figure 4.10) and USP (Figure A.6) unanimously show that in terms of network
connectivity and communication, R67 is the most important node in the graphs. The
centrality measure analyses were performed on occupancy-filtered graphs with a
minimum occurrence rate of 35%. That criterion was chosen based on the RSB-W155
connection in the 13-cis,15-anti model, which is sampled 36.9% of the time, thus being
the bottleneck. The BC, DC (Figure 4.10) and USP (Figure A.6) graphs show that R67
is the most central node. BC graphs show in addition that S74 is a central node in the
communication of the networks, as well as the proposed proton acceptor E§1 and Y193
that mediate the connections between RSB and the larger CP clusters. BC and USP values
of R67 are relatively similar to one another since the RSB is oriented towards the EC side
for both systems and R67 has 3 fewer connections compared to the all-trans. In the 13-
cis,15-anti system, the largest disruption in the networks is found, and thus the BC and
USP values indicating a major rearrangement of the H-bond networks because of the
retinal isomerization. In the 13-cis,15-anti system, BC and USP values of the key amino
acid residues R67, S74, D185, E81 and Y 193 are significantly lower compared to the all-
trans system. In the 13-cis,15-anti isomeric state the highest centrality value is computed
for E201 on the cytoplasmic side of the membrane, located ~25 A away from the RSB
[185]. DC calculations in turn show that number of connections of the key amino acid
residues remain similar and comparable to one another. R67 is consistently the most
visited nodes with the highest number of connections. The lower BC (Figure 4.10) and
USP (Figure A.6) values were computed for the 13-cis,15-anti vs. the all-trans state for
the important amino acid residues such as R67, S74, E81, D185 and Y193, suggest that
the network rearrangement that is sampled upon the retinal isomerization, strongly affects
the communication of the network.
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Figure 4.10. Centrality computations in AntR simulations. (a, b, ¢) BC computations on the all-
trans (a), 13-cis,15-anti (b) and 13-cis,15-syn (c). (d, e, f) DC computations on the all-trans (d),
13-cis,15-anti (e) and 13-cis,15-syn (f). BC and DC values were computed on water-mediated H-
bond graphs of AntR that were pre-filtered to a minimum of 35% occurrence rate. Nodes are
colored according to the normalized and weighted BC and DC values. The amino acid residues
of interest, and their connections are labeled and shown in full opacity. The remaining nodes and
edges are shown in transparency. Panels b, ¢, e and f show comparative graphs using the all-trans
graph as the foundation. The nodes shown in those panels are colored with the BC and DC values
of the respective system. The edges are colored according to the function principles described in
the section “Comparative H-bond graphs”. Adapted from ref. [185].

4.6 Summary

In this chapter, presented the modelling and analysis of a newly discovered
rhodopsin [185] was presented. AntR was discovered by the group of our collaborator
Prof. Dr. Leonid Brown AntR and characterized as a bistable inward proton pump. Its
physiological role remains still unclear. With the raw amino acid sequence that was
shared with our group, I constructed a homology model of AntR, basing the model on a
sequence alignment on 6 retinal proteins whose structures are known. The sequence
identity between the template and the target ranges from 18 to 24% and the alignment of
the 212 amino acid residues of the sequence received a confidence score of 100%, while
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three amino acid residues, were modelled ab initio. Those were the first, second to last
and last amino acid residues in the sequence.

To study the dynamics of AntR, I prepared three molecular systems, each with a
different isomeric state of the retinal and found that AntR retains connections with both
side of the membrane for every isomeric state of the retinal, regardless of its orientation.
The all-frans and 13-cis,15-syn AntR features stable connections to EC located
carboxylates, namely D2, E6, E62 and D167. The latter is the equivalent of one member
of the proton release group of BR [220, 227-229], E194. Similar pathways were also
found for C1C2 [42]. The pathways that connect the EC-oriented Schiff base to the
carboxylates on the EC-side share common intermediate nodes. The counter ion D185
and the gating arginine R67 are common among the pathway which are very frequently
sampled. Another aspect of the EC-oriented Schiff base was unraveled, unlike C1C2. An
EC-oriented RSB can connect to the CP side through D185 which further connects to
S74 and in turn to Y193, E81 (D965R) and D195 (conserved group among AntRs). It was
suggested through by experimental evidence by our collaborators that R67 and D167
would be important for the proton uptake because the photocycle is largely perturbed
when they are mutated [185], while E81 cannot be the sole proton acceptor. The
supported notion, suggested by the combination of the theoretical predictions and
experiments is, unlike the well-known example of BR where a proton is released by a
proton release group [220, 227-229], that a network of highly dynamic hydrogen bonds
in the CP side provides possible alternative proton transferring pathways. An extended
water chain between the 13-cis,15-anti SB and D195 was sampled when the water
threshold was increased from 5 to 8 molecules. The water chain is very frequently
sampled, at 78.8% of the time, with an average water-wire length of £=6.2. The water
molecules of the chain are stabilized by H-bonding to the retinal Schiff base, S74, Y150
and F192. S74 mediates transient bridging of the 13-cis,15-anti RSB to the extracellular
H-bond network, allowing the 13-cis,15-anti retinal to connect transiently to the EC side.
Unlike C1C2, AntR can maintain connections to both sides of the membrane, regardless
of the isomeric state of the retinal, employing key amino acid residues in the process,
such as S74 and D185.

With the centrality measures that were introduced for this projected [184, 185]
and a newly developed measure of USP [186], I was able to quantify R67 as the most
important node in the graphs in terms of network connectivity and communication, in
addition to S74. The 13-cis,15-anti state showed smaller centrality values compared to
the all-trans state for potentially important amino acid residues which would suggest
major network rearrangements upon the retinal isomerization, strongly affecting network
communications. The S74A mutation results into largely delayed kinetics of the
photocycle and weakens the proton transport [185], validating the prediction of the
centrality measurements on its importance in the H-bond networks. Being able to
experimentally validate predictions from MD analyses, using novel graph theory
approaches is very empowering. It shows the important role of theoretical biophysics in
the pursuit of pushing the limits on what is known in the field and how experiments can
co-exist and harmonically support and complement one another.
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Chapter 5 Conserved H-bond motifs in membrane transporters

This work is based on the following publication where I was first author:

Lazaratos, M., Siemers, M., Brown, L.S. and Bondar, A.N., 2022. Conserved hydrogen-bond motifs of
membrane trans-porters and receptors. Biochimica et Biophysica Acta (BBA)-Biomembranes, p.183896.

It should be disclosed that Malte Siemers wrote the original structure mining routine to download and
organize protein structures for the web, and loops to analyze multiple structures organized into groups.
Original work of Malte Siemers was later modified, adapted and expanded for the purposes of this project
as in-house standalone code. New motifs were implemented in the core package of Bridge for the purposes
of this project. This code was not released as an update to Bridge.

I performed all system setups and MD simulations presented in the above publication along with all H-
bond and network analyses on those systems. I prepared the figures for the corresponding chapters in the
publication, and I contributed to writing of the text for the corresponding sections, under the close guidance
and supervision of Prof. Dr. Ana-Nicoleta Bondar. Published figures contain input from other co-authors
with the most important input being that of Prof. Dr. Ana-Nicoleta Bondar. Krzysztof Buzar helped me
program the Python routine shown in Figure 5.1.

Parts of the work presented in this chapter are originally published in the journal Biochimica et Biophysica
Acta (BBA) - Biomembranes. 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. [226].”

Reprinted with permission from Biochimica et Biophysica Acta (BBA)-Biomembranes, 1864(6), p.183896.
Copyright © 2022 Elsevier B.V.

Doi: https://doi.org/10.1016/j.bbamem.2022.183896

Author-directed link: https://authors.elsevier.com/a/1egZf1CISNRBq
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5.1 H-bond motif computation

In the first iteration of Bridge [252], a routine for the detection of three H-bond
motifs in crystal structures or trajectories was implemented. In this chapter, large-scale
H-bond detections, and analyses for H-bond motif in crystal structures and trajectories
are presented. Analyses of large data sets of multiple superfamilies can provide insight
for the potential role of a motif in the protein’s functions, according to their position
along the membrane normal, the superfamily the belong to as well as their occurrence. |
expanded Bridge to detect multiple H-bond motifs and I applied the motif detection
analyses to large datasets organized according to superfamilies and protein-groups.
Motifs of high importance in the biological role of the proteins were identified through
this method, thus it is suggested that large scale analyses of protein structures and/or
simulations can be of high predictive power for new proteins to be discovered or to
provide insight in mechanisms of function that are unknown to this day.

5.1 H-bond motif computation

Bridge was used to identify ten H-bond motifs, which were chosen based on
typical H-bond interactions in membrane proteins. Motifs i)-iii) were described in the
original Bridge release and motifs iv)-x) were implemented during this project
specifically. The motifs are as follows, and an overview with specific examples detected
in TM proteins is shown in Table 5.1.

1) Intrahelical H-bond of the Ser/Thr hydroxyl group to the i-3, i-4, or i-5 backbone carbonyl
(Ser/Thr-O=C)

i)  H-bond between an Asp/Glu carboxylate and a Ser/Thr hydroxyl (Ser/Thr-Asp/Glu)

iii)  Combined motif of 1) and ii) detected at the same time (C=O-Ser/Thr-Asp/Glu)

iv)  H-bond between an Asp carboxylate group and an Asn carboxamide group (Asp-Asn)

v)  H-bond between two His imidazole groups (His-His)

vi)  H-bond between a Ser/Thr hydroxyl group and an Asn carboxamide group (Ser/Thr -Asn)

vii)  H-bond between Asp/Glu carboxyl groups, and Arg guanidinium groups (Asp/Glu -Arg)

viii) H-bond between an Arg guanidinium group and a backbone carbonyl group (Arg- O=C)

ix)  H-bond between an Asn carboxamide group and a backbone carbonyl group (Asn- O=C)

x)  H-bond between an Asp/Glu carboxyl group and a backbone amide group (Asp/Glu -HN)

Table 5.1. Summary of H-bond motifs used from the original Bridge release and newly
implemented for this project. The motif search was applied in two datasets of static protein
structures (described in the section 5.2 below). For each H-bond motif, one protein is indicated
in which the H-bond motif is present, the corresponding unique PDB ID of that structure and its
resolution. Adapted from ref. [226].

PDB ID,
Motif H-bond groups Motif example referenp &
resolution
A)
i-3,1-4, 1-5
Ser/Thr o7 Bacteriorhodopsin 5ZIM [253]
Thr-O= k
Ser/Thr-O=C hydroxyl backbone T46-F42 125 A
carbonyl
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Ser/Thr Asp/Glu Aquaporin-1 3Z0J [130]
Thr-A 1
Ser/Thr-Asp/Glu hydroxyl carboxylate E51-S107 0.88 A
Ser/Thr
Ser/Thr .
_ + -
Ser/Thr—Asp/Glu hydroxyl + l'lydrioxy'l Channelrhodopsin-2 6EID [97]
\ Aso/Gl i-3, 14, 1-5 E101-T246 239 A
0-C b backbone V242-T246 '
carboxyl
carbonyl
Asn . Proton-Translocating 4A01 [131]
Asp-Asn Asp carboxyl  carboxamide pyrophosphatase 235 A
group N738-D294 '
Ammonia channel
His-His His imidazole  His imidazole AmtB 1U17§1}0[11&29]
H168-H318 '
Mep2 A i
Ser/Thr Asn P2 AMMONIUI 5 Ap7 1254]
Ser/Thr-Asn hvd I b d Transceptor 147 A
ydroxy carboxamide N88-TO5 .
Asp/Glu Arg Archaerhodopsin-3 6S6C [255]
Asp/Glu-Arg carboxyl guanidinium D15-R17 1.07 A
Are-O=C Arg backbone Sensory rhodopsin II ~ 1H2S [256]
g guanidinium carbonyl R66-P182 1.93 A
Sodium pumping
Asn-0=C carb:xsa?mide t::zjlljzgnle rhodopsin KR2 6Y2C 30[2;7]
Y N112-S70 '
Asp/Glu backbone Heliorhodopsin 6SU3 [258]
A lu-NH
sp/Glu carboxyl amide D158-L160 1.50 A

5.2 Compiling the dataset of static structures of TM proteins

For the collective analysis of protein families and superfamilies a dataset
containing 1439 structures of alpha-helical polytopic transmembrane proteins was
generated. The structure files were downloaded from the Orientations of Proteins in
Membranes (OPM) database [201] in “.pdb” format. The OPM database gives protein
structures pre-oriented along the membrane normal with the origin of coordinates
corresponding to the center of the membrane. To obtain the raw data about
families/superfamilies and proteins, an algorithm to retrieve the information about the
selected families/superfamilies from the OPM database using the OPM data API was
developed. The OPM data API uses a nested dictionary data structure that includes all
info provided about a protein. Notable examples are the PDB ID, resolution, family ID,
superfamily ID, number of TM subunits and total number of TM helices. Protein
superfamilies are also assigned unique ID’s, and are organized in a nested format,
containing every protein they feature. Most of the structures in the data set (1426) were
solved with X-ray crystallography or Electron Microscopy (EM), and 13 structures were
solved with Nuclear Magnetic Resonance spectroscopy. The initial and unrefined data
set of structures includes proteins from 28 superfamilies (Table 5.2).
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Table 5.2. Summary of the dataset of structures compiled prior and after replacements of primary
representations with one of their secondary representations of higher resolution. The
family/superfamily names, number of members, and the range of resolution values at which they
were solved at are presented. Resolution values of “N/A” correspond to the NMR structures.

Adapted from ref. [226].

Before After

Family/Superfamily name # Structures  replacements replacements
Resolution range (A)

Sodium/calcium exchanger 7 1.9-3.5 1.9-3.5
Proton or Sodium translocating F-
type. V-type and A-type ATPases 103 1.7-37.0 1.55-37.0
Rhodopsin-like receptors and pumps 358 1.3-60 1.07-60
Proton-translocating 5 235-4.0 218-4.0
pyrophosphatase
Ion channel (VIC) superfamily 405 1.45-12.7 1.2-12.7
Major Int'rlnsw Protein (MIP)/ENT 31 115-25 0.88-25
superfamily
Chloride transporter (CIC) 17 2.51-4.34 2.4-4.34
iSOrLleLl}ll:I(l)Irllfc:lluctance mechanosensitive 15 29-414 29414
'Large conductance mechanosensitive 5 35.58 35.58
ion channel
eAXn;:::;la/urea transporters/Na+ 13 1435 1335
Ion transporter superfamily 6 2.78-3.96 2.78-3.96
Resistance-nodulation-cell division 66 1.9-6.5 1.9-6.5
ABC transporters 161 1.9-7.9 1.9-7.9
Vacuolar iron transporter 2 2.7-3.5 2.7-3.5
P-type ATPase (P-ATPase) 100 2.2-10.0 2.15-10.0
Proton-translocating 5 5 89 6.93 29.6.93
transhydrogenase
Copper transporter 1 3.03 3.03
Piezo family 4 3.8-4.5 3.8-4.5
Magnesium ion transporter-E (MgtE) 3 2.2-3.5 2.2-3.5
Cation diffusion facilitator 6 2.9-13.0 2.9-13.0
CorA metal ion transporters (MIT) 8 2.7-4.2 2.7-4.2
Drug/Metabolite Transporter (DMT) 10 2.2-35 2.1-3.4
Potassium channel TMEM175 5 2433 2.4-33
Mercuric .10n uptake (Mer) | N/A N/A
superfamily
Calcium release-activated calcium
(CRAC) channel 6 3.35-6.9 3.35-6.9
Monovalent cation-proton antiporter 17 1.95-3.98 1.95-3.98
Calcium-activated chloride channel 29 3.1-5.14 3.1-5.14
Bestrophin anion channel 17 2.17-3.72 2.17-3.72
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To tackle the issue of significant redundancy within the PDB, that a protein can
be represented by more than one entries (ID’s) OPM defined the term of “primary
representation” of a protein entry [201]. The primary representation features the most
complete protein in terms of protein domains and the least disordered segments [201].
For this specific work case scenario, only the highest quality structures possible were of
interest to investigate their H-bond networks and H-bond motifs, so it was deemed vital
to include in the dataset the structures solved at the highest resolution (lowest numerical
value) possible per protein entry. In some cases, the primary representation contained at
least one other representation. Those representation will be referred to as secondary
representations in this chapter. I developed an algorithm routine (Figure 5.1) to compare
the resolution values and keep the highest quality one (i.e., the lowest absolute value of
resolution in A). Eight occasions where the primary representation’s resolution was lower
quality than two -or more- alternative entries of the same protein were encountered. In
those 8 occasions, the alternative entries’ resolutions were the same value in A. Only 2
out of the 8 occasions featured protein entries that were solved in resolutions < 2.5 A. In
that case, a direct user input in the program was allowed, of ID that will replace the
representative entry. In total, 109 primary representations were replaced by one of their
secondary representations solved at a higher quality.
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[ Select superfamilies j

Fetch all superfamilies’and
proteins’ per supefamily
raw data

Fetch all primary
representations’raw data

Multiple secon-
dary representations of
minimum resolution

rimary represen-
tation has secondary
representations

User selects
protein entr:

False

Primary represen-

tation resolution >
Secondary represen-
tation resolution (A)

Replace primary
protein entry
with Secondary
representation entry

> Continue to analysis

Figure 5.1. Schematic representation of the replacement procedure implemented, as a flow chart.
The common symbols for flowcharts are used and they are arrow, rhombus, rounded rectangle,
squared rectangle, quadrilateral representing flowchart, decision, terminal, process, and manual
input respectively.

An initial resolution filter of 5.0 A is employed, effectively creating the first resolution
curation stage of the dataset that does not include outlier structures of lower quality. Most
of the protein structures solved with X-ray crystallography report a resolution of ~3-4 A
with a minimum resolution of 0.88 A as compared to 1.15 A prior to replacements (Figure
5.2). The highest resolution structure is the Pichia pastoris aquaporin-1 (Aqy1) [130].
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Figure 5.2. Distribution of crystal structures according to their resolution they were solved at. (a)
Distribution of protein resolutions of the original dataset, prior to the entry replacements. (b)
Distribution of protein resolutions of the dataset after replacements of primary representations
with one of their secondary representations of higher resolution. The highest quality structure is
solved at 0.88 A as compared to 1.15 A prior to replacements, and it is Pichia pastoris aquaporin-
1 (Aqy1) [130]. The structures’ resolutions are distributed in 15 bins.

A handful of high-resolution protein structures could not be analyzed via the
automated procedure to identify H-bond motifs and required editing for readability. For
these structures, CHARMM-GUI PDB reader [188, 191] was used to generate a
formatted protein coordinate file. Ten structures did not contain transmembrane regions
and were not considered. For the accuracy of the H-bond networks reported here, two
data subsets were generated for computations and analyses. The resulting datasets used
for all analyses discussed here include 200 error free protein structures solved at a
resolution equal or higher than 2.5 A (Set-high, Table A.1) and 483 error free protein
structures solved at a resolution lower than 2.5 A and equal or higher than 3.5 A (Set-
low, Table A.2). The proteins included in Set-high and Set-low belong to 17 and 26
different protein families/superfamilies respectively (Table 5.3). An automatic mining
procedure could result in same protein to be represented by more than one entry.
Therefore, a subset of the original Set-high was generated to include unique sequences.
This subset will be referred to as “Set-highU”, where “U” stands for “Unique”. Every
PDB ID of Set-high was inspected individually by using the advanced search of the PDB
under the "Macromolecules" tab with the "Find similar proteins by:" option. By selecting
a high identity cutoff (100% in most cases), similar proteins of the original query were
found. Every high-identity match was cross-checked if it was present in Set-high.
Proteins with more than one entry of the same name e.g. Bacteriorhodopsin, Anabaena
Sensory Rhodopsin and others, were checked with identity cutoffs of 50%. A summary
of the duplicate structures with high sequence identity matching is shown in Table A.3
and the complete Set-highU dataset in Table A.4. One of the most over-represented
proteins were bacteriorhodopsin, calcium ATPase and the potassium channel KcsA. Two
examples of bacteriorhodopsin originating from Haloquadratum walsbyi and Haloarcula
marismortui shared 54% sequence identity between them and 56-57% with PDB
ID:5ZIM from Halobacterium salinarum. They were thus not treated as non-unique
entries and remained in the Ser-highU dataset. In Table A.4 the structures with high
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sequency identity matches are summarized. For proteins that contain more than one entry
with high sequence identity, only the highest resolution one was considered and included
in the Set-highU.

Table 5.3. Summary of the datasets used for analyses. The family/superfamily names, number of
structures in Set-high, Set-highU and Set-low are shown respectively. Adapted from ref. [226].

#istructures

Family/Superfamily name

Set-high  Set-highU  Set-low
Sodium/calcium exchanger 4 3 3
Proton or Sodium translocating F-type, V-type and A- 9 9 7
type ATPases
Rhodopsin-like receptors and pumps 94 65 141
Proton-translocating pyrophosphatase 1 1 3
Ion channel (VIC) superfamily 24 17 118
Major Intrinsic Protein (MIP)/FNT superfamily 20 17 5
Chloride transporter (CIC) 1 1 5
Small conductance mechanosensitive ion channel 0 0 4
Large conductance mechanosensitive ion channel 0 0 2
Ammonia/urea transporters/Na+ exporter 11 10 2
Ion transporter superfamily 0 0 2
Resistance-nodulation-cell division 2 1 26
ABC transporters 7 7 59
Vacuolar iron transporter 0 0 2
P-type ATPase (P-ATPase) 12 3 46
Proton-translocating transhydrogenase 1 1 1
Copper transporter 0 0 1
Magnesium ion transporter-E (MgtE) 1 0 2
Cation diffusion facilitator 0 1 1
CorA metal ion transporters (MIT) 0 0 3
Drug/Metabolite Transporter (DMT) 3 3 4
Potassium channel TMEM175 1 1 1
Mercuric ion uptake (Mer) superfamily 0 0 0
Calcium release-activated calcium (CRAC) channel 0 0 1
Monovalent cation-proton antiporter 5 5 7
Calcium-activated chloride channel 0 0 10
Bestrophin anion channel 4 2 7
Total number of structures 200 147 483

I employed the Transporter Classification Database (TCDB) [259] in order to
group the superfamilies included in the datasets according to their biological role. I relied
on the first database index/classification number that denotes the transporter class. Since
the Rhodopsin-like receptors and pumps and the Voltage gated ion channel superfamilies
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are diverge in their respective subfamilies will be treated independently. The
Ammonia/urea transporters/ Na* exporter family was included in the channels/pores
group since all proteins but one belongs to that group. The exception holds the Na*-
translocating NADH-quinone reductase which is grouped as a primary active transporter.
It is though solved at 3.5 A, belonging to upper limit of Set-low, and shows only one D-
N motif. The grouped families/superfamilies according to their biological role will be
referred here as protein-groups. An overview of the protein-groups and their number of
members for Set-high and Set-low is shown in Table 5.4 below.

Although the Rhodopsin-like receptors superfamily was treated as a separate
protein-group, it was further dissected, starting from Sez-highU, eftectively generating a
subset of “Microbial and algal rhodopsins” (Set-high-mr) and “A, B, C and F GPCRs”
(Set-high-gpcr). The Hemolysin-III family and Heliorhodopsin families are distinct as
per the TCDB classification as compared to the above distinction. The Human
adiponectin receptor 2 (PDB ID: SLWY [260]) belongs to the Hemolysin-III family and
heliorhodopsin (PDB ID: 6SU3 [258]) belongs to the Heliorhodopsin family. Those two
proteins will be treated independently and will define Set-high-hemo, the subset for the
human adiponectin receptor 2 and Set-high-kelio for heliorhodopsin. The resulting
subsets of the Rhodopsin-like receptors and pumps (65) are Set-high-mr (28), Set-high-
gpcr (35), Set-high-hemo (1) and Set-high-helio (1). An overview of the subsets is shown
in Table 5.4 below.

Table 5.4. Summary of the re-organized families/superfamilies into protein-groups using the
TCDB [259] classification method. The protein-group names and the number of structures for
Set-high and Set-low are shown respectively. The Rhodopsin-like receptors and pumps and
Voltage-gated Ion Channel (VIC) are included are separate superfamilies due to their diversity
of subfamilies, as described above. The dissected subsets Set-high-mr, Set-high-gpcr, Set-high-
hemo and Set-high-helio are shown under the Rhodopsin-like receptors and pumps superfamily.
Adapted from ref. [226].

#structures
Protein-group names
Set-high  Set-highU  Set-low
Channels/Pores 37 31 38
Electrochemical Potential-driven Transporters 15 13 50
Primary Active Transporters 30 21 136
Rhodopsin-like receptors and pumps superfamily 94 65 141
i.  Microbial and algal Rhodopsins (Set-high-mr) 28

ii. A, B, CandF family GPCRs (Set-high-gpcr) 35

iii.  Hemolysin III family (Set-high-hemo) 1

iv.  Heliorhodopsin family (Set-high-helio) 1
Voltage-gated Ion Channel (VIC) superfamily 24 17 118
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5.3 Single structure and MD simulation system setup

Defining the transmembrane domain core in the datasets

The protein dataset compiled so far, consists of only transmembrane a-helical
proteins. Previous motif detections [35, 36, 119, 121] found H-bond motifs in TM region
of a protein to suggest connection with the biological functional of proteins and events
taking place i.e., proton transfer during a photocycle. Thus, the motif detection
procedures implemented in this work are applied only to the TM region of every protein
in the datasets. An advantage of the OPM is that the structures are pre-aligned [201]
along the membrane normal with pseudo or “dummy” atoms being used in the
downloadable file to denote the limits of the bilayer.

From the members of Set-high and Set-low the TM region was computed
according to the average membrane boundaries indicated by OPM [201]. The average
distance from the bilayer center ranges from 12.6 to 19.2 A with average being between
15.5 A. The limits of the lipid bilayer are set to £18 A, 2.5 A more than the average
distance from the bilayer center in order to account for dynamic fluctuations that take
place in fluid membranes as compared to the cryogenic conditions that the crystal
structures are determined. Bertalan et al. used a similar approach to define the TM region
in large-scale analyses of GPCRs [261]. In further analyses the TM core will be referred
to as the area of +6 A away from the center of the bilayer.
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Figure 5.3. Distribution of crystal structures according to their distance from the bilayer center.
(a) Distribution of protein of crystal structures of Set-high. (b) Distribution of protein of crystal
structures of Set-low.

5.3 Single structure and MD simulation system setup

Two model systems were chosen to investigate H-bond networks and motifs, outside
datasets. The first is a high-resolution structure of aquaporin and the wild-type structure
of channelrhodopsin-2.

Aquaporin-1 (Aqyl)

The reason for choosing aquaporin as model system is that the crystal structure
of aquaporin was solved at a resolution of 0.88 A (PDB ID:3Z0J [130]), which allowed
coordinates for H atoms and 221 water oxygen atoms to be solved. Four systems of the
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Conserved H-bond motifs in membrane transporters

Aqyl tetramer where generated, with two different lipid bilayer compositions and two
different protonation states for the His sidechains (Table 5.5). To prepare the simulation
systems, the structure of the aquaporin-1 tetramer was oriented along the membrane
normal and was translated to the center of coordinates using the “alignment to principal
axes” package of VMD. CHARMM [145, 171] was used to generate the H-atoms for
water molecules present in the structure, and CHARMM-GUI to insert the tetramer in
the hydrated lipid bilayers.

Simulations denoted as aql have the Aquaporin-1 tetramer embedded in a
hydrated lipid bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3 phosphoethanolamine
(POPE) lipids for aql. In simulations denoted as aq2, the lipid bilayer contains a
45%:35%:20% mixture of POPE, 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS). The ratios were adjusted
from ref.17 by adding 10% to POPE and POPC fractions to compensate for the 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid (POPA), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoinositol (POPI), cardiolipin (CL), lysophospholipids (lyso-PL) and
dimethylphosphatidylethanolamine (DMPE) that were not modelled for this bilayer.
Originally, the crystal structure contains H-atoms due to it being solved at a very high
resolution of 0.88 A. Amino acid residues H44, H194 are indicated as Ne2-protonated,
H212, H242 indicated as No1-protonated, while all aspartate and glutamate groups are
negatively charged. The simulation systems aql a and aq2_a have all His groups singly
protonated on the N&1 atoms. Simulations aql b and aq2 b have His groups protonated
as indicated in the crystal structure, where H44, H194 are Ne2-protonated, and H212,
H242 are No1-protonated (Figure A.8, Figure A.9).

Channelrhodopsin-2 (ChR2)

The simulations of wild-type channelrhodopsin-2 were based on the crystal
structure of the dimer PDB ID: 6EID [97], which is dimeric structure from Chain A. The
structure features 26 crystallographic waters per monomer (52 total) and they were all
included in the starting coordinates of the MD setup. The pre-oriented structure along the
membrane normal with an all-trans retinal chromophore was used and downloaded from
the OPM database [201]. The program MODELLER [211-213] was used to generate the
atomic coordinates missing from the crystal structures. Two amino acid residues with a
carboxylic sidechain, E90 and D156 were considered protonated according to refs. [79,
80, 101, 215, 217], and cysteines C34/C36' [97] were disulfide bridged, according to the
crystal structure [97]. The channelrhodopsin-2 dimer with the all-trans retinal was
embedded in a hydrated lipid membrane with 401 POPC lipid molecules and ions added
for charge neutrality (Table 5.5) [226]. Originally, the ChR2 contains the retinal Schiff
base (RSB) is in an all-trans, and 13-cis, 1 5-syn isomeric states [97, 262, 263]. The model
of a ChR2 dimer with a 13-cis, 1 5-anti retinal was generated using adiabatic mapping in
CHARMM, with an all-trans retinal as a starting geometry, and twisted the C12-C13=C4-
Cis dihedral angle from 180° to 0° in intervals of 10°, performing energy minimizations
whilst keeping the RSB fixed between intervals. In that way, the compete twist (180°) of
the RSB and the nitrogen atom facing the CP side were modelled.
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5.4 Conserved motifs in large crystal structure datasets

Table 5.5 Summary of the MD simulations prepared and performed in this chapter. The
simulation system, the lipid bilayer environment, number of atoms, temperature, protonation and
length of the simulation are reported in the table. The “protonation” tab refers to Asp, Glu and
His sidechains. Other titratable groups were assigned standard protonation states. For Aqyl,
‘Mixed’ tab indicates the lipid bilayer composed of 45:35:20 POPE:POPC:POPS”. Adapted from
ref. [226].

Simulation Lipids Number of  Temperature Protonation Length

atoms (K) (ns)
ChR2, dimer
all-trans POPC 177,367 300 E90, D156 200

. all N¢
13-cis
Aqyl, tetramer
ffll)E;‘” HSD POPE all NG 261
PgP;Z HSD/HSE 261,360 H44-H194 Ng /
- - €
POPE 2

(aql_b) 0 300 H212-H242 N§ 30
Mixedsall HSD Mixed all N& 251
(aq2_a) 263,094
Mixed-HSD/HSE Mixed ’ H44-H194 Ng / 250
(aq2_b) H212-H242 N§
Total 1.4 ps

Reporting the H-bond results

Results for H-bonding presence is crystal structures are based on a single structure.
Results for MD simulations are reported as a percentage (%). The percentage represents
the time an H-bond is sampled i.e., it meets the geometrical criteria, across the trajectory
used for analyses. The presence of an H-bond in a trajectory will be referred to as
occurrence/occurrence rate/occupancy and it is normalized by the length of the trajectory
segment.

5.4 Conserved motifs in large crystal structure datasets

Bridge was used to compute the H-bond graphs of all high-resolution protein
structures included in Set-high, Set-low, Set-highU, its subsets Set-high-mr, Set-high-
gpcr, Set-high-hemo and Set-high-helio, and their underlying H-bond motifs. H-bonding
between Ser/Thr hydroxyl groups and carboxylate groups of Asp/Glu amino acids
residues is present in all protein structures of Set-high and Set-highU, except for Proton-
translocating transhydrogenases and Magnesium ion-transporter-E (Figure 5.4a). In the
second and fourth chains of the transhydrogenase proton channel (PDBID:SUNI) an
aspartate is found barely within H-bonding criteria to a threonine (D80-T79, 3.48 A).
They are located in the loop linking helix 3 and 4 in the cytoplasmic side of the
membrane. In the magnesium channel MgtE (PDBID:4U9N), chain A, S334 of helix 2
and E359 of helix 3 are found within 3.93 A apart, which constitutes them not H-bonded

75



Conserved H-bond motifs in membrane transporters

according to the criteria used. Thought their orientation in chain A suggests that they
could be H-bonded during dynamics. In chain B the orientation in the x-ray crystal
structure does not appear favorable for H-bonding.
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Figure 5.4. Summary of all H-bond motifs identified for protein structures of Set-high and Set-
highU. The distributions of presence percentage of each H-bond motif are presented for each
superfamily in sets Set-high and Set-highU. (a, b) H-bond motif presence for proteins in the
superfamilies of Set-high (a) and Set-highU (b). The length of the gray bar indicates presence of
an H-bond motif in all protein structures included in a superfamily. An index of the color-coded
H-bond motifs is shown. For every superfamily bar, the number of their protein members is
annotated. Adapted from ref. [226].

When using the TCDB classification, each protein-group of Set-high and Set-
highU was found to contain at least one carboxylate-hydroxyl motif (Figure 5.5, Figure
5.6, Figure 5.7) with a range of occurrence 88-93%, while the intrahelical carboxylate-
backbone carbonyl of the i-3,4,5 relative position is found in every protein of every
protein-group. It is the most widely represented motif in this search (Figure 5.4, Figure
5.5). It is very likely that this is due to the abundance of Serine/Threonine amino acid
residues (Figure 5.10), as well as that the second component of the motif is a backbone
carbonyl. The combined carboxylate-Ser/Thr & Ser/Thr-backbone carbonyl of the i-3,4,5
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5.4 Conserved motifs in large crystal structure datasets

relative position is a more selective motif and is not sampled as frequently as compared
to its individual components. For the protein-groups of Set-high the range of occurrence
is 21-48% (Voltage-gated ion channels and Rhodopsin-like receptors and pumps
respectively, Figure 5.5a, Figure 5.6a). In the Rhodopsin-like receptors and pumps
protein-group there are 45 proteins with the combined motif (Figure 5.6a) in Set-high
and 32 proteins in Set-highU, which makes up for 49% occurrence in the set. When
dissecting Set-highU into Set-high-mr and Set-high-gpcr it can be seen that out of the 32
proteins, 21 are microbial/algal rhodopsins and 11 are A, B, C, F family GPCRs (Figure
5.7a, b). Subsets Set-high-hemo and Set-high-helio do not have any combined motif
(Figure 5.7b).

The location of carboxylate-hydroxyl motifs in two superfamilies of structures of
Set-high was inspected closely. The Rhodopsin-like receptors and pumps (Figure 5.8d),
and the super-family Proton or Sodium translocating F-type, V-type and A-type ATPases
(Figure A.10). In both superfamilies, structures tend to have one site in which a
Serine/Threonine hydroxyl group participates in both inter-helical H-bonding with an
Aspartate/Glutamate carboxylate group, and in intra-helical H-bonding with a backbone
carbonyl group. In most of these structures, the carboxylate-hydroxyl motif is located
lose to the center of the membrane core (Figure A.10).
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Rhodopsin-like receptors and pumps — ] 94
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Figure 5.5. Summary of all H-bond motifs identified for protein structures of Set-high, Set-highU
and the underlying subsets of Set-highU. The distributions of presence percentage of each H-
bond motif are presented for each protein-group in sets Set-high, Set-highU and the subsets of
Set-highU. (a-c) H-bond motif presence for proteins in the protein-groups of Set-high (a), Set-
highU (b) and the subsets of Set-highU (c). The length of the gray bar indicates presence of an
H-bond motif'in all protein structures included in a protein-groups. An index of the color-coded
H-bond motifs is shown. For every protein-group bar, the number of their protein members is
annotated. Adapted from ref. [226].
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Figure 5.7. Summary of H-bond motif presence in sets Set-highU and subsets of Set-highU. The
percentages of structures that contain an H-bond motif as indicated by the index, is given per
protein-group for Set-high (left) and Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-
helio (right). The number of structures containing each motif is annotated on the corresponding
vertical bar, and the total number of structures per protein-group of Set-highU and its subsets in
Table 5.4. (a, b) Ser/Thr-backbone carbonyl of the i-3,4,5 relative position, Asp/Glu-Ser/Thr, and
Asp/Glu-Ser/Thr-backbone carbonyl of the i-3,4,5 relative position H-bonds in Set-highU (a) and
subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio (b). (c, d) Asp/Glu-Arg,
Asn-Asp, His-His, Ser/Thr-Asn motifs in Set-highU (c) and subsets Set-high-mr, Set-high-gpcr,
Set-high-hemo and Set-high-helio (d). (e, f) Asp/Glu - backbone amide, Arg - backbone carbonyl,
and Asn - backbone carbonyl motifs for superfamilies included in Set-highU (e) and subsets Set-
high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio (f). Adapted from ref. [226].
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Figure 5.8 Distribution of Asp/Glu-Ser/Thr carboxyl-hydroxyl and Ser/Thr-backbone carbonyl
of the i-3,4,5 relative position and combined carboxyl-hydroxyl-carbonyl of the i-3,4,5 relative
position H-bond motifs along the membrane normal for protein structures in sets Set-high and
Set-low. H-bond motifs are presented per protein-groups for sets Set-high and Set-low. The
number of proteins per protein-group is reported in Table 5.4. (a-j) Distribution along the
membrane normal for Channels/Pores in Set-high (a) vs. Set-low (f), Electrochemical Potential-
driven Transporters in Set-high (b) vs. Set-low (g), Primary Active Transporters in Set-high (c)
vs. Set-low (h), Rhodopsin-like receptors and pumps in Set-high (d) vs. Set-low (i), and Voltage-
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Figure 5.9. Distribution of Asp/Glu-Ser/Thr carboxyl-hydroxyl and Ser/Thr-backbone carbonyl
of the i-3,4,5 relative position and combined carboxyl-hydroxyl-carbonyl of the i-3,4,5 relative
position H-bond motifs along the membrane normal for protein structures in sets Set-highU and
its subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio. (a-¢) Distribution along
the membrane normal for Channels/Pores (a), Electrochemical Potential-driven Transporters
(panel b), Primary Active Transporters (c¢), Rhodopsin-like receptors and pumps (d), and Voltage-
gated ion channels (VIC) (e). (f-i) Distribution along the membrane normal for Set-high-mr (f),
Set-high-gpcr (g), Set-high-hemo (h) and Set-high-helio (i). Adapted from ref. [226].

Amino acid residues along the membrane normal

A very important aspect of this study is the correlation of the detection of different
H-bond motifs according to their position along the membrane normal. The event of
finding hydrophilic and bulky amino acid residues in the core of the TM region comes
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with a large amount energy tradeoff. This concept is presented as the hydrophobicity
scale [18, 204].

From the distributions of the motifs along the membrane normal along with the
distributions of functionally important groups, a tight relation between the positions of
the inter-helical hydroxyl-carboxylate/intra-helical + inter-helical hydroxyl-carboxylate
motif and the positions of the functional groups is observed. In every protein-group,
specifically in the area of the membrane core (-6 to 6 A), it is observed that the combined
motifs follow exactly the pattern of detection of its individual amino acid residues (Figure
5.8, Figure 5.9, Figure 5.10, Figure A.12). Moreover, the number of detected interhelical
carboxylate-hydroxyl motifs are almost identical to the carboxylate groups detected for
the same protein-groups. With the only exceptions being the Primary active transporters
and the Voltage gated ion channel superfamily in position ranges of -2 to 6 A, the
presence of carboxylates in the region is the detection limiting step of finding, or not,
those motifs, since an abundance of Serine/Threonine groups is found in every position
range compared to the presence of carboxylate amino acid residues (Figure A.11).

Moreover, a direct comparison of the motifs and functional groups detected
shows that, specifically for membrane core, the presence of carboxylates almost always
results in the presence of H-bond motifs of that nature. This generalization does not
appear to apply outside the membrane core where a higher presence of carboxylate
groups is computed. Though the number of carboxylate groups are higher where 6 < | z |
<18 A, the presence of hydroxyl-carboxylate H-bond motifs is not reflected in the same
way as previously. Only in the case of the Rhodopsin-like receptors and pumps
superfamily in the position range of -10 to -18 A, the same detection pattern of number
of carboxylates and carboxylate motifs can be observed. It is understandable to observe
such divergence, since approaching the edges of the membrane the secondary structure
is mostly comprised of loops and turns and not solid helical structure for which those
motifs are found. Every protein-group shows the presence of carboxylate related motifs
in the core of the membrane with the exception of the Channels/Pores (Figure 5.8Aa),
where almost no carboxylate groups are found in the whole protein-group (Figure 5.10a,
Figure A.11). For the remaining groups, the detection pattern could provide insight into
the characterization of proteins of yet unknown functionality or provide insight for the
direction of the characterization. In the same group, an average of 6 carboxylate groups
are found in the range of -14 to -18 A (cytoplasmic side), but only a ~2 average
Interhelical hydroxyl-carboxylate motifs (Figure 5.8) although the presence of hydroxyl
groups is very high in the area (~10, Figure A.12a). Thus, the carboxylates in the region
might be of other biological importance besides interhelical coupling and possibly proton
transfer, also given the fact that the region is most probably consisting of loops and turns.
The same pattern show the Rhodopsin-like receptors and pumps and the Voltage-gated
ion channels on the extracellular side of the membrane (14 to 18 A, Figure 5.8d-e, Figure
5.10d-Ee, Figure A.11, Figure A.12). The presence of the carboxylate groups in the
region might be a key identifier of their function of the proteins themselves, through pH
sensing, proton storing, proton translocating through carboxylate antennas or ion
selectivity.
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5.4 Conserved motifs in large crystal structure datasets

The distribution of carboxylate groups in the Channels/Pores, Electrochemical
Potential-driven Transporters and Voltage-gated ion channels is largely symmetric or
bell-shaped. The limited -to almost non-detectable- presence in the core of the membrane
is those groups is in agreement with the side-chain hydrophobicity scale [18, 204].
Although the Rhodopsin-like receptors and pumps do not follow this exact shape of
distribution, the average number of carboxylate groups buried in the membrane core is
similar and comparable to the above groups. The Primary active transporters group
shown an increased number of carboxylate groups in the range of -2 to -6 A, which
according to the side-chain hydrophobicity scale would result in a large energetic penalty
to be paid. Thus, the increased presence of Aspartate/Glutamate groups buried in the
membrane core could be crucial for the biological function of the proteins and a main
characteristic of the group. Histidine groups show largely a uniform distribution
resembling slightly the ones of the carboxylate groups in shape (Figure 5.10, Figure A.11,
Figure A.13).

The presence of arginine amino acid residues shows also a most interesting
pattern. The average number of Arginine groups is double of Serine/Threonine and
quadruple of Aspartate/Glutamate in the Primary active transporters, Electrochemical
Potential-driven Transporters and Voltage-gated ion channels in the positions range 14
to 18 A (Figure 5.10b,c.e, Figure A.11b,c,e, Figure A.14b,c,e). The Rhodopsin-like
receptors and pumps and Channels/Pores groups also show an increased presence of Arg
groups in the same range (Figure 5.10a,d, Figure A.11a,d, Figure A.14a,d).
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Figure 5.10. Amino acid (a.a) residue location distributions along the membrane normal. The
distributions of H-bonding amino acid residues are presented for members of Set-high. Amino
acid residues are color-coded. Aspartate/Glutamate groups are shown in blue, Serine/Threonine
groups in orange, Arginine groups in green, Asparagine in red and Histidine in purple. (a-e)
Distribution of a.a residues in channels and pores (a), in electrochemical potential-driven
transporters (b), in primary active transporters (c), in rhodopsin-like receptors and pumps (d) and
in voltage-gated ion channels (e).
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H-bond motifs of Serine/Threonine amino acid residues

The intra-helical H-bond motif between Serine/Threonine hydroxyl groups and
backbone carbonyls of the i-3,4,5 relative position is present along the entire length of
the membrane protein (Figure 5.8, Figure 5.9). When present, in the in primary active
transporters, electrochemical potential-driven transporters, and rhodopsin-like receptors
and pumps, H-bonds between Aspartate/Glutamate and Serine/Threonine tend to be close
to the center of the membrane core (Figure 5.8b,c,d, Figure 5.9b,c,d), in the
channels/pores and voltage-gate ion channels protein-groups are relatively close to the
membrane interface (Figure 5.8a,e, Figure 5.9a,e). The rhodopsin-like receptors and
pumps protein-group features many Aspartate/Glutamate and Serine/Threonine motifs
in the center of the membrane core as well as towards the cytoplasmic and extracellular
sides of the membrane, where prime examples of amino acid residues of critical
importance for the mechanism of the protein is found, such as the proton release group
of BR [220]. The Archaerhodopsin-2 dimer [264] and trimer [265] share a common motif
between T95 and D120 (D156“"®?). The Archerorhodopsin-2 trimer [265] has an
additional motif between T50-D101 (D965, H134"™®2). A motif that is widely
represented in the Rhodopsin-like receptors and pumps protein-group is between T90-
D115 and T46-D96 in BR. In the |z|=6 A along the membrane normal the T90-D115
motif is found across many rhodopsins when considering the H. salinarium BR
numbering, such as Archaerhodopsin-3 [266]), BR from H. marismortui [267], BR from
H. walsbyi [268], crudorhodopsin-3 [269], halorhodopsin from N. pharaonic [270, 271],
, halorhodopsin from N. salinarium [242], coccomyxarhodopsin [272], E. sibiricum
rhodopsin [273], Acetabularia rhodopsin 1 [243], thermophilic rhodopsin from R.
xylanophilus [274]. The T46BR-D96BR motif is found across crudorhodopsin-3 [269],
coccomyxarhodopsin [272], thermophilic thodopsin from R. xylanophilus [274] and BR
from H. walsbyi [268]. The light-driven Na" pump KR2 [275, 276], features a motif
between S70-D116 (T90BR). Similar motifs are sampled for 10 GPCR’s, including
Jumping spider rhodopsin [277]. The F. nucleatum [278] and I. tartaricus [279] F1F,-
ATP synthases c-ring features 11 c-subunits and an ion-binding site forming between
adjacent subunit pairs. E32 (Q32 in the [. tartaricus [279]), V63, A64, E65, S66 and a
water molecule form the Na* binding site. E65 is highly conserved and H-bonds to S66
on the adjacent c-subunit, while S66 forms an intrahelical H-bond motif with V63. The
same arrangement and interactions are found in the hybrid F / V-rotor ring of the Na'-
coupled ATP synthase from 4. woodii [280]. In the 9 single-hairpin subunits the motifin
the Na' binding site is formed between E62-T63-V60. Between the double hairpin
subunit and the adjacent single hairpin subunit the motif is formed with E79-T63-V60.
In the V-type Na'-coupled ATP synthase from E. hirae [281] the motif is formed between
E139-T64-L61.The NavAb voltage-gated Na" channel [282] and the voltage-gated Na*
channel in the activated open conformation NavMs [283] feature a common motif
detected between D81 of the voltage sensing domain and S112 in the beginning of the
linker. NavMs has an additional motif between E239-T244 in the c-terminus.

A complete list of the proteins discussed is this section, along with their PDB IDs is found
in Table A.5.
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H-bond motifs of Histidine and Asparagine amino acid residues

In the dataset, each of the three protomers of the ammonia channel AmtB has one
inter-helical His-His H-bond located at the center of the transmembrane domain of the
protein (see H168 and H318, Figure A.7a). H168 and H318 are thought to H-bond to
ammonia substrate molecules and hinder transport of NH4" [129]. The latter was found
to be pH dependent [129]. Wang and co-workers [284] presented a mechanism where
they suggested that the highly conserved His-His motif acts as a proton relay in the
transport of ammonium. The ammonium cation transfers the excess proton to H168, and
the ammonia molecule diffuses down the pore. With a rapid proton transfer step from
H168 to H318, the ammonia molecule is re-protonated from H318 and diffuses to the
bulk as ammonium [284]. Most of the His-His motifs detected in the dataset belong to
proteins of the ammonium channel transporter superfamily, where the highly conserved
histidines are an essential part of the transport mechanism in ammonia channels [129,
284]. Other proteins in that superfamily include ammonium transporters, ammonium
sensor/transducer, Rhesus glycoprotein and urea transporters.

In rhodopsin-like proteins, a Histidine-Histidine H-bond pair is found between
H199 and H201 in the Sphingosine 1-phosphate receptor 1 (PDBID:3V2Y [285]) from
family A of the GPCRs. In the same family, in the Lysophosphatidic acid receptor 1
(PDBID:4Z35 [286]) another histidine pair is found; H147-H227, between TM-helices 3
and 5. The Calcitonin type 1 (PDBID:6UUS [287]) receptor of the GPCR Secretin B
family has a continuous network of three histidines, H149-H334-H370 being H-bonded
in series. This could be part of a pH-sensing signaling cascade. The Ammonia channel
AmtB features a similar histidine motif between two amino acid residues, and they are
involved in proton transfer during the transport of ammonia. Other examples of proteins
belonging to the rhodopsin-like receptors and pumps group that feature histidine pairs
are the of the Alkaline ceramidase 3 (PDBID:6G70 [288]) with the H81-H221 pair,
anabaena sensory rhodopsin (PDBID:1XIO [289]) with two histidine pairs H21-H219
and H8-H69 and a most interesting histidine cluster found in the Adiponectin receptor 2
(PDBID:5SLWY [260]) where a triangular H-bond network between H202-H348-H352 is
formed. In total, 10 proteins in the Set-high belong to ammonium channel transporter
superfamily, 4 proteins belong to the Rhodopsin-like receptors and pumps and 1 belongs
to the Bestrophin anion channel superfamily.

The proton translocating pyrophosphatase (PDBID:4A01, [131]) has, in each of
the two monomers an inter-helical Aspartate/Glutamate H-bond between D294 and N738
motif (Figure A.7b). This H-bond is likely important for the functioning of the
transporter, because N738 could stabilize water molecules of the proton transfer pathway
[131]. The protonation state of D294 is thought to be influenced by K742 [131]. An
ammonium tranceptor that contains the highly conserved his-his motif, is also found to
have an Aspartate-Asparagine motif between D365-N246 in the extracellular side of the
membrane, close to the N-terminus in the opening of the pore [254]. There is another
motif found between D273-N321 that in located in the cytoplasmic side of the membrane,
but not in the vicinity of the pore. The crystal structure suggests that this motif is
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contributing to helical stability between TM7 and TM9. The majority of the Aspartate-
Asparagine motifs though, are found within the Rhodopsin-like receptors and pumps
with 25 proteins containing at least one motif. Four of them belong to the microbial and
algal rhodopsins family (viral rhodopsin, a chloride pumping MastR, chloride importer
and its mutant). Twenty belong to the G-protein-coupled receptor family and one in the
GPCR secretin (B) family.

The presence of H-bond motifs in static structures of Set-highU and Set-low is
qualitatively very similar to that discussed above for Set-high (Figure 5.6, Figure 5.7,
Figure 5.8, Figure 5.9). Although the Serine/Threonine-Aspartate/Glutamate +
Serine/Threonine - backbone carbonyl of the i-3,4,5 relative position is a combination of
two motifs, it is found consistently between 21-48% percent of proteins in both Set-high
and Set-low (Figure 5.5, Figure 5.6) and 24-40% in Set-highU (Figure 5.4, Figure 5.5,
Figure 5.7). The most represented protein-group in Set-high, 48% of the members of the
Rhodopsin-like receptors and pumps feature at least one combined motif. The absolute
number of structures is 45 in that protein-group. Channels/Pores and the Primary active
transporters feature 12 and 10 proteins respectively with the combined motif (32-33% of
the protein-group respectively).

The Histidine-Histidine motif is not highly sampled in the datasets, with the
highest presence found in Set-high, in the Channels/Pores group (Figure 5.5, Figure 5.6a),
detected at 27% of the members of the protein-group. More detailed analysis of the
presence of the motif in the individual superfamilies under the protein-groups show that
all 10 proteins that feature the Histidine-Histidine motif in the Ammonia/urea
transporters/ Na® exporter superfamily (Figure 5.4a). It has been shown that the
Histidine-Histidine motif is vital for the mechanism of action in proteins of that
superfamily and participates in proton transfer. Aspartate-Asparagine motifs are also not
highly detected except in the case of the Rhodopsin-like receptor and pumps (Figure 5.4a,
Figure 5.6a,b, Figure 5.7a), with 27 proteins (29%) in Set-high, 21 proteins (32%) in Set-
highU and 69 proteins (49%) in Set-low.

The salt-bridging motif Aspartate/Glutamate-Arginine is highly sampled in all
protein-groups (Figure 5.4c,d, Figure 5.5¢,d) with a 58-93% presence in protein-groups
of Set-high, 43-92% in Set-highU and 38-76% in Set-low. The Asparagine-
Serine/Threonine motifs follows qualitatively the detection of the salt-bridge motif with
25-78% in Set-high (Figure 5.6¢), 29-81% in Set-highU (Figure 5.7¢) and 27-64% in Set-
low (Figure 5.6d). The backbone containing motifs are the motifs highly sampled in both
datasets (Figure 5.6, Figure 5.7), but it could be expected from the abundance of H-bond
partners, having one of them being the backbone.

H-bond motifs as a part of long-distance H-bond pathways in static protein
structures

The nature of the H-bond motif can provide insight to its potential connectivity
and role in the biological function of a protein. Histidine-Histidine motifs are mostly
contained in shorter networks in terms of path length. There is the exception of path
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length of L=15 that is found, with 12 pathways which feature that length (Figure A.18).
All 12 paths are found in one network in the Ammonium sensor/transducer (PDB
ID:6EU6 [290]). Asparagine-Serine/Threonine and Arginine-Aspartate/Glutamate
motifs have rather skewed distributions of path lengths with most of the samples having
an L value between 3 and 6. Both of those examples though show path lengths of 15 or
higher, with 27 being the highest length that was computed in the sodium pumping
rhodopsin KR2 pentamer, where an extended H-bond network of 44 amino acid residues
connecting the 5 monomers. A significant difference between Set-high and Set-low is
found in the Histidine-Histidine motif, where in Set-low, only 3 paths of length L=5 are
sampled. Combined with the findings that Histidine-Histidine H-bond motifs are very
infrequent in a-helical transmembrane proteins (Figure 5.6¢,d, Figure 5.7¢,d), it could be
assumed that the motif is highly dependent on the resolution. I also find that the motif
retains short pathways if the pathway is passing through the motif'i.e., the motif'is internal
nodes. Pathways that start from A Histidine-Histidine motif are even less frequently
sampled (Figure 5.12b.f, Figure A.17b,f). In general, the results between Ser-high and
Set-highU are qualitatively and quantitatively similar. Additional analysis of pathways
originating from H-bond motifs where the root note is peripheral (Figure 2.7a), shows
that the distributions are qualitatively very similar (Figure 5.12, Figure A.17), but there
fewer number of paths. This could be expected since the peripheral nodes that participate
in H-bond motifs are numerically fewer than the internal ones.
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Figure 5.11. Shortest path length computations for H-bond motifs in two crystal structure data
sets. The root nodes are unique entries per amino acid residue that participate in H-bond motifs
and are internal to the H-bond network (Figure 2.7, Figure 2.8). Path length distributions are
shown for the carboxylate groups participating in the combined carboxyl-hydroxyl-carbonyl of
the i-3,4,5 relative position H-bond motifs in Set-high vs. Set-low (a, d). Histidine amino acid
residues participating in His-His motifs in Set-high vs. Set-low (b, f). Asparagine amino acid
residues participating in Asn-Ser/Thr motifs in Set-high vs. Set-low (c, g). Arginine amino acid
residues participating in Arg-Asp/Glu motifs in Set-high vs. Set-low (d, h). Additional analysis
for sets Set-highU and subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio is

found in Figure A.16. Adapted from ref. [226].
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Figure 5.12. Shortest path length computations for H-bond motifs in two crystal structure data
sets. The root nodes are unique entries per amino acid residue that participate in H-bond motifs
and are peripheral to the H-bond network (Figure 2.7, Figure 2.8). Path length distributions are
shown for the carboxylate groups participating in the combined carboxyl-hydroxyl-carbonyl of
the i-3,4,5 relative position H-bond motifs in Set-high vs. Set-low (a, d). Histidine amino acid
residues participating in His-His motifs in Set-high vs. Set-low (b, f). Asparagine amino acid
residues participating in Asn-Ser/Thr motifs in Set-high vs. Set-low (c, g). Arginine amino acid
residues participating in Arg-Asp/Glu motifs in Set-high vs. Set-low (d, h). Additional analysis
for sets Set-highU and subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio is
found in Figure A.17.

5.5 Highly conserved networks in Aquaporin-1 (Aqyl)

Aquaporins are channels that can be permeated selectively by water molecules.
The subfamily of aquaglyceroporins can also transport small organic molecules such as
glycerol and urea. Aquaporins have two major structural characteristics, acting as
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constricting sites. Firstly, the dual NPA motifs, whose conserved asparagines found in
the half-helices are oriented towards the pore. Then, the ar/R motif, which is the tightest
constriction point of the pore, located towards the extracellular side of the membrane is
a selectivity filter both hydrophobicity and molecule size/steric restraint [291]. The
selectivity filter features a highly conserved arginine amino acid residue, but the other
components can vary, resulting in various radii for constriction pore. In Aqyl,
accompanying the conserved arginine (R227 in Aqyl, PDBID:3Z0J [292]), is an No-
protonated histidine which is believed to strip the water molecules off their solvation
shells in order to be transported through the pore [293].
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Figure 5.13. High Unique Shortest Paths clusters in the crystal structure of Aqyl. The USP
computations are performed in direct protein-protein H-bond graphs. (a) The central N112 cluster
is presented in a graph representation. The graph is color coded with a perpetually uniform color
scale and it ranges from USP value of 0 to 29 which belongs to N112. (b) The cytoplasmic E192
cluster. (c) Molecular graphics of the H-bond map depicted in panel (a). (d) High-centrality/USP

H-bond motif network in the crystal structure of Aqyl. The network depicted is a sub-network
of panels a, c. Adapted from ref. [226].

The crystal structure of the aquaporin monomer [292] contains two large H-bond clusters,
with 10 and, respectively, 19 protein groups (Figure 5.13a,b,d). The larger H-bond cluster
spans through the length of the protein, bridging the extracellular and cytoplasmic
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regions, and it contains the high USP groups N112, E51, E175 and the backbone of L223
(Figure 5.13a,d). N112 is one of the two asparagines of the dual-NPA motif, along with
N224. L223 plays a crucial role with its backbone in the network connecting H-bonding
to N112 with its carbonyl O-atom and to E175 with its amide N-atom. E175 is found in
the transmembrane helix 4 and contributes with its second carboxyl-O atom to an
Aspartate/Glutamate-Serine/Threonine motif with T219, which is found in the loop
before the second half-helix (Figure 5.14). It also participates in a H-bond with its
backbone carbonyl to a neighboring threonine, T179 which is found 4 positions further
down the TM helix. On the cytoplasmic side of the network, the NPA-asparagine N112
is H-bonded to QI137. Q137 is sequentially H-bonded to ES51, resembling an
Aspartate/Glutamate-Asparagine motif, since Glutamine and Asparagine differ by a
carbon atom in the side chain. The second Aspartate/Glutamate-Serine/Threonine is
found between E51 and S107 in the cytoplasmic side of the membrane. Both motifs of
this category are found connected indirectly through an H-bond network extending
through the membrane normal. The network has a two main clusters in the extracellular
and cytoplasmic sides of the membrane and are connected through a linear series of H-
bonds, with more notable the amino acid residues E51, Q137, N112, L223 and E175 that
span the membrane normal and then branch into the two clusters. Those 5 amino acid
residues show important significance in terms of their connectivity in the network,
showing the highest centrality BC and USP values.
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Figure 5.14. Serine/Threonine H-bond motifs in the crystal structure of Aqy1l (PDB ID: 3Z0J).
(a) Distribution of positions along the membrane normal for the Serine/Threonine-backbone
carbonyl of the i-3,4,5 relative position (purple) and Serine/Threonine-Aspartate/Glutamate
(red). (b) Molecular representations of the two motif categories shown in panel a.

Other motifs are found in the extended H-bond network of the crystal structure.
Two Asparagine-Serine/Threonine motifs are detected with T116 and S228 located in
the half-helices, while the H-bond partner N110 is in the preceding loop before the first
half-helix and N160 is the loop that leads to TM-helix 4. N160 also participates in the
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Asparagine-backbone carbonyl H-bond motif category with its No atom, H-bonding to
the backbone carbonyl of A221. N112 of the dual-NPA motif, participates in the H-bond
N112-L223 that connects the two clusters in the extended H-bond network, which is
characterized as an Asparagine-backbone carbonyl H-bond motif. The size of the internal
H-bond clusters of aquaporin increases drastically when water molecules are included in
the computations and the connectivity is expanded. In the selectivity filter R227 can is
now bridged to H212 via a water molecule [130]. The USP computations show that the
most highly connected nodes are now R105, T197, F101, Y27 and N160 among others.
The clusters are now centered around R105 in the cytoplasmic side, where water
molecules in the limits of the membrane mediate H-bonds into a circular cluster and N160
in the extracellular side of the membrane. The former N112 cluster limited to protein-
protein H-bonds is now expanded in the presence of water and is found in the cluster of
N160 in the extracellular side. (Figure A.20).

H-bond networks of the static Aqyl structure are sampled in two lipid
membrane environments

During MD simulations the Aqy1 structure remains stable, with Ca root-mean-
squared deviations (RMSD) within 1 A for all simulations performed (Figure A.21a-d),
and with overall similar numbers of internal waters in each monomer (Figure A.21e-h).
In the crystal structure the networks of the selectivity filter and the NPA motif are
separated when excluding the water molecules from the networks. The connectivity of
the amino-acid residues in the Selectivity Filter (SF) were investigated by means of direct
H-bonds between sidechain-sidechain and sidechain-backbone. In all 4 MD simulations
that were performed for this chapter, they are connected via the connections that R227
and N224 establish (Figure 5.15, Figure A.22, Figure A.23).

Part of the larger BC cluster detected in the crystal structure are the amino acid
residues ES1 and E175 that are the only ones to participate in very stable interhelical
carboxylate-hydroxyl motifs with S107 and T219 respectively, with occurrence rates
100% in most cases. Topologically and structurally, they are found in the outskirts of the
network, in opposite sides. They can be connected a relatively short pathway of length
L= 4 and Joint Occupancy of ~20%. This pathway includes Q137, one of the two NPA
asparagines; N112 [130], and L223. This pathway is found in both the X-ray structure
and the MD simulations (Figure 5.15, Figure A.22).

At the selectivity filter of Aqyl, the sidechain of H212 H-bonds to the backbone
carbonyl of L208. This H-bond is maintained during dynamics, but at difference
occurrence rates (%). In agl b (POPE lipid bilayer) it is sampled at all four monomers
but shows a large difference in the occurrence rate of Monomer-A at 39% of the time,
while in monomers B, C and D is sampled at > 98% (Figure 5.15, Table 5.6). In ag2 b
the H-bond is sampled only at two of the four monomers at 86% and 99% of the time.
There are no other connections involving these amino-acid residues, thus it is suspected
that the protein-lipid interactions that are posed by the different lipid molecules in ag2 b
could be an influence on the dynamics of that H-bond.
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Nearby a small H-bond cluster of 4 amino-acid residues in the vicinity of the
selectivity filter is comprised by a mixture of sidechain-sidechain and sidechain-
backbone H-bonds involving F158, N224, A226 and R227 (Figure 5.15). The cluster is
maintained during dynamics with the N224-R227 connection being less frequent at 32.5-
39.7% average occurrence rates, but it is highly expanded. In ag/ b and aq2 b, N224
forms a moderately stable H-bond (average of 66.3% and 59.9% respectively) with the
backbone of L111, while R227 forms less stable H-bonds with the backbone of A221
(average of 24.7% and 32.8% respectively) and in turn A221 with N160 at 31.7% average
occurrence frequency in ag! b, while in aq2 b is sampled in three of the four monomers.
With the introduction of those H-bonds, the initial 4-amino acid residue cluster in the
selectivity filter is merged to the central High-BC cluster that was identified in the crystal
structure (Figure 5.15, Figure A.22).

The intrahelical hydroxyl-carbonyl motif S228-N224 H-bond is found in three
monomers at moderate occurrence rates (7.4-26.6%), in the case of aq/ b, whereas in
the aq2 b is sampled only in two monomers at lower occurrence rates (8.3-17.2%)
(Figure 5.15, Table 5.6, Table A.6, Table A.7).

Table 5.6. Occupancies of selected H-bonds of Aqy1 of the R227-N112 H-bond clusters sampled
during MD simulations in a POPE and a mixed bilayer, with H44 and H194 Ne2-protonated.
When the H-bond is sampled in all four Aqy1l monomers A-D, the total average occupancy is
also reported, computed by averaging the monomer occupancies. For each H-bond the occupancy

calculated as an average from the last 100ns of each simulation is reported. Adapted from ref.
[226].

H-bond occupancy (%)
H-bond POPE - H44/H194 N¢2 Mixed - H44/H194 Ne2
A B C D  Average | A B C D  Average
E51-S107 999 999 99.9 99.9 99.9 100 100 100 99.9 100
S107-N110  51.3 16.1 583 419 41.9 471 513 586 2064 4586
F158-R227 98 953 98 99.7 97.8 958 96.9 99.9 99.4 98.0

N160-A221 295 226 29.1 456 31.7 194 334 390 - N/A
E175-T219 100 100 100 100 100 100 100 100 100 100
H212-L208 40 99 99 99 84.3 86 - 98 - N/A

A221-R227 343 227 27.6 14.2 24.7 228 412 16 51.1 32.8
N224-L111 684 676 613 67.8 66.3 65.6 689 605 44.6 59.9
N224-A226 889 91.8 946 91 91.6 944 937 914 95.7 93.8
N224-R227 44.1 365 391 39 39.7 314 28.6 41 29 325
N224-S228 - 266 200 74 N/A 172 83 - - N/A
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Figure 5.15. H-bond clusters in Aqy1 simulations and crystal structure. The R227-N112 H-bond
clusters in the simulations aql b, aq2 b and crystal structure are presented in graph
representations for simulations of Aqyl embedded in a POPE (a) and a mixed (c) bilayer. H-
bonds found both in the X-Ray and MD simulation are shown with black lines and H-bonds found
only in the MD simulation with magenta. Solid lines represent H-bonds found in all four
monomers of aquaporin while dotted lines represent H-bonds found in 1 to 3 monomers. Blue
nodes represent the R227 cluster in the selectivity filter found in the crystal structure. (b, d)
Molecular graphics of the clusters shown in panels a and ¢ respectively. The original R227 cluster
is shown with green lines. In panels (b, d) amino acid residues that are H-bonded are connected
through their Ca atoms for clarity. The networks are represented on the crystal structure of Aqyl
(PDB ID: 3Z0J). Molecular graphics with the H-bonded amino acid residues connected through
the functional groups are shown in Figure A.22. Additional analysis for simulations aql _a,aq2 a
is shown in Figure A.23. Adapted from ref. [226].
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Histidine protonation impacts the internal H-bond network of Aqyl

The simulated systems of Aqyl are performed in all-NoJ protonated histidines
and with H44-H194 Ne / H212-H242 N9, as shown in the crystal structure. Path length
analyses of the interhelical motifs shows that the all-N¢ protonated systems sampled 7
to 15 more pathways of maximum length as compared to the H44-H194 Ne/ H212-H242
No systems (Figure 5.16a,b), while for the Serine/Threonine-Asparagine motifs, a
conclusion is still not very clear (Figure 5.16¢-f). The extended selectivity filter-NPA
network also does not show major differences when sampled in the four monomers of
each simulation for a different protonation state, but the histidines are not a part of it.
When examining the networks of the affected histidines through the means of direct
protein-protein H-bonds, it is found that in most of the cases there is a pattern in which
the histidines interact with their surroundings. HD44 prefers to H-bond to S40 and with
a linear pathway it can reach R129 via N43 and/or D39. Rarely it can H-bond to R129
directly, but S40 is a much more stable partner. HD44 can H-bond with D39 but the event
is sampled very rarely (Figure 5.17a-d). HE44 prefers to H-bond directly to D39 or R129
forming very stable H-bonds. HD194 prefers to strongly H-bond with T197, E192, while
HE194 prefers T197, A196, M188, 1.189 as H-bond partners (Figure 5.17¢-h). There are
instances of connections such as HD194-A196, but they are rarely sampled, showing that
the protonation state of the histidines has an immediate impact of the local H-bond
dynamics.
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Figure 5.16. Shortest path computation for H-bond motifs in MD trajectories. (a) Path length
distributions are shown for the carboxylate groups in the interhelical Asp/Glu-Ser/Thr in the
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5.6 H-bond networks of Channelrhodopsin-2 (ChR2)

trajectories of four Aqyl simulations (Table 5.5). (c) Path length distributions are shown for the
asparagine groups in Asn-Ser/Thr motifs for the Aqy1 simulations. (¢) Path length distributions
are shown for the serine/threonine groups in Asn-Ser/Thr motifs for the Aqy1 simulations. (b, d,
f) Average joint occupancy for the paths with the maximum length.
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Figure 5.17. Illustration of H-bond clusters of H44 and H194 sampled in four different MD
simulations of Aqy1l. The nodes representing H44 (a-d) and H194 (e-h) are shown as an empty
circle. (a-e) H-bond clusters in Monomer-B from simulations in a mixed membrane with all four
histidines of Aqy1 in the N&1 protonated (a, e) vs. with H44 and H194 Ne2 protonated (b, f). H-
bond clusters in Monomer-B from simulations in a POPE membrane with all four histidines of
Aqy]1 in the N61 protonated (c, g) vs. with H44 and H194 Ne2 protonated (d, h). Adapted from
ref. [226].

5.6 H-bond networks of Channelrhodopsin-2 (ChR2)

The protein-protein H-bond network of ChR2 rearranges upon isomerization
of the retinal Schiff base

During MD simulations of the all-trans state, the Ca - RSMD values of ChR2 are
computed 0.96 = 0.12 A for Monomer-A and 0.92 + 0.08 A for Monomer-B. Similarly,
in the 13-cis,15-anti conformer the RMSD values are 1.15 + 0.09 A for Monomer-A and
1.09 + 0.10 A for Monomer-B (Figure A.25). Simulations of ChR2 dimer shown that in
the all-trans state the RSB H-bond networks differs between the two monomers. Similar
behavior has been detected for the chimeric channelrhodopsin C1C2 [42]. In Monomer-
A the RSB network is very stable, whilst it does not extend in length (Figure 5.18a). It
features the counterion E123 which H-bonds through its side-chain carboxylate to K93,
forming a highly stable (99.9%) salt-bridge, and to T127’s hydroxyl group, for an equally
stable H-bond (Figure 5.18a). This H-bond is very interesting because it is a hybrid motif
between the inter-helical Aspartate/Glutamate carboxylate - Serine/Threonine hydroxyl
group and the intra-helical Serine/Threonine hydroxyl group to the i-3,4,5 backbone
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carbonyl (Figure A.26). E123-T127 are H-bonded through their sidechains, carboxylate-
hydroxyl but the two amino acid residues are 4 positions in the sequence apart. The
orientation and stability of the H-bond could suggest that contributes to the stability of
the RSB H-bond network in the dark state. The H-bond remains highly stable during the
13-cis simulations with an occurrence rate of 96.2% and 95.6% for monomers A and B
respectively (Figure 5.18c). K93 participates in another stable salt-bridge with D253
(Figure 5.18a), and D253 participates with its backbone in a bifurcated intra-helical
Serine/Threonine hydroxyl group to the i-3/4 backbone carbonyl, with S256 which is
found one place before the RSB in sequence. S256-1252 (Figure A.27) is a very stable
H-bond (96.2%) while S256-D253 rarely sampled at 16.8% occurrence rate. The motif
is sampled evenly and is not directly linked to specific part of the trajectory.

In Monomer-B the network contains the same sidechain-sidechain interactions
compared to Monomer-A, but it is further extended, closer to the edge of the membrane.
The RSB is still connected to E123 but is also now rarely connected to D253 with
occurrence rates of 32.3% and 11.2% respectively (Figure 5.18c,d, Figure A.27). E123
in turn, as detected in the crystal structure, participates in an intrahelical Serine/Threonine
hydroxyl to the i-4 backbone carbonyl with T127 (Figure 5.18b,c, Figure A.27). The RSB
in Monomer-A network extends only until K93, whereas in Monomer-B includes H249
and a tight salt bridge between E97-R120. K93 has one more salt-bridge partner, E90,
but the connection is sampled only 19.7% of the time (Figure 5.18b,e). The intrahelical
H-bond motifs between 1252/D253 and S256 are not sampled in Monomer-B (Figure
5.18a,b,c). A very distinctive difference in connectivity between Monomer-A and
Monomer-B regards E123 and T127. In Monomer-B they connect via an intra-helical
Ser/Thr hydroxyl to the i-4 backbone carbonyl, sampled 53.5% of the time (Figure
5.18b,e). E123 has been shown to maintain its functionality upon mutations [218, 223].
T127 is found to be H-bonded to E123 in different ways in monomers A and B,
essentially adapting to the alternations of the RSB network. It can be characterized as
hybrid motif between the interhelical Aspartate/Glutamate carboxylate -
Serine/Threonine hydroxyl group and the intrahelical Serine/Threonine hydroxyl group
to the i-3,4,5 backbone carbonyl. E123-T127 are H-bonded through their sidechains, but
the two amino acid residues are 4 positions in the sequence apart. It could be suggested
that the hybrid/inverted motif in Monomer-A and the intrahelical motif in Monomer-B
provides flexibility [35] and is coupled to the RSB network. The H-bond dynamics that
are not highly stable in the RSB network of Monomer-B are summarized in Figure 5.18e.
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Figure 5.18. H-bond networks of the RSB in MD simulations of ChR2. (a, b) The RSB networks
in the all-trans isomeric state for Monomer-A (a) and B (b). (c, d) Occupancy timeseries for the
E123-T127 connections (c) and the RSB-E123 connections (d) Two connections of E123-T127
are shown for the 13-cis,15-anti isomeric state. (e) Occurrence rate timeseries of H-bonds
sampled in Monomer-B of the all-trans simulation of ChR2. The H-bonds correspond to panel
(b). Monomers A and B are colored orange and olive respectively. Helices are labeled A-F in the
same color of the protein. Helices that do not participate in the networks are omitted for clarity.
Adapted from ref. [226].

The H-bond network is radically altered upon isomerization of the RSB to 13-
cis,15-anti. In Monomer-A direct or 1-water mediated H-bonds between the RSB and
another H-bond partner are not detected. In Monomer-B, the RSB is found H-bonded to
S256 at 74.8% of the trajectory analyzed (Figure 5.21b). S256 is in sequence H-bonded
to 1252 99.8% of the time forming a S/T-CO motif (Figure 5.21b). A Serine/Threonine-
Asparagine motif involving the conserved N258 is consistently sampled across both
isomeric states of the retinal and monomers. N258 forms a small interaction network with
S63 forming the Serine/Threonine-Asparagine motif, and in turn S63 H-bonds to A59
through an intra-helical Serine/Threonine hydroxyl group to the i-4 backbone carbonyl,
in both isomeric states and monomers. The two motifs are jointly sampled at higher rates
when the retinal is in the all-frans isomeric state (85-93%) compared to the 13-cis (29-
36%), for Monomer-A and B respectively. The effect of the isomerization in the H-bond
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dynamics is also reflected in the Arginine-backbone carbonyl, Aspartate/Glutamate-
Arginine, Asparagine-backbone carbonyl and Serine/Threonine-Asparagine motifs that
originate in the crystal structure and were tracked down in the simulations (Table A.10).
The occurrence rates show large differences and specifically for Arginine-backbone
carbonyl motifs, it is shown that specific motifs are not detected in Monomer-A or B of
the 13-cis,15-anti simulation, while they are sampled across both monomers in the all-
trans.

Extracellular H-bond cluster and H-bond motifs

In the EC side of the membrane, two largely extended H-bond networks are
detected (Figure A.28). The RSB network is tightly packed around the retinal and it
extends to the EC side through two salt bridges. The primary proton acceptor D253
connects to K93 and in turn K93 connects to E97.The network reaches Q56 of helix A
(Figure A.28a,c). H-bond motifs dictate the RSB network. Helices D and E feature most
of the motifs, which would indicate their role in helical flexibility, as they are located
along the helices [35]. In the close vicinity of the retinal, where an intrahelical
Serine/Threonine hydroxyl to the i-4 backbone carbonyl between E123 and T127 (Figure
A.28c¢). The primary proton acceptor D253 and 1252 participate in the same motifs with
their backbone to the hydroxyl group of S256. The extended EC cluster of ChR2 features
the only combined intrahelical and interhelical motif detected in the crystal structure,
between the carboxylate of E101, hydroxyl of T246 and the backbone carbonyl of V242
(Figure A.28b,c).

Water-mediated H-bonds of ChR2

Inspired by the analyses performed and presented in the chapter
“Channelrhodopsin CIC2” for CI1C2 [42], and the results of the direct H-bonds,
presented above, the dynamics of the water-mediated H-bond networks of ChR2 were
investigated. Unlike C1C2, the N258-E90 interaction of the central gate is sampled in the
range of 12.9-17.4%, and in the case of Monomer-A of the all-frans model is not sampled
at all, resembling the interactions of the K-state [294]. The infrequently sampled
interaction of N258 with E90 are water mediated and not direct as it would be in the dark
state D*°[294]. Supporting the notion of the interactions sampled in the 13-cis state to
resemble the K-state, is the interaction of E90 to E123, which is sampled 100% in
Monomer-A and 74.3% in Monomer-B. In both cases the H-bonds are direct. Similar to
C1C2, I investigated connections of the retinal Schiff base to the EC side. The proton
release group of ChR2 is not yet known, thus it would be reasonable to suggest that
carboxylate groups on the EC side would be a suitable candidate. On the end of helix B,
lies E97 and on the end of helix F lies E235. Similar positions of amino acid residues
with a carboxylic acid sidechain are found in C1C2 [42] and AntR [185].

100



5.6 H-bond networks of Channelrhodopsin-2 (ChR2)

all-trans  Monomer A /B
a RSB water-wires to E97 b RSB water-wires to E235

JO =88.7% K257-RSB K257-RSB
Q @

via D253

100

J0=90.2%
OE123

H249 @

OE235
C e
10, 1,5,=82.3% J0=50.1% 10, ,=71.7%  JO, . . . . -804%
JOWE UZ}=34'2% Jowamzo,on7:88'8%
g K257-RSB
K257-RSB K257-RSB
95.1
E123 ®E123
100
D253 E123

R120

E235 Q7 w1

Figure 5.19. Water-mediated H-bonds connecting the Retinal Schiff base to the EC side of the
membrane. (a) Shortest-paths connecting the RSB to E97 in Monomer-A. Pathways to E97 via
D253 and K93 are colored in blue and green dotted lines respectively. Their JO values are
annotated in the same colors. (b) Shortest-paths connecting the RSB to E235 in Monomer-A. The
shortest paths computation shows a consecutive series of H-bonds from K257 to E235. (¢)
Shortest-paths connecting the RSB to E97 in Monomer-B. Pathways to E97 via D253 and E123
are colored in blue and green dotted lines respectively. Their JO values are annotated in the same
colors. (d) Shortest-paths connecting the RSB to E235 in Monomer-B. The shortest paths
computation shows a consecutive series of H-bonds from K257 to E235, via the counter-ion E123
and R120. (e) Alternative high-occurrence pathways between K257 and E235. The occupancy
(%) of each H-bond is annotated along every edge.

The water wires connecting the RSB with E97 and E235 resemble the paths found in
C1C2 [42] (see subchapter “H-bond network analyses of CIC2”). In the all-trans model
of ChR2, the RSB connects to E97 in both monomers with high-occurrence pathways. In
Monomer-A, the pathways branch in the counterion E123 which is the first intermediate
node (Figure 5.19a). Then the pathways split to D253, or K93 as the next intermediate
node and they both terminate to E97. Both pathways are highly sampled with joint
occupancies computed at 88.7% and 97% respectively. On the other side of the pore,
E235 can be reached from the Schiff base through the counterion E123 and H249. The
single high occurrence shortest path is sampled 90.2% of the time (Figure 5.19b). In
Monomer-B, the pathways are similar to the ones sampled in Monomer-A. E97 can be
reached from the Schiff base through either one of the counter ions. Th pathway through
E123 is sampled significantly less due to the E123-E97 connection, which appears as the
bottleneck. The joint occupancies are computed at 82.3% and 34.2% respectively (Figure
5.19¢). The pathway bridging the Schiff base and E235 passes through E123 and R120,
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as compared to E123 and H249 in Monomer-A (Figure 5.19d). The joint occurrence is
computed at 50.1%. If the water wires are pre-filtered to high occurrence rates, an
alternative network of water-mediated H-bonds is computed instead (Figure 5.19¢). This
network features both counterions, E97, R120, H248 and Q117 as intermediate nodes.
The three different sub-paths that emerge from the network are sampled 71.7%, 88.8%
and 89.4% respectively.

In the simulations of ChR2 with a 13-cis,15-anti isomeric state, the RSB of Monomer-A
participates only in water-mediated H-bonds with the EC side (Figure 5.21a). Monomer-
B connects only to S256 via direct H-bonding(Figure 5.21b). The CP oriented Schiff base
is connecting to the carboxylates of the EC side through water-mediated connections to
H134 or Y70 and N258 of the central gate. Joint occurrences for the pathways are ~10%,
which is to be expected from the unfavorable orientation of the amino acid residues
(Figure 5.20).

13-cis,15-anti
a b
Jovia Y7O:10'1% Jov]a D253:9'5%
JO,, 115=10.9% JO, o, =10.1%
Y70 46 H134
422 71.9
ol K257-RSB
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Figure 5.20. Water-mediated H-bonds connecting the Retinal Schiff base to the EC side of the
membrane in the 13-cis,15-anti model of ChR2. (a) Shortest-paths connecting the RSB to E97 in
Monomer-A. (b) Shortest-paths connecting the RSB to E235 in Monomer-A. Pathways
connecting the Retinal Schiff base to the EC side are not sampled for Monomer-B. The occupancy
(%) of each H-bond is annotated along every edge.

Similar to AntR [185], two long range water-mediated connections between the RSB and
H134 and E82 were detected. Those connections are not sampled at all in Monomer-B,
since it still retains connectivity to S256 (Figure 5.21a,b). The RSB is found connected
to H134 and E83 via long water-mediated wires with average number of water molecules
in the wires being 3.6-3.9 respectively (Figure 5.21c,d). Both connections are highly
stable (81-90%) and can contain 1 to 8 water molecules (Figure 5.21c,d). Such pathways
could serve a reprotonation pathways for the RSB. Although D156 is shown to be
primary proton donor [80], it is also suggested that H134 should not be excluded as the
proton donor [83]. H134 corresponds to the internal proton donor D96 of BR.
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Figure 5.21. H-bond networks of the 13-cis,15-anti RSB in MD simulations of ChR2. (a, b) The
RSB connections in the 13-cis,15-anti isomeric state for Monomer-A (a) and B (b). The RSB-
H134, RSB-E83 water-mediated connections are not sampled in Monomer-B. (¢) Schematic
representation of the two water-mediated connections of the RSB with E83 and H134. The
primary proton donor D156 [80] and E82 of the cytoplasmic side are shown as well as the E90,
E123 and D253 of the RSB network. (d) Occupancy timeseries for the RSB-E83, RSB-H134 and
H134-ES83 connections. (e, f) Water wire length timeseries for the RSB-E83 connections (e) and
the RSB-H134 connections (f). The average water wire length is annotated in both graphs.
Monomers A and B are colored orange and olive respectively. Helices are labeled A-F in the
same color of the protein. Helices that do not participate in the networks are omitted for clarity.
Adapted from ref. [226].

The presence of the extended connections is tightly connected to the conformation of
H134 observed during simulations. I sampled two main conformations, flat and up
(Figure 5.22). When in the flat conformation (Figure 5.22a,b) H134 is directly bound to
E&3, and it appears that it functions as blocker for the ion flow passing through the pore
(Figure 5.22a,b). Analysis of the Cq-Cp-Cy-Cs dihedral angle of H134 shows that the flat
conformations is observed for values ~100-120° and -60 to -120° (Figure 5.22¢). The up
conformation is sampled more regularly when the dihedral is between 0-60° (Figure
5.22¢). When H134 is in the up conformation it loses the direct H-bond to H134, but it
connects to the RSB via the extended water-wire and to E83, but through the presence of
water molecules. The up conformation appears to provide an easier passage for ion flow
(Figure 5.22¢,d).
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Figure 5.22. Conformations of H134 in Monomer-A of the 13-cis,15-anti simulation of ChR2.
The RSB-H134 water-mediated connection is not sampled in Monomer-B. (a, b) E83 connecting
to H134 while in the flat conformation in side (a) and top (b) view respectively. (c, d) E83 and
H134 are not connected while in the up conformation in side (c) and top (d) view respectively.
Dihedral angle timeseries for the Co-CB-Cy-Cd dihedral angle of H134. Up and flat
conformations are noted in the regions of dihedral angles that they appear on. Adapted from ref.
[226].

Network rearrangement and centrality

In the case of water mediated H-bonds in the interior of ChR2, highly complex networks
are detected. Allowing water in the computations increased the complexity significantly
as compared to direct H-bonds. In the previous subchapter I illustrated that H-bond
networks differ depending to the isomeric state of the retinal, as it can affect local
dynamics. Using comparative graphs between the two isomeric states of the retinal, the
differences in the H-bond networks can be seen. In Figure 5.23 the comparative graphs
using a 50% occupancy threshold on the individual connections are shown. Upon retinal
isomerization the networks drastically rearrange, as new connections are sampled, and
other connections are no longer sampled. The effect of the retinal isomerization is
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especially evident in the EC side of the membrane, while fewer connections are affected
in the CP side (Figure 5.23), with most significant the long water-mediated connections
I detected, connecting the 13-cis RSB to H134 and E&3.

Monomer A /B
50% all-trans

tracellular

Figure 5.23. Comparative H-bond graphs between the all-frans and 13-cis models using a 50%
occupancy threshold. (a, b) Reference graphs for the water wire networks of ChR2, sampled in
Monomer-A (a) and B (b), in the all-frans model respectively. (c, d) Difference graphs between
the all-trans and 13-cis models, in Monomer-A (c) and B (d). Additional graphs with 10% and
80% occupancy thresholds are show in the Apendix (Figure A.29 Figure A.30).

In the AntR work (chapter “Antarctic Rhodopsin’), I used centrality measures
(BC and DC) to predict the importance of S74 in the communication of the network.
Such finding was confirmed experimentally [185]. We developed the Unique Shortest
Paths (USP) [186] in order to tackle the expected redundancy that BC could lead to,
depending on the graph connectivity. In this chapter, the USP measure was used to
compute amino acids residues that could be of great importance for the network. A BC
computation for the same graph is found in the Appendix. Using graphs of H-bond
networks with relatively high individual occupancies (50%) USP values were computed
for both monomers and both isomeric states of the retinal. The nodes (amino acid
residues) that likely be the most important for the communication of the network are E97,
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R43 and E123 in the all-trans model of ChR2 (Figure 5.24a, b). E97 was investigated in
this subchapter as a suggested proton release group for ChR2, retaining high-occurrence
connections with the all-frans retinal. Upon isomerization of the retinal, the networks
largely rearrange (Figure 5.24c, d). Especially in the EC side of Monomer-A, E97
appears to have lost almost all of its connections, while E235, which is the other
carboxylate group that was investigated a possible proton release group, features many
new connections, compared to the all-zrans model (Figure 5.24c, a). Another group on
the EC side, R115 has many more connections after the retinal isomerization and a USP
very close to the one of E97 (0.21 vs. 0.23). Despite E97 having lost many of its
connections, its position in the graph, and therefore the protein is still of great importance,
since it retains the second highest USP value, after the isomerization, after D253. The
USP values on the CP side do not show significant difference, even after the
establishment of the RSB-H134 and RSB-E83 connections. In Monomer-B the amino
acid residues with the highest USP values are found in the EC side, with E97 having a
reduced USP value compared to the all-frans model. On the contrary, D253 has an
increased USP upon isomerization of the retinal (Figure 5.24c, d).
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5 € ) E83
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usp o ¢
03 ¢ y all-trans RSB

all-trans RSB

extracellular

¥ extracellular «  extracellular

Figure 5.24. Unique Shortest Paths computations for the all-trans and 13-cis,15-anti models of
ChR2. Reference graphs computed for the all-trans model for Monomer-A (a) and B (b),
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respectively. Difference graphs between all-trans and 13-cis models for Monomer-A (c) and B
(d). Graphs were prefiltered to 50% occupancy rates, before the USP computations.

The DC gate

An interaction between C128 of helix C and D156 of helix D is referred to as the DC
gate [85, 217]. In the crystal structure of the chimeric C1C2 the distances of between the
thiol group and the carboxyl oxygens were measure at 4.4 A and 4.6 A [99]. In the wild-
type ChR2 structure, the DC gate was detected as a water-mediated H-bond through
water w35 [97]. In the C1C2 trajectories, the DC gate was computed as a direct H-bond
for 20% of the time in Monomer-B. For the wild-type ChR2 the gate was sampled at
relatively higher occurrence rates, especially in the all-frans model (Figure 5.25). In the
all-trans model the DC gate is sampled for 38.6% and 32.6% of the time, for Monomer-
A and B respectively. In the isomerized retinal, the DC gate is sampled half of the time,
as compared to the all-frans. In Monomer-A, D156 participates in a local interaction
network with C128, W223 and T159. The H-bond D156-T159 is sampled for 76.8% of
the time, as compared to 18.1% for the DC gate. A similar 17.1% occurrence rate is
sampled for Monomer-B. Most of the time that the DC gate is sampled, I find that the
connection is mostly water mediated (Figure A.32). In Monomer-A of the 13-cis model,
there are instances where the DC gate is a direct H-bond (Figure 5.25¢). A water molecule

has been suggested to mediate the C128-D156 connection in the literature [97, 103, 230,
295, 296], in line with the above findings.

Monomer A /B
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Figure 5.25. The DC gate is sampled in the ChR2 trajectories. (a, b) The DC gate interaction
sampled in the all-trans (a) and 13-cis,15-anti (b) models, respectively. (c, d) Occurrence rate
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timeseries for the DC gate interaction sampled in the all-¢rans (a) and 13-cis,15-anti (b) models,
respectively. Monomers-A and B are colored orange and green, respectively.

5.7 Summary

In this chapter, large-scale analyses on multiple datasets of hundreds of TM
protein in search of conserved H-bond motifs important for function were presented. The
static structure analyses were accompanied by MD simulations of an ion channel and a
water channel. Two main datasets were initially presented, and more derivatives were
generated in the course of this project. The datasets contain a-helical TM proteins
belonging to 26 superfamilies. With the refinement procedure I developed and further
hand curation to tackle possible redundancy, I presented a high-resolution dataset, a low-
resolution dataset and a high-resolution, with unique structures, dataset. I used the
Transporter Classification Database (TCDB) [259] to further categorize superfamilies to
protein-groups to further, according to their biological role. Since the Rhodopsin-like
receptors superfamily is very diverse, it was treated as a separate protein-group, and was
further split into four subsets. Every protein-group of Set-high and Set-highU contains at
least one carboxylate-hydroxyl motif, while the intrahelical carboxylate-backbone
carbonyl of the i-3,4,5 relative position is found in every protein of every protein-group,
and it is the most widely represented motif in this search. The combined carboxylate-
Ser/Thr & Ser/Thr-backbone carbonyl of the i-3,4,5 relative position is a more selective
motif and is not sampled as frequently compared to its individual components. The
combined motif is found more frequently in the Rhodopsin-like receptors and pumps
protein-group, which features many Aspartate/Glutamate and Serine/Threonine motifs in
the center of the membrane core as well as towards the cytoplasmic and extracellular
sides of the membrane, where prime examples of amino acid residues of critical
importance for the mechanism of the protein is found, such as the proton release groups
of BR [220, 227-229]. Examples of motifs that are known or could possibly be important
in the function were found in Archeaorhodopsin-2, Bacteriorhodopsin, Archaerhodopsin-
3, Halorhodopsin, Coccomyxarhodopsin, E. sibiricum rhodopsin, Scetabularia rhodopsin
I, KR2, Jumping spider rhodopsin-1, among others. His-His motifs belong to proteins of
the ammonium channel transporter superfamily where the highly conserved histidines
are an essential part of the transport mechanism in ammonia channels at the center of the
transmembrane domain of the protein. The highly conserved His-His motif acts as a
proton relay in the transport of ammonium. Other proteins with His-His motifs are
Anabaena sensory rhodopsin and the Calcitonin type 1 receptor of the GPCR Secretin B
family with a continuous network of three histidines, similar to the proton-transferring
motif in the ammonia channel AmtB. Another motif that is very likely to be involved
with protein function is Asp-Asn H-bonds and it is found in the proton translocating
pyrophosphatase, where N738 could stabilize water molecules of the proton transfer
pathway. The majority of the Asp-Asn motifs are found within the Rhodopsin-like
receptors and pumps with 25 proteins containing at least one motif, and its many of its
members host proton transfer events.
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Aquaporin-1 (Aqyl) is a host for a plethora of structural motifs, such as the ar/R
and the dual NPA motif. The crystal structure of the Aqyl hosts two large H-bond
clusters, with 10 and, 19 groups respectively, with former spanning the length of the
protein, connecting the extracellular and cytoplasmic regions. In the crystal structure the
networks of the selectivity filter and the NPA motif are separated when water molecules
are not included in the network computations. In all 4 MD simulations I performed they
are connected via the new connections that are established between R227 and N224.

In simulations of the ChR2 dimer, H-bond networks differ between the two

monomers, similar to the results of C1C2 [42]. An unprotonated E123 can salt-bridge to
K93 and to T127, similar to C1C2 [42]. The second counterion can connect to K93 to
form an additional salt-bridge, and S256 to form an H-bond motif. Upon isomerization
of'the RSB to 13-cis,15-anti, the H-bond network is heavily rearranging. Similar to AntR
[185], I detected two long range water-mediated connections between the RSB and H134
and E82 in monomer-A (81% - L=3.6 and 90% - L=3.9, respectively), that could serve
as reprotonation pathways for the RSB, since it is suggested that H134 should not be
excluded as the proton donor [83]. The presence of the wire is tightly connected/coupled
to the conformation of H134 (flat or up), and the H-bonding between H134 and E83.
ChR2 maintains very frequent water mediated connections to amino acid residues with a
carboxylic sidechain located in the EC side of the membrane. Similar to C1C2 and AntR,
E97 and E235 were investigated as suggested proton release groups (proton uptake for
AntR). USP measures indicate that E97 and E235 are important for the communication
of the graphs and removal of those nodes could lead to major disruptions in the networks.
Following the model of the rearrangement of D253 upon retinal isomerization, in the K
state [294], D253 has and increased USP value in the 13-cis,15-anti model, as compared
to the all-trans. The DC gate is sampled in the wild-type ChR2 at higher occurrence rates,
as compared to C1C2 [42] and is a water mediated connection most of the time.
A noteworthy aspect of this project was to showcase capabilities of the algorithm package
Bridge, we made available in 2019. Using the core package, it is possible to implement
new standalone code/functions to expand analyses features according to project at hand.
Here, I was able to build and curate large datasets of static structures using the API of
OPM to collect the structures, with the help of Malte Siemers (see credits in the beginning
of the chapter). Additionally, using output from existing Bridge functions, I was able to
further curate the data and introduce the path-length computations, presented in this
chapter. Another example of Bridge adaptation is discussed in the chapter “Aspects”.
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Chapter 6 Conclusions

Hydrogen-bond networks are complex entities that can shape local and
conformational dynamics in proteins. lon channels or proton pumps such as,
channelrhodopsin or bacteriorhodopsin respectively, can host numerous water molecules
in their interiors, as shown in multiple crystallographic structures [19, 97, 99, 132, 253,
297-300]. Simulations of said crystal structures in model membranes show that the water
molecules detected by X-ray crystallography can form conserved water sites [261]. Water
molecules in the interior of the protein, stably bound [160] or dynamically exchanging,
in some cases in the microsecond scale [301] , with the bulk increase the connectivity of
the amino acid residues and the complexity of the connections [42, 103, 153, 154, 216,
219, 230, 294, 302]. Water-mediated H-bonds can bridge remote areas of the protein and
serve as water wires for the transfer of protons. Proton transferring pathways can be
suggested from inspection of the crystal structures after refinement of the water positions.
A limitation of this approach this that we rely on a single snapshot. MD simulations of
TM proteins in hydrated lipid environments can provide insight to the dynamic behavior
of the underlying H-bonds. Available analyses algorithms lacked the capabilities of large-
scale analyses for long trajectories of MD simulations and more importantly lacked
additional features for one to efficiently analyze and represent the raw data.

In the first part of this dissertation, a new-generation algorithm I contributed to
the development of, Bridge, is described. This new algorithm package is very capable of
efficient analyses of complex H-bonds networks in proteinic structures for crystal
structures and MD simulations trajectories. The flexibility of the algorithm allows for
lipid molecules, DNA or anything other entity that can host H-bonds to be analyzed.
Bridge employs graph-based approaches to compute [33] and analyze [42, 185, 226] H-
bond networks. Implementation of graph-based algorithms such as the “Connected
Component analysis” and Dijkstra’s algorithm allows for an intuitive approach to the
analyses. Especially insightful are proved the graph curation functions and routines of
Bridge in the case of Channelrhodopsin, since the starting point of the proton transferring
events is known. The proton is transferred from the protonated retinal Schiff base to the
negatively charged counter ion. The all-trans state of the C1C2 chimera was studied in
the first part of this thesis with a strong focus on the extended hydrogen-bond networks
and clusters that dynamically form in the interior of the protein. E162 is found to play a
very significant role in linking the retinal to the other amino acids of the retinal vicinity,
maintaining direct H-bond with the Schiff base almost 100% of time for both monomers.
The local networks of the SB varies between the two monomers. In Monomer-A it is
focused around the SB itself, extending until E129 on the EC side and to C167 on the CP
side. The joint occurrence of the SB connecting to C167 is very, due to the limiting
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occurrence of the T166-C167 H-bond sampled 2.7% of the time. In contrast, Monomer-
B features an extended H-bond network that stretches to the EC side through only direct
H-bonds. The end node in Monomer-B is E274, the equivalent of E194B% [99], which a
part of the proton release group in BR [220, 227-229]. The direct pathway between the
RSB and E274 is mostly dependent on the infrequent sampling of D292-H288 and H288-
R159 (<10%). In both monomers K132 is a central node in the networks and retains
stable connections to the two counterions. In both monomers an H-bond motif between
the sidechains of T166 and the counterion E162 is observed. An equivalent motif is
observed in ChR2 between T127 and E123 [230], but in the case of a protonated E123
the motif is not observed anymore [230]. A similar motif is found in the acidic dark state
of BR where T89 participates in an intrahelical H-bond motif with the backbone carbonyl
of D85 which is found in the i-4 relative position [35]. In Monomer-B a direct interaction
between C167 and D195 is sampled 20% of the time, which referred to as the DC gate
[85, 217], despite the large distances of 4.4 A and 4.6 A between the thiol group and the
carboxyl oxygens measured from the crystal structure [99].

Water mediated H-bonds allow for both monomers to connect the RSB to E129,
with a considerable difference in the occurrence rates and relative orientations of N297.
In Monomer-A, the protonated E129 connects through very stable H-bonds to D292
(100%), while N297 can connect to both E129 and D292 through water-mediated H-
bonds. In Monomer-B, E129 is oriented towards N297 forming very stable interactions
throughout the duration of trajectory. Such interaction is described in the literature as an
inner gate [101, 215] of the EHT [215] model, where a double H-bond between N297
and E129 (N258 “"®2 and E90“"*?) holding helices B and G together and preventing the
opening of the pore [303]. Aside the local interactions in the vicinity of the RSB, water-
mediated networks extend to carboxylates of the EC side, namely E136 and E274
(E194BR) with very high sampling rates for the complete pathways. One of the distinctive
analysis capabilities of the algorithm package Bridge is, that a joint occurrence of a
pathway can be computed, after overlapping the individual timeseries of the underlying
H-bonds. If a pathway is sampled as a whole during the trajectory, the exact frames that
the path is sampled at can be returned. Knowing when a pathway is connected would be
especially insightful for recommending starting coordinates for proton-transfer pathways
computations. The pathways detected are shortest paths using Dijkstra’s definition [206]
feature the two counterions E162, D292, K132, H288 and R159 in various combinations,
as intermediate groups between the root and the end nodes. Simulations of mutations on
key amino acid residues heavily affect the local dynamics of the C1C2 networks.

Three additional simulations of mutant variants of C1C2, namely E162T, R159A
and H288A were prepared. Replacing the glutamate in the position 162 with a threonine
forces the RSB to stabilize itself through a connection to the D292 and allows for a long
(L ranging from 3 to 5 water molecules) water-mediated connection directly to E136,
sampled 76% of the time. This is possible due to E136 orienting towards K132 and
forming a stable salt-bridge, thus making the effective distance between the RSB and
E136 shorter. The K132-E136 connection rarely features mediating water molecules and
is mostly sampled as a salt-bridge. Replacement of R159 or H288 with an alanine
sidechain results to an increased K132-E136 distance and long water wires bridging the
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two groups. R159 and H288 become the main intermediate node between the Schiff base
and the EC side in the absence of another. In the E162T simulation both H288 and R159
bridge the RSB to E274 creating a branched network.

The effect of mutations was clearly quantified in a rather surprising finding. With
the graph-based queries and curation functions of networks I identified a very complex
network of 46 amino acid residues bridging the two proton donors, the Schiff bases of
the two monomers. It was the first time that such finding was reported in the literature,
to the best of my knowledge. Initial dissection of the pathways from RSB1 to RSB2 in
the wild-type C1C2 resulted in joint occurrence rates around ~10%. Despite the apparent
relatively low rate, one would argue that this is a very reasonable result considering that
12 H-bonds have to be sampled simultaneously. The equivalent pathways for the mutant
variants follow a completely different network of connections to bridge the two retinals,
compared to wild type. Six pathways for E162T and R159A mutants were sampled and
just two for the H288 A variant. The joint occupancies for the two pathways in the H288A
simulations were the highest sampled reaching ~40%, making them four times more
likely to be sampled.

In the second part of this dissertation, the modelling and analysis of a newly
discovered rhodopsin [185] was presented. AntR was characterized as a bistable inward
proton pump with a still unclear physiological role. It features, unlike BR, a single
counterion; D185, which is located on helix G. A homology model of AntR was
constructed through the raw amino acid sequence using the Phyre2 webserver, basing the
model on a sequence alignment on 6 retinal proteins whose structures are known. The six
templates share a 18-24% sequence identity with the AntR target sequence and the
alignment of the 212 amino acid residues of the sequence received a confidence score of
100%. Three amino acid residues, M1, V214 and G215 were modelled ab initio.

Three systems were prepared for this study, each with a different isomeric state
of the retinal. AntR is found to retain connections with both side of the membrane for
every isomeric state of the retinal, regardless of its orientation. The all-frans and 13-
cis,15-syn AntR feature stable connections with carboxylates on the EC side of the
membrane, namely D2, E6, E62 and D167. The latter is the equivalent of one member of
the proton release group of BR [220], E194.

All shortest pathways connecting the EC carboxylates and the all-frans and 13-
cis,15-syn RSBs pass through the counter ion D185 and the gating arginine R67 and are
very frequently sampled. D185 plays a crucial role in connecting an EC-oriented RSB to
the CP side, connecting to S74 which in turn can connect to Y193, E81 (D965R) and
D195 (conserved group among AntRs). Experimental data suggested that R67 and D167
would be important for the proton uptake because the photocycle is largely perturbed
when they are mutated [185], while E81 cannot be the sole proton acceptor. Instead, it is
suggested that a network of highly dynamic hydrogen bonds in CP side provides
alternative proton transferring pathways.

The CP-oriented 13-cis,15-anti retinal connects to E§1 and D195 via a complex
network of H-bonds. An extended water chain that between the 13-cis,15-anti SB and
D195 was sampled when the water threshold was increased to 8 molecules. The chain is
sampled 78.8% of the time, with an average water-wire length of L=6.2. The water
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molecules of the chain are stabilized by with the retinal Schiff base, S74 of helix C and
are also supported by H-bonding to the backbone oxygen atoms of Y150 and F192 of
helix D and F, respectively. S74 mediates transient bridging of the 13-cis,15-anti RSB to
the extracellular H-bond network, allowing the 13-cis,15-anti retinal to connect
transiently to the EC side.

Through the means of centrality measures [184, 185] and a newly developed
measure of USP [186], R67 is found as the most important node in the graphs in terms
of network connectivity and communication, in addition to S74. The 13-cis,15-anti state
showed smaller centrality values compared to the all-frans state for potentially important
amino acid residues such as R67, S74, E81, D185 and Y193 which suggests that the
networks rearrange upon the retinal isomerization, strongly affecting network
communications. The S74A mutation results into largely delayed kinetics of the
photocycle and weakens the proton transport [185], validating the prediction of the
centrality measurements on its importance in the H-bond networks.

In the last chapter of this dissertation, large-scale analyses on datasets of hundreds
of TM protein in search of conserved H-bond motifs important for function, accompanied
by MD simulations of an ion channel and a water channel were presented. Two main
datasets of a-helical TM proteins solved with X-ray crystallography or cryo-Electron
Microscopy were compiled, with members from up to 26 superfamilies. I developed a
refinement technique to include only the highest quality resolution structures per protein
entry, in addition to hand curation of proteins with high sequency identity match to tackle
possible redundancy. Set-high included structures with resolutions < 2.5 A and Set-low
included structures with resolutions 2.5 A < res. < 3.5 A. The initial dataset of 1439
structures was split into Sez-high with 200 members and Set-low with 483 members. Set-
highU was presented as a refinement of Set-high and features 147 unique structures.

Using the Transporter Classification Database (TCDB) [259], the protein-groups
were introduced to further categorize superfamilies according to their biological role. The
diverse Rhodopsin-like receptors superfamily was treated as a separate protein-group,
and was further dissected, using Set-highU as the parent dataset, effectively generating a
subset of “Microbial and algal rhodopsins” (Set-high-mr) and “A, B, C and F GPCRs”
(Set-high-gpcr). The Hemolysin-III family and Heliorhodopsin families are distinct as
per the TCDB classification and they were treated independently as Set-high-hemo and
Set-high-helio for heliorhodopsin, respectively. The resulting subsets of the Rhodopsin-
like receptors and pumps (65) are Set-high-mr (28), Set-high-gpcr (35), Set-high-hemo
(1) and Set-high-helio (1). H-bonding between Ser/Thr hydroxyl groups and carboxylate
groups of Asp/Glu amino acids residues is present in all protein structures of Set-high
and Set-highU, except for Proton-translocating transhydrogenases and Magnesium ion-
transporter-E.

When using the TCDB classification, each protein-group of Set-high and Set-
highU is found to contain at least one carboxylate-hydroxyl motif with a range of
occurrence 88-93%, while the intrahelical carboxylate-backbone carbonyl of the i-3,4,5
relative position is found in every protein of every protein-group, and it is the most widely
represented motif in this search. The combined carboxylate-Ser/Thr & Ser/Thr-backbone
carbonyl of the i-3,4,5 relative position is a more selective motif and is not sampled as
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frequently compared to its individual components. In the Rhodopsin-like receptors and
pumps protein-group there are 45 proteins with the combined motif in Set-high and 32
proteins in Set-highU, which makes up for 49% occurrence in that set. The combined
motifis found more frequently in the Rhodopsin-like receptors and pumps protein-group,
which features many Aspartate/Glutamate and Serine/Threonine motifs in the center of
the membrane core as well as towards the cytoplasmic and extracellular sides of the
membrane, where prime examples of amino acid residues of critical importance for the
mechanism of the protein is found, such as the proton release groups of BR [220].

Examples of motifs that are known or could possibly be important in the function
of their respective proteins were detected. In Archeaorhodopsin-2 the motifs T95 and
D120 (D156"%2) and T50-D101 (D96BR, H134MR2) are found. In BR the motifs T90-
D115 and T46-D96 were detected and their equivalents using the H. salinarium BR
numbering, such as Archaerhodopsin-3, Halorhodopsin from N. pharaonic,
Coccomyxarhodopsin, E. sibiricum rhodopsin, Acetabularia rhodopsin I, among others.
In the light-driven Na* pump KR2 a motif between S70-D116 (T90BR) is sampled, with
similar motifs sampled in 10 GPCR’s, including Jumping spider rhodopsin.

Most of the His-His motifs detected in the datasets belong to proteins of the
ammonium channel transporter superfamily where the highly conserved histidines are an
essential part of the transport mechanism in ammonia channels at the center of the
transmembrane domain of the protein. The highly conserved His-His motif acts as a
proton relay in the transport of ammonium. Anabaena sensory rhodopsin features two
histidine pairs, H21-H219 and H8-H69. And the Calcitonin type 1 receptor of the GPCR
Secretin B family has a continuous network of three histidines, H149-H334-H370 H-
bonded in a series, similar to the proton-transferring motif in the ammonia channel AmtB.

In the proton translocating pyrophosphatase a motif between D294 and N738 are
sampled. This H-bond is likely important for the functioning of the transporter, because
N738 could stabilize water molecules of the proton transfer pathway. The majority of the
Asp-Asn motifs are found within the Rhodopsin-like receptors and pumps with 25
proteins containing at least one motif.

Aquaporin-1 (Aqy1) is a host for a plethora of structural motifs, such as the ar/R
and the dual NPA motif. The crystal structure of the Aqyl features two large H-bond
clusters, with 10 and, 19 groups respectively. The larger H-bond cluster spans through
the length of the protein, bridging the extracellular and cytoplasmic regions, and it
contains the high USP groups, and motif members, N112, E51, E175 and the backbone
of L223. On the cytoplasmic side of the network, the NPA-asparagine N112 is H-bonded
to Q137, which in turn H-bonds to E51, similar to an Asp/Glu-Asn motif. A motif
between E51 and S107 in the cytoplasmic side of the membrane is also observed among
others.

In the crystal structure the networks of the selectivity filter and the NPA motif
are separated when excluding the water molecules from the networks. In all 4 MD
simulations they are connected via the new connections that R227 and N224 establish.
The initial 4-amino acid residue cluster in the selectivity filter is merged to the central
High-BC cluster that was identified in the crystal structure. At the selectivity filter of
Aqyl, the sidechain of H212 H-bonds to the backbone carbonyl of L208. The intrahelical
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hydroxyl-carbonyl motif S228-N224 H-bond is sampled on at moderate occurrence rates
(max. 26.6%). The motifs between E51-S107 and E175-T219 are sampled very
frequently, with occurrence rates 100% in most cases.

In simulations of the ChR2 dimer, H-bond networks differ between the two
monomers, similar to the results of C1C2. An unprotonated E123 can salt-bridge to K93
and to T127, similar to C1C2. The E123-T127 is additionally sampled above 95% of time
in the 13-cis simulations in both monomers. The second counterion can connect to K93
to form an additional salt-bridge, and S256 to form an H-bond motif. Through direct H-
bonds, the networks can extend to H249, R120 and E97 in the EC side. N258 forms a
small interaction network with S63 for a Serine/Threonine-Asparagine motif, and in turn
S63 H-bonds to A59 through an intra-helical Serine/Threonine hydroxyl group to the i-4
backbone carbonyl. Upon isomerization of the RSB to 13-cis,15-anti, the H-bond
network is heavily rearranging. Similar to AntR [185], I detected two long range water-
mediated connections between the RSB and H134 and E82 in monomer-A (81% - L=3.6
and 90% - L=3.9, respectively), that could serve as reprotonation pathways for the RSB,
since it is suggested that H134 should not be excluded as the proton donor [83]. The
presence of the wire is tightly connected with the conformation of H134 (flat or up), and
the H-bonding between H134 and E83. ChR2 maintains very frequent water mediated
connections to amino acid residues with a carboxylic sidechain located in the EC side of
the membrane. Similar to C1C2 and AntR, E97 and E235 were investigated as suggested
proton release groups (proton uptake for AntR). USP measures indicate that E97 and
E235 are important for the communication of the graphs and removal of those nodes
could lead to major disruptions in the networks. Following the model of the
rearrangement of D253 upon retinal isomerization, in the K state [294], D253 has and
increased USP value in the 13-cis,15-anti model, as compared to the all-trans. The DC
gate is sampled in the wild-type ChR2 at higher occurrence rates, as compared to C1C2
[42] and is a water mediated connection most of the time.
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Chapter 7 Aspects

This work has set a new perspective in the study of membrane proteins. With the
implementation of Bridge, a next generation-analysis algorithm was made publicly
available. Pathways sampled from MD and detected using Bridge could the evaluated on
their energetics, to answer the questions if they could serve as proton-transferring
pathways. Centrality computations based on graphs predicted the importance of S74 and
Y193 in AntR [185], which was confirmed by the effect the point mutations have on the
function of the protein. This approach could serve as suggestion for site directed
mutagenesis, in combination with the knowledge-based criteria that are usually
employed. With the ChR2 crystal structure solved in 2017, many questions arise for the
function of the protein and the proton-transferring pathways. H-bond pathways similar
to C1C2 were found in ChR2. A long range interaction between the RSB and H134 was
detected, which poses the question of the primary proton acceptor in ChR2 [80, 83]. Since
the technique of Molecular Dynamics is of a classical approach, a limitation has to be
acknowledged. Only the motions of the nuclei are considered, while any explicit
electronic motion is neglected. Instead, elements of electronic structure and properties
are reflected in the parameters used in force field equation to describe the system. Thus,
any bond breaking or new bond formation along with polarization effects, for example
proton transferring, are not modelled with this approach. The quality of the parameters
used in the force-field equation (potential energy functions) can will determine how
reliable the dynamics of the system are, and thus how reliable the predictions from the
simulation are. This is especially true for co-factors, such as the retinal chromophore,
which can be challenging to represent with a classical approach, due to its complex
electronic structure. On the other hand, the speed and relative accuracy of the technique
allows for large trajectories to be sampled with reasonable use of computation resources
and enabling the detection of dynamic H-bonds. Here, treatment of the suggested
pathways would require QM techniques or combined QM/MM to further evaluate their
validity as far as proton transferring events go.

A similar long water wire connects the RSB to amino acid residues that are
thought to participate in a proton acceptor complex in AntR. Mutating the candidate
members of the suggested proton acceptor complex could provide insight into the
conformational changes and how the networks would re-arrange to accommodate for the
mutations. In the unanticipated network between the two retinal Schiff bases, it would
not be expected for a proton to transfer from one Schiff base to another. It would be more
reasonable to recommend that this extended network couples conformational dynamics
in the dimer. Since a network like this has not been suggested in the literature so far, it
would need to be validated experimentally. Although, cooperativity in oligomeric
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structures has been suggested in the literature for the voltage-gated proton channel Hv1
[304], the potassium channel K,7.4 [305], bacteriorhodopsin [306] and voltage-gated
sodium channel Nay1.5 [307]. The aspect of cooperativity of C1C2 in regard to the
network identified here was discussed by Bondar in ref. [308]. It could be suggested that
MD simulations would be prolonged, and a new set of analysis would be performed in
order to evaluate if the H-bonds and H-bond pathways are reproduced. The universal
protocol for large datasets could be expanded to analyze even more superfamilies and
protein members, since the repositories of the Protein Data Bank and the OPM database
are regularly updated with new entries.

Within the context of the Sonderforschungsbereich (SFB) 1078 “Protonation
Dynamics in Protein Function”, where four main proteins are studied, in three main
research areas, this work has provided new insight in the approach of analyses of large
datasets of dynamic H-bond networks or static structures from a methodological
standpoint, as well as detecting new, and never reported in the literature in the past, H-
bond networks that could serve as candidates for proton transferring pathways pushing
the forward what is known about the proteins at hand and getting one step closer to
answer the fundamental questions of the field.

For example, Photosystem-II [309-320], a very large macromolecular protein
complex, comprised of numerous subunits catalyzes a chemical reaction that splits water
into molecular oxygen, electrons and protons, using light and is essential for life. A key
open aspect of PSII is how the protons generated at the oxygen evolving complex are
transported/transferred over very long distances to the bulk. Although numerous crystal
structures of PSII are already available, and some specific amino acid residues are
thought to be of great importance for the transfer of protons, the exact pathways are still
not known. In the proton pump cytochrome ¢ oxidase [321-333], a terminal oxidase in
the respiratory chain, the proton translocation across the membrane is coupled to a
reduction reaction of oxygen to water. Nevertheless, the mechanism of function of the
protein is not yet fully understood, along with the individual reaction steps taking place
and a still unknown proton loading site.

Similarly, in the light-gated ion channel, Channelrhodopsin-2 [62, 63, 70, 78-80,
82, 83, 101, 215, 334, 335], where the photo-isomerization of the retinal chromophore is
coupled with proton transfer steps and passive flow of cations. A key open question is
how protons are transferred across long distances in the polar environment of
channelrhodopsin with the proton release group(s) being unknown, as of yet. I strongly
believe that the wide range of capabilities that the algorithm package, Bridge, offers can
be of great contribution into tacking the open questions in the main proteins of the SFB.

All of the aforementioned proteins, as well phytochrome, which can be
considered conceptually close to channelrhodopsin in terms of the chromophore
isomerization and activation of the photocycle, could benefit from the features of Bridge,
both when studying static structures and/or dynamic trajectories. When considering that
those proteins have a chromophore or a cofactor, of a definitive starting point of the
proton transfer (oxygen evolving center-PSII) and possible proton transfer pathways (D,
K, channels-CcO), identifying stable H-bond networks and pathways through Bridge
could provide insight. More specifically, using the cofactor or chromophore or the

117



Aspects

manganese cluster as the beginning of the pathways in question one can obtain 2-
dimensional H-bond maps of the shortest pathways that begin from the molecule of
interest. There are cases where specific amino acid residues are suggested to play an
important role in proton transfer in the proteins mentioned above. While the idea of a
manual search in a crystal structure seems possible in relatively small proteins, such as
rhodopsins, it was showcased in this thesis how complex the dynamic H-bond networks
of the hydrophilic environment of a retinal protein can be. When considering the case of
PSII, the distances are very long, and the combinations of pathways would render non-
automated analyses incomplete.

Through Bridge, a criteria-controlled pathway search will provide the user with
all possible solutions on the respective query. Additionally, through the means of
centrality measures, the importance of already suggested amino acid residues could be
complemented, as well as new amino acid residues could emerge as important for the
communication of the networks. This would enable for one to make predictions that
would have to be later experimentally confirmed, as seen for S74 in AntR [185].

Bridge can be a highly adaptable and expandable algorithm package. One and a
half years after its original release, Bridge was expanded and a standalone graphical
interface for H-bond analyses was introduced as Bridge2 [43]. In addition to the interface,
Bridge?2 included analyses of hydrophobic interactions using a distance-based criterion
between the carbon atoms [43]. In the RBD of the spike protein, a conserved hydrophobic
group was detected, as a part of a larger hydrophobic cluster [43]. Hydrophobic contacts
between RBDs where characterized as infrequent [43].

Another aspect on the impact this work could have, especially within the SFB, is
the possibility for one use Bridge as a platform for the analysis of H-bond networks. As
shown in chapter “Conserved H-bond motifs in membrane transporters” a large dataset
was constructed, and Bridge was employed to perform large-scale analyses of static
structures detecting H-bond motifs important for proton transfer and function. In this
way, it is possible for one to construct a new dataset, for example all structures of PSII,
and perform comparative analyses between the systems for the sampling frequency
pathways with the same components, motif detection and the capability for one to
implement any new analysis routine using Bridge as a platform or integrating directly to
the core package. A prime example is the development of the algorithm “Conserved (C)-
graphs” [336] by Bertalan et al., two years after the original release of Bridge. C-graphs
is a standalone Python program that features a graphical interface. C-graphs is capable
of analyzing datasets of multiple structures at the same time and computing conserved
graphs of H-bonds as compared to a separate graph-per-structure approach. Additionally,
it uses clustering algorithms to cluster water molecules that are co-crystallized with the
proteins and detect conserved water-binding sites [336]. Using the core Bridge algorithm
to compute direct and water-mediated H-bonds, C-graphs was able to identify conserved
H-bond networks in representative proteins of Class-A GPCRs, such as squid rhodopsin
[336]. A common network between squid rhodopsin, adenosine A2A receptor, jumping
spider rhodopsin-1 and the dark state of bovine rhodopsin was also identified. Bovine
rhodopsin showed large rearrangement of networks between the active and active-like
states [336]. It thus appears, that the original release of Bridge has already allowed for
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further developments in the field of computational biophysics, and one could expect that
this is only the beginning.
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Supplementary Tables

Table A.1. Summary of the dataset Set-high. For each structure included in the dataset, PDB ID
and the resolution in A are reported. Adapted from ref. [226].

PDB | Res.(A) | PDB | Res. (A) | PDB | Res. (A) | PDB | Res. (A) | PDB | Res. (A)
3z0j 0.88 4dx5 1.9 6ibb 2.12 5zke 2.3 2zbd 24
6s6¢ 1.07 6a6m 1.9 6tos 2.13 Sdys 2.3 2zbf 2.4
5i32 1.18 1h2s 1.93 619k 2.14 6uva 2.3 2zxe 24
6ufe 1.2 6rnk 1.94 3ar4 2.15 6bwzg 2.3 5i20 2.4
S5zim 1.25 4nTw 1.95 6vx9 2.17 4r7c 2.3 6hd8 24
3b9w 1.3 Swiu 1.96 6afw 2.18 2q67 23 4cbk 242
lu7g 1.4 Swqc 1.96 3zk1 2.2 6f7h 2.3 6rz6 2.43
4y9%h 1.43 2nsl 1.96 6kok 22 3k3f 2.3 6rz7 2.43
4xtl 1.45 3tds 1.98 6clr 2.2 1wpg 2.3 4jkv 2.45
3ldc 1.45 6eu6 1.98 Suiw 2.2 5bz3 2.3 Shvx 2.45
Saez 1.47 5jsi 2 5x93 2.2 4wd8 2.3 3spc 2.45
6su3 1.5 6gyh Stzr 2.2 4jq6 2.31 41p8 2.46
Sax0 1.52 6nwd 61i0 22 6wk9 2.32 5d5a 2.48
2b2h 1.54 Ixio 4xnv 2.2 6mwd 2.33 lvgo 2.5
4vlg 1.55 6yc3 3vw7 2.2 6vx8 2.33 6eyu 2.5
3ouf 1.55 6igk lul9 2.2 2wgm 2.35 4pxk 2.5
5g28 1.57 Skuk 6hlp 2.2 lap9 2.35 4yzi 2.5
6jo0 1.65 609u 6ffi 2.2 4mrs 2.35 6h7n 2.5
2f2b 1.68 3d9s 2 Is5h 22 61k6 2.36 3odu 2.5
SbOw 1.7 3llq 2.01 2qks 2.2 4ezc 2.36 4pxz 2.5
2jaf 1.7 2771 2.03 1j4n 22 6vx7 2.36 6mot 2.5
Snm4 1.7 3c02 2.05 3rlf 22 6by3 2.37 2773 2.5
2ih3 1.72 3enS 2.05 3n5k 22 6eid 2.39 6iiu 2.5
3wqj 1.8 6m96 2.05 Suni 2.2 S5a8e 2.4 6xla 2.5
4n6h 1.8 6nwf 2.06 4u9n 22 6ps2 2.4 5ee7 25
3gd8 1.8 Shwy 2.1 3zuy 2.2 2rhl 2.4 613 2.5
2xqu 1.84 4bem 2.1 lymg 2.24 6uus 2.4 4jta 2.5
6kfq 1.84 2bl12 2.1 3keu 2.24 6bd4 24 6wel 2.5
4qil 1.85 4135 2.1 S5vk6 2.25 Slwy 2.4 4wfe 2.5
3v5u 1.9 4bvn 2.1 4x1h 2.29 6is6 24 4wft 2.5
4f4s 1.9 6qzh 2.1 4kpp 2.3 4uuj 2.4 4g7v 2.5
6k61 1.9 S5clm 2.1 4klc 2.3 2191 2.4 Sjmn 2.5
6lm1 1.9 6x18 2.1 6tqj 2.3 2b6p 24 4ymu 2.5
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3qap 1.9 6x19 2.1 1iw6 23 4fc4 2.4 3ar2 2.5
Sjje 1.9 1298 2.1 3ug9 2.3 4ene 2.4 3fgo 2.5
6sqg 1.9 11df 2.1 3vvk 2.3 5ah3 2.4 Szmw 2.5
3ddl 1.9 3kly 2.1 4hyj 2.3 6qd5 2.4 4uu0 25
lors 1.9 3hd6 2.1 4413 23 2nq2 2.4 6jxh 2.5
6qzi 1.9 5y78 2.1 3x3b 23 3wmg 2.4 4n7x 2.5
209¢g 1.9 6tod 2.11 4amj 2.3 1su4 2.4 Sals 2.5

Table A.2. Summary of the dataset Set-low. For each structure included in the dataset, PDB ID
and the resolution in A are reported. Adapted from ref. [226].

PDB | Res.(A) | PDB | Res. (A) | PDB | Res. (A) | PDB | Res. (A) | PDB | Res. (A)
6¢clm 2.52 Svkp 2.8 S5dhg 1N7v 3.2 6nq2 34
2zbg 2.55 6a90 2.8 2x72 4tqu 3.2 6nt3 34
60h2 2.58 6olu 2.8 S5xez 6msm 3.2 6nr3 34
6or2 2.59 3q7k 2.8 5yqz 6mit 3.2 6u8a 34
3n8g 2.59 Syhf 2.8 6nbf 4ycm 3.2 6mho 34
4knf 2.6 5b57 2.8 5v57 Sxaa 32 6¢cnm 34
5zih 2.6 6bl6 2.8 3fb6 3fps 32 6rmg 34
2ydv 2.6 6rah 2.8 6072 6jju 3.2 Soch 34
3eml 2.6 3ba6 2.8 60lp 4umv 32 4fac 3.4
Swfs 2.6 2eau 2.8 5t4d 50¢9 3.2 4q%h 34
4uhr 2.6 Sylv 2.8 3ne2 6qp6 3.2 6c0v 34
Svbl 2.6 3wgu 2.8 1kpl 6p48 3.2 4hyt 34
5u09 2.6 6roh 2.8 6d0j 4ekw 3.21 6ilz 34
Sdsg 2.6 6psy 2.8 4k0j 5b58 3.21 6gxa 3.41
4xes 2.6 6ilr 2.8 6¢csx Stzy 3.22 4res 341
3o0ax 2.6 Stla 2.81 3d31 6k7h 3.22 6rdm 3.44
4qin 2.6 5zkp 2.81 2hyd 6k7i 3.22 3syq 3.44
4av3 2.6 4kyt 2.83 2¢9m Soge 3.22 Skhn 3.44
4twk 2.6 6k71 2.83 3b9r 4u2p 3.24 6j5j 3.45
6jpa 2.6 6k7n 2.84 1xp5 6qum 3.25 6mvx 3.45
6a95 2.6 5vb8 2.85 Sncq Swo7 3.25 4kfm 3.45
1x14 2.6 4ayt 2.85 6n24 Siwk 3.25 6pw5 3.45
4gx0 2.6 3zdq 2.85 6n26 4ulw 3.25 6d70 3.45
2qi9 2.6 6mjp 2.85 6n27 5137 3.25 3wkv 345
3wmf 2.6 4byg 2.85 2xo0k 3.01 4ycl 3.25 Sztf 3.45
3ar8 2.6 4rdq 2.85 5wO0p 3.01 3uza 3.27 lzed 3.45
4qim 2.61 6cm4 2.87 4glu 3.01 6hll 3.27 3t9n 3.46
3spg 2.61 5dqq 2.87 3w5a 3.01 4rwa 3.28 5x5y 3.46
5xap 2.61 6bco 2.88 6a6bn 3.02 5296 3.28 4fi3 3.47
4ntj 2.62 3pbl 2.89 6m97 3.03 5zx5 3.28 Sxas 3.47
4x89 2.62 4xtl 2.89 6k7k 3.04 Sirz 3.28 6r7x 3.47
6fiz 2.63 6aei 2.89 4kjs 3.05 3j5p 3.28 6qvl 3.48
lgzm 2.65 6rde 2.9 4dxw 3.05 4csk 3.28 441 3.49
3b9b 2.65 6rdg 29 3zrs 3.05 6n2d 33 6dqj 3.49

W W | W [W W [W[|W|W|W|[W|[W[W W] W |W|W|W|[W| W WwW|w|w
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6rd5s 2.69 6rdj 29 40j2 3.05 3pwh 33 5wj9 3.49
Svn7 2.7 6rer 2.9 4myc 3.06 6gps 33 4dbl 3.49
6eig 2.7 6¢csm 2.9 6co7 3.07 60ij 33 Suj9 3.49
41bz 2.7 6¢csn 2.9 1t9x 3.08 5t04 33 3v5s 35
4iar 2.7 6a94 2.9 6k7j 3.08 4zwj 33 5117 3.5
4ib4 2.7 Stvn 29 6hbu 3.09 6oya 33 6¢6l 3.5
6bgh 2.7 30e0 2.9 6hzm 3.09 6e3y 33 Suig 3.5
3vg9 2.7 4235 2.9 6rdv 3.1 6b3j 33 4gpo 3.5
2vt4 2.7 4djh 2.9 6re7 3.1 416r 33 Swb2 3.5
50%h 2.7 3cap 2.9 607u 3.1 S171 33 4mqs 3.5
6gpx 2.7 5zkq 29 6drz 3.1 3fb7 33 6ddf 3.5
6klq 2.7 6ak3 29 4rws 3.1 3f5w 33 6nbh 3.5
6igl 2.7 6dol 2.9 3rze 3.1 Swie 33 Sgpj 35
Scxv 2.7 5unh 29 6b73 3.1 6ebk 33 5tj6 3.5
5zbq 2.7 5v56 29 3beh 3.1 4rue 33 5h3o0 3.5
4rwd 2.7 2a79 29 4h33 3.1 6elm 33 5u6o 3.5
S5te3 2.7 3lut 29 6bqv 3.1 6cud 33 4xdl 35
4xnw 2.7 3Inm 2.9 6bwj 3.1 6drj 33 6nt4 3.5
3ayn 2.7 6rv3 2.9 2onk 3.1 6puo 33 6mhv 3.5
6j20 2.7 6003 29 6eti 3.1 6020 3.3 6¢e7p 3.5
Svew 2.7 60ln 2.9 6s8n 3.1 6jbl 33 4iTc 3.5
6g70 2.7 6rld 29 4hlw 3.1 4ulx 33 6¢cnn 3.5
Sklb 2.7 3ne5 29 6mgv 3.1 4c48 33 4u5b 3.5
4pl0 2.7 3puz 2.9 6n23 3.1 3aqp 33 3org 3.5
Smkk 2.7 3tui 2.9 3jyc 3.11 4ayw 33 4y7k 3.5
6iu3 2.7 4ayx 2.9 6du8 3.11 6hrc 33 2o0ar 3.5
4umw 2.7 5¢78 2.9 6fuf 3.12 Sko2 33 4p6v 3.5
4i0u 2.7 6rai 2.9 6qv0 3.12 Sxul 33 2rdd 3.5
6n25 2.7 Smrw 2.9 Scbg 3.14 Snik 33 6r4l 3.5
4mbs 2.71 6roj 2.9 6bcj 3.14 Smpm 33 6ocu 3.5
3woi 2.71 6qti 2.9 6bhu 3.14 6k7¢g 33 6elh 3.5
6d27 2.74 3h90 2.9 61kt 3.15 6psx 33 6d4; 3.5
4buo 2.75 2iub 2.9 5t0o 3.15 Sjrw 33 6rvd 3.5
478 2.75 6n28 2.9 5122 3.15 Svre 33 4xwk 3.5
419w 2.75 6bpl 291 4cz8 3.15 6p49 3.3 5kpj 3.5
6p6x 2.75 6bpp 2.92 4z9g 3.18 4wis 33 6ral 3.5
4nef 2.75 S5w3s 2.94 6n30 32 3um?7 3.31 6s8g 3.5
S5xan 2.75 2zy9 2.94 6rel 3.2 5wob 3.31 6iud 35
4bbj 2.75 5zkb 2.95 607t 3.2 6dqn 3.33 4nab 3.5
Skw2 2.76 Shk7 2.95 3am6 32 6j51 3.34 Sksd 3.5
Suld 2.78 Sirx 2.95 Suen 3.2 6niy 3.34 3b8e 3.5
41de 2.79 6¢cvl 2.95 3sn6 3.2 3nog 3.34 3kdp 3.5
4r9u 2.79 6k7m 2.95 5jqh 3.2 5u74 3.34 2yvx 35
6rdb 2.8 3tlm 2.95 30e6 3.2 Suja 3.34 4atv 3.5
6rdp 2.8 6mxt 2.96 5xsz 3.2 6cju 3.35 4czb 3.5
Sazd 2.8 4r0c 2.96 Sywy 3.2 5u73 3.35 4cz9 3.5
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4wav 2.8 4kSy 2.98 Sxjm 32 4hkr 3.35 6165 3.5
4iaq 2.8 3sya 2.98 517d 32 6coy 3.36 6qpc 3.5
Sxra 2.8 60ws 2.98 3f7v 32 3udc 3.36 6p46 3.5
Szty 2.8 4bwz 2.98 4bw5 3.2 6d7p 3.37

6aky 2.8 Saji 2.99 6c9a 32 Sw8l 3.37

Slwe 2.8 4kjr 3 6agf 32 Szlw 3.38

S5glh 2.8 6n2y 3 6j8¢g 32 Sgko 3.39

6me2 2.8 6n2z 3 681 32 3v3c 3.4

6me6 2.8 6red 3 S5vb2 32 luaz 34

4ul5 2.8 6red 3 lorq 32 5g53 3.4

4grv 2.8 7c61 3 3vou 32 3kj6 3.4

4dkl 2.8 6293 3 6bqr 32 4daj 3.4

Sndd 2.8 Stud 3 6077 32 4ej4 3.4

3v2y 2.8 6bqg 3 6061 32 37y 3.4
4ww3 2.8 2ycw 3 6u88 32 3fb8 3.4

4zud 2.8 6n4b 3 6mhs 3.2 6gyo 34

Sung 2.8 3uon 3 3nd0 3.2 6gyn 3.4

603c 2.8 5zbh 3 Saex 32 3ukm 3.4

4or2 2.8 60s9 3 5nc5 32 4ruf 34

3fb5 2.8 60sa 3 6baj 32 6c96 34

Table A.3. Summary of duplicate structures in Set-high. The protein name, PDB ID, resolution,
sequence match, organism and notes on the protein are shown. Bacteriorhodopsin entries 4QI1
and 4PXK are presented separately since they show 56-57% sequence identity matches with
5ZIM and come from different organisms. Between them, they share a 54% sequence identity
match and will be treated as separate entries. Adapted from ref. [226].

. Sequence .

Protein PDB Res. (A) identity (%) Organism Notes
5ZIM 1.3 Ground state
4Y9H 1.4 Ground state
2771 2.0 H. salinarum M intermediate

Bacteriorhodopsin . .
1IW6 2.3 K intermediate
1AP9 2.4 Ground state
40QI11 1.9 Haloquadratum walsbyi Ground state
4PXK 2.5 Haloarcula marismortui D94N
4XTL 1.5 Monomer, pH 4.3

Sodium pump KR2 6YC3 2 97-100 Dokdonia eikasta pH 8.0
3X3B 2.3 Dimer, pH 4.0
6K6l 1.9 pH 4.9, 93K

Chloride-pumping 6NWF

MastR (6XL3) 2.1 99-100 M. repens pH 4-4.9, 93K
6K6K 2.2 N63A/P118A
5BOW 1.7 Natronomonas pharaonis red adapted, 11-cis

Halorhodopsin 3VVK 2.3 M-like state
2JAF 1.7 H. salinarum T203V
: : 6RZ6 pH 8
cysteinyl leiukcétrlene 24 H. sapiens
receptor 6RZ7 pH7
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6SU3 1.5 Acetabularia acetabulum pH 8.8
Heliorhodopsin 61S6 24 46 Thermoplasmatales pH 8
archaeon
. 3WQJ 1.8 . pH 7.0
Archaerhodopsin-2 100 Halobacterium sp.
1VGO 2.5 pH 5.2
Succinate receptor 6RNK 1.9 99 Rattus norvegicus KI18E/K269N, pH 7
SUCNRI (GPR91) | 6IBB 2.1 g pH 4.8-5.2
3QAP Ground state
Sensory rhodopsin. II | S5JJE 1.9 100 N. pharaonis SRII/Htrll Complex
1H2S Ground state
Anabaena sensory 1XIO 2 Ground state
thodopsin 4TL3 | 23 » Nostoc sp. D217E
Complex with
Endothelin receptor 616K 2 . Endothelin-3
91 H. sapiens -
type B 5X93 29 Complex with
) antagonist K-8794
2RH1 24 Inactive state, dimer
Beta-2 adrenergic 6PS2 99-100 H. sapiens InacFlve state 2
receptor SDSA 25 Inactive state, in
) meso, 100 K
4BVN 2.1 Inactive state
4AMI 23 Inact'lve state, bpund
biased agonist
. . Inactive state,
Beta-1 adrenergic SASE 24 098-99 Meleagris gallopavo inverse agonist
receptor
bound
Active state, partial
6H7N 2.5 agonist and
nanobody bound
6X18 GLP-1 peptide
hormone bound
Gl lik 21 N tid ist
ucagon-lxe 6X19 100 H. sapiens on peptice agomis
peptide 1 receptor bound
6XIA 25 Non peptide agonist
bound
Complex with
6UVA 2.3 adrenomedullin-2
Adrenomedullin 2 . peptide
receptor 100 Homo sapiens Complex with
6UUS 24 adrenomedullin
peptide
Inactive state,
6TOD complex with EMPA
Orexin-1 receptor 2.1 100 H. sapiens Inactive state,
6TOS complex with
GSK1059865
1U19 2.2 -
4X1H Wltl;ter;:tril;gucm
Bovine rhodopsin 2.3 100 Bos taurus T94Lwithout
5DYS - .
transducin peptide
6FK6 2.4 N2C/D282C
Spinach Aquaporin 3CNS L S115E, S274E
SoPIP2 1798 21 - Spinacia oleracea Closed conformation
. 1IYMG 22 -
Aquaporin-0 2B6P 24 100 B. taurus Open pore state
Formate transporter 3KLY 2.1 56 Vibrio cholerae )
1, FocA 3KCU 22 E. coli O157:H7
K+ selective NaK 6UFE 1.2 . Open state
ion channel 30UF 1.6 100 Bacillus cereus D49Y
21H3 1.7 Streptomyces lividans Conductive conf.
Potassium 1S5H 2.2 chimera T75C, closed
channel KcsA 90-100 Open d
5VK6 23 S. lividans pen deep-

inactivated conf.
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. Open and conductive
6BY3 24 S. coelicolor conf., TT5A
4UUJ S. lividans Complex

Kv1.2-kv2.1 paddle 2R9R 2.4 Rattus norvegicus With beta subunit
chimera Potassium 100 ] Complex with
channel 4JTA 2.5 R. norvegicus Charybdotoxin
4WFE . Conductive
TRAAK K+ channel SWFF 2.5 100 H. sapiens, Mus musculus Nonconductive
Ammonium SAEZ 15 99 Candida albicans -
transporter Mep2 SAH3 24 R452D, S453D
' 4DX5 19 Asymmetric
Multidrug transporter . complex
100 E. coli - —
AcrB Asymmetric, Fusidic
SIMN 2.5 .
acid bound
3AR4 29 -
3N5K ) E2-Pi state, conf. 7
1WPG 2.3 E2-Pi state, conf. 1
1SU4 E1-2Ca state
27ZBD 2.4 E1P-ADP state
. 27ZBF . E2 state
Calcium ATPase 3AR2 100 Oryctolagus cuniculus E1-2Ca state
3FGO E2-Pi state, conf. 5
4UU0 25 E2 state (Ca-free),
conf. 2
STMW E2 state (Ca-free),
conf. 11
2+
6VX9 29 Ca unblound state
Bestrophin-2 100 o7
6VX8 23 B. taurus Ca*'- unbzound state
6VX7 2.4 Ca*"-bound state
Sodium/Calcium 3V5U 1.9 100 Methanocaldococcus Structure 1
Exchanger SHWY 21 Jjannaschii Structure 3

*) As compared to the H. salinarium bacteriorhodopsin (PDB ID: 5ZIM).

Table A.4. Summary of the dataset Set-highU. For each structure included in the dataset, PDB
ID and the resolution in A are reported. Adapted from ref. [226].

PDB | Res.(A) | PDB | Res.(A) | PDB | Res.(A) | PDB | Res.(A) | PDB | Res. (A)
3z0j 0.88 3qap 1.9 4135 2.1 lymg 2.24 2nq2 2.4
6s6¢ 1.07 6sqg 1.9 4bvn 2.1 6tqj 2.3 3wmg 2.4
5132 1.18 3ddl 1.9 6qzh 2.1 3ug9 2.3 2zxe 2.4
6ufe 1.2 6qzi 1.9 Sclm 2.1 4hyj 2.3 5i20 2.4
5zim 1.25 209g 1.9 6x18 2.1 S5zke 23 6hd8 2.4
3b9w 1.3 lors 1.9 11df 2.1 6uva 2.3 4cbk 242
lu7g 1.4 4dx5 1.9 3kly 2.1 6wzg 2.3 6rz6 243
4xtl 1.45 6abm 1.9 3hd6 2.1 6f7h 23 4jkv 2.45
3ldc 1.45 3vSu 1.9 5y78 2.1 4r7c 23 Shvx 245
Saez 1.47 6rnk 1.94 6tod 2.11 2q67 2.3 3spc 2.45
6su3 1.5 4nTw 1.95 619k 2.14 Stja 2.3 41p8 2.46
S5ax0 1.52 Swiu 1.96 3ard 2.15 3k3f 2.3 6eyu 2.5
2b2h 1.54 Swqc 1.96 6vx9 2.17 5bz3 2.3 4pxk 2.5
4vlg 1.55 2nsl 1.96 6afw 2.18 4wd8 2.3 4yzi 2.5
5g28 1.57 3tds 1.98 3zk1 2.2 4kpp 2.3 3odu 2.5
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6jo0 1.65 6eu6 1.98 6¢clr 2.2 4klc 2.3 4pxz 2.5
2f2b 1.68 Sjsi 2 Suiw 22 4iq6 2.31 6mot 2.5
SbOw 1.7 6gyh 2 Stzr 2.2 6wk9 2.32 2773 2.5
2jaf 1.7 6nwd 2 61i0 2.2 6mwd 2.33 6iiu 2.5
Snm4 1.7 Ixio 2 4xnv 2.2 2wgm 2.35 See7 2.5
2ih3 1.72 6igk 2 3vw7 22 4mrs 2.35 6fj3 25
3wqj 1.8 3d9s 2 1ul9 2.2 4ezc 2.36 6wel 2.5
4n6h 1.8 Skuk 2 6hlp 22 6eid 2.39 4wfe 2.5
3gd8 1.8 609u 2 6ffi 2.2 2rh1 2.4 4g7v 2.5

2xqu 1.84 3llq 2.01 1j4n 2.2 6bd4 2.4 4ymu 2.5
6kfq 1.84 3¢c02 2.05 2qks 2.2 Slwy 2.4 6jxh 2.5
4qil 1.85 3cnS 2.05 3rlf 22 4fc4 24 4n7x 2.5
4f4s 1.9 6m96 2.05 3zuy 2.2 219r 2.4 Sals 2.5
6ko6i 1.9 4bem 2.1 4un 2.2 4ene 2.4
6lm1 1.9 2bl2 2.1 Suni 22 6qds 2.4

Table A.5. List of proteins with hydrogen bond motifs, discussed in the section “H-bond motifs
of Serine/Threonine amino acid residues” of the main text. In the table the protein name, PDB
ID and the reference are shown.

Protein PDB Reference
Archaerhodopsin-2 dimer 1VGO [264]
Archaerhodopsin-2 trimer 3WQlJ [265]
Archaerhodopsin-3 6S6C [266]
H. marismortui BR 4PXK [267]
H. walsbyi BR 4QI1 [268]
crudorhodopsin-3 4135 [269]
N. pharaonic halorhodopsin 2JAF [242]
coccomyxarhodopsin 6GYH [272]
E. sibiricum rhodopsin 4HYJ [273]
Acetabularia rhodopsin | 5SAX0 [243]
R. xylanophilus thermophilic rhodopsin 6KFQ [274]
light-driven Na* pump KR2 4XTL/3X3B | [275)/[276]
Jumping spider rhodopsin 619K [277]
F. nucleatum F1F,-ATP synthase 3ZK1 [278]
1 tartaricus F1F,-ATP synthase 2WGM [279]
A. woodii Na*-coupled ATP synthase 4BEM [280]
E. hirae V-type Na'-coupled ATP synthase 2BL2 [281]
NavAb voltage-gated Na" channel 6MWD [282]
NavMs voltage-gated Na* channel SHVX [283]
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Table A.6. Occupancies of H-bonds of Aqyl of the R227-N112 H-bond clusters sampled during
MD simulations in a POPE bilayer, with H44 and H194 Ne2-protonated. When the H-bond is
sampled in all four Aqyl monomers A-D, the total average occupancy computed by averaging
the monomer occupancies is also reported. For each H-bond the occupancy calculated as an
average from the last 100ns of each simulation is reported. Adapted from ref. [226].

Occupancy (%)
A B C D | Average A B C D Average

Y31-N110 - 139 | - - N/A N160-T219 | 20.9 | 10.5 - 7.9 N/A

E51-T55 | 99.6 | 99.6 | 99.5 | 99.7 99.6 N160-G220 | 20.2 | 11.5 | 18.7 | 36.4 21.7
E51-S107 | 99.9 | 99.9 | 99.9 | 99.9 99.9 N160-A221 | 29.5 | 22.6 | 29.1 | 45.6 31.7
E51-G109 | 13.8 | 182 | 93 | 13.2 13.6 N160-R227 | 6.5 | 16.5]|21.6 | 9.5 13.5
E51-N110 | 99.9 | 99.9 | 100 | 99.8 99.9 N160-S228 | 70.1 | 52.1 | 71.3 | 58.1 62.9
E51-L111 | 100 | 100 | 100 | 100 100 E175-T179 | 99.8 | 99.8 | 99.6 | 99.6 99.7
E51-Q137 | 99.9 | 99.8 | 99.9 | 99.9 99.9 E175-T219 | 100 | 100 | 100 | 100 100
S107-G109 | 57.8 | 80.4 | 65.8 | 72.7 69.2 E175-G222 | 100 | 100 | 99.9 | 99.9 99.9
S107-N110 | 51.3 | 16.1 | 58.3 | 41.9 41.9 E175-L223 | 100 | 100 | 100 | 100 100
N110-T116 | 7.8 | 71.3 - 15.9 N/A T179-C183 | 68 | 69.6 | 64.7 | 65.4 66.9
L111-N224 | 68.4 | 67.6 | 61.3 | 67.8 66.3 T219-A221 | 86.6 | 88.7 | 82.7 | 89.5 86.9
N112-A114 | 99.6 | 99.4 | 99.4 | 99.3 99.4 T219-Y245 | 98.9 | 99.7 | 99.9 | 99.7 99.8
N112-V115| 84 | 7.4 | 12.0 | 10.8 9.7 G220-R227 | 9.8 - - - N/A
N112-T116 | 64.6 | 53.5 | 74.6 | 74.5 66.7 A221-R227 | 343 | 22.7 | 27.6 | 14.2 24.7
N112-Q137 | 21.4 | 158 | 16.5 | 19.5 18.3 N224-A226 | 88.9 | 91.8 | 94.6 | 91 91.6
N112-L223 | 95.6 | 95.3 | 90.4 | 93.7 93.7 N224-R227 | 44.1 | 36.5 | 39.1 | 39 39.7
T116-Q137 | 98.8 | 98.7 | 99.3 | 98.7 98.9 N224-S228 - | 266|200 74 N/A
F158-R227 | 98 | 953 | 98 |99.7 97.8
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Table A.7. Occupancies of H-bonds of Aqy1 of the R227-N112 H-bond clusters sampled during
MD simulations in a mixed bilayer, with H44 and H194 Ne2-protonated. When the H-bond is
sampled in all four Aqyl monomers A-D, the total average occupancy computed by averaging
the monomer occupancies is also reported. For each H-bond the occupancy calculated as an
average from the last 100ns of each simulation is reported. Adapted from ref. [226].

Occupancy (%)
A B C D | Average A B C D Average
E51-T55 99.7 1 99.6 | 99.2 | 99.7 99.6 N160-T219 | 10.3 | 6.8 | 11.9 - N/A
E51-S107 100 | 100 | 100 | 99.9 100 N160-G220 | 17.9 | 22.9 | 31.9 - N/A
E51-G109 192|119 | 12.8 | 20.4 16.1 N160-A221 | 19.4 | 33.4 | 39.0 - N/A

E51-N110 | 99.4 | 100 | 99.9 | 98.4 99.4 N160-R227 | 13 | 102 | 5.6 | 109 9.9

ES1-L111 100 | 100 | 100 | 99.9 99.9 N160-S228 | 59.9 | 35.1 | 74.6 | 87.7 64.3

E51-Q137 | 99.9 1999 | 99.9 | 99.9 99.9 N160-Y245 - - - 6.1 N/A

S107-G109 | 55.6 | 50.2 | 48.8 | 61.9 54.1 E175-T179 | 99.7 | 99.7 | 99.8 | 99.7 99.7

S107-N110 | 47.1 | 51.3 | 58.6 | 26.4 | 45.86 E175-T219 | 100 | 100 | 100 | 100 100

NI110-T116 | 8.9 - 62 | 174 N/A E175-G222 |1 99.9 | 100 | 99.9 | 99.9 99.9

L111-N224 | 65.6 | 68.9 | 60.5 | 44.6 59.9 E175-L223 | 100 | 100 | 100 | 100 100

NI112-A114 | 99.6 | 99.5 | 99.6 | 99.7 99.6 T179-C183 | 64 | 655 | 65 | 67.2 65.4

NI112-V115 | 6 109 | 64 | 6.8 7.5 T219-A221 | 84.9 | 74.6 | 91.7 | 89.91 85.3

N112-T116 | 65.3 | 60.0 | 64.3 | 52.4 60.5 T219-Y245 | 99.6 | 99.8 | 99.6 | 99.9 99.7

N112-Q137 | 18 | 252|194 | 235 21.5 G220-R227 - 8.1 - - N/A

NI112-L223 | 93.1 | 95.5 | 93.9 | 93.2 93.9 A221-R227 | 22.8 | 41.2 | 16 | 51.1 32.8

T116-Q137 | 98.2 | 99.2 | 98.9 | 99.1 98.8 N224-A226 | 94.4 | 93.7 | 91.4 | 95.7 93.8

F158-R227 | 95.8 |1 96.9 | 99.9 | 99.4 98.0 N224-R227 | 31.4 | 28.6 | 41 29 325

N224-S228 | 17.2 | 8.3 - - N/A
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Table A.8. Tracking H-bond motifs detected in the crystal structure of Aqyl (PDB ID:3Z0OJ
[130]) during MD simulations in a POPE bilayer with H44-H194 Ne2-protonated, vs. No1-
protonated. Occurrence rates of the detected motifs are reported for each monomer separately.
Adapted from ref. [226].

H-bond motif

H44/H194 Ne2 protonated

H44/H194 Nd1 protonated

AlB|lc]|D

AlB|lc]|D

Intra-helical hydroxyl -

backbone carbonyl H-bonds

G35-S38 — — — — — (352 | — —
F45-549 84.9 1 80.2 1964 | 97.9 | 96.9 | 974 | 852 | 48
146-S49 12.1 293 | 11.1 | 11.2| 98 | 11.7 | 282 | —
E51-T55 99.6 | 99.6 | 99.5 | 99.7 | 99.5 | 99.6 | 99.7 | 99.6
F58-S61 —_ — — — — — — —
L85-S89 98.9 1 999 | 99.7 | 999 | 98.9 | 99.9 | 99.7 | 99.9
G99-T103 99.9 | 99.8 | 99.8 | 99.8 | 100 | 99.9 | 99.9 | 100
L132-T136 95.6 | 99.5 | 98 | 98.6 | 99.1 | 98.2 | 98.7 | 96.7
A148-T152 99.7 | 99.4 | 99.6 | 99.3 | 99.4 | 98.4 | 99.5 | 99.5
E175-T179 99.8 | 99.8 | 99.6 | 99.6 | 99.7 | 99.6 | 99.6 | 99.7
1181-T185 99.4 | 99.6 | 983 | 99.4 | 952 | 99.6 | 98.9 | 99.2
E192-T197 — | 42.8 | 38.6|44.1 | 359 | 30 | 63.6 | 61.3
F254-S258 99.5199.6 | 97 996|976 | 842|993 |99.2
Inter-helical carboxylate - hydroxyl

E51-S107 100 | 99.9 | 100 | 99.9 | 100 | 100 | 99.9 | 100
E175-T219 100 | 100 | 100 | 100 | 100 | 100 | 12.8 | 100
Arg sidechain - backbone carbonyl

R33-R105 62.7 | 13.5 | 45.6 | 92.1 | 96.1 | 849 | 343 | 11.1
F158-R227 (Nn1) 98 | 94.6 | 9731997 | 99 |93.5 997|999
F158-R227 (Nn2) 585 | 40 | 38.6 | 52.4 | 61.1 | 28.5 | 554 | 51
R195 (O)-R195 (Nnl) | — — — — — 7.5 — —
R227 (0)-R227 (Nnl) | 91.3 | 62 | 47.3 | 854 | 944 | 369 | 92.5 | 77.1
V233-R236 — — — — — — — —
A234-R236 7.6 | 86.2 | 625|364 | — |39.6|29.7 | 78
Asn carboxamide - backbone carbonyl

N43-G37 — — — — — — — —
N112-L223 95.6 | 953|904 | 93.7 | 942 | 953 | 97.1 | 94.7
N160-A221 29.5 1226 | 29.1 | 456 | 347 | 17.2 | 654 | 49.6
Ser/Thr hydroxyl - Asn carboxamide

N110 (O81)-T116 52 | — — — (119 | — — —_
N160 (081)-S228 66.3 | 10.2 | 20.7 | 55.8 | 71.4 | 5.5 | 77.8 | 49.7
Asp/Glu carboxyl - backbone amide

E18 (Oel)-E18 (N) — — — — — — — —
E51 (0€2)-N110 5731998 199.6 | — | 63.6|98.8 454
E51 (Ogl)-L111 100 | 100 | 100 | 99.5 | 31 100 | 100 | 100
E175 (Oel)-G222 124 | 179 ] 26.6 | 100 | 11 | 156 | — | 36.2
E175 (Oel)-L223 100 | 100 | 100 | 100 | 100 | 99.9 | 99.9 | 99.9
E175 (0€2)-G222 99.9 19991999 1 9991999 | 99.9 | 99.2 | 99.9
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Table A.9. Tracking H-bond motifs detected in the crystal structure of Aqyl (PDB ID:3Z0J
[130]) during MD simulations in a mixed bilayer with H44-H194 Ne2-protonated, vs. No1-
protonated. Occurrence rates of the detected motifs are reported for each monomer separately.
Adapted from ref. [226].

H44/H194 Ne2 protonated all N61
H-bond

AlBlc|p|[a|lB]cCc]|D
Ser/Thr hydroxyl - backbone carbonyl

G35-S38 454 | — — 6 — [23.1| 70 | 283
F45-S49 845 186.1 [ 92.1 | 97 [92.7|54.6 989 | 44

146-S49 146 232|182 | 85 [203 | — | 9.2 |315
E51-T55 99.7 1 99.6 | 99.2 | 99.7 | 99.8 | 99.7 | 99.7 | 99

F58-S61 — — — — el el e

L85-S89 99.8 1 96.1 | 99.9 | 99.8 | 99.9 [ 99.9 | 99.9 | 100
G99-T103 99.7 1 99.8 | 99.7 | 99.8 | 99.8 [ 99.9 | 99.9 | 99.8
L132-T136 98.2 1939|994 | 989 | 98.7 |99.4 | 96.9 | 96.2
A148-T152 99.8 | 985|959 | 99.8 | 97.1 | 99 |98.2 | 98.6
E175-T179 99.7 1 99.7 | 99.8 | 99.6 | 99.6 | 99.7 | 99.2 | 99.7
1181-T185 98.4 1 99.6 | 99.6 | 99.5 | 96.7 | 99.6 | 97.7 | 99.4
E192-T197 48.1 | 52.9 | 24.8 | 30.2 | 739 | 28.6 | 62.3 | 7.5

F254-S258 99.6 | 89.8 | 99.3 | 99.6 | 99.6 | 95.9 | 99.4 | 99.7
Asp/Glu - Ser/Thr hydroxyl

E51-S107 100 | 100 | 100 | 99.9 [ 99.9 | 100 | 100 | 99.9
E175-T219 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
Arg guanidinium - backbone carbonyl

R33-R105 83.1 | 27 | 845 | 683|906 |485|91.5]|53.9
F158-R227 (Nn1) 95.6 | 96.4 1 999 | 992 | 99.9 | 99.7 | 95.7 | 99.8
F158-R227 (Nn2) 38 | 62.1 | 557 | 80 56 | 58 | 37 | 60

RI95(O)0RISMNn) | — | — | = | = | = [ = | = | —
R227 (0)-R227 (Nn1) | 57.7 | 81.6 | 93 |92.1 | 87.2 (852 | 57.3 | 93.7
V233-R236 — w1 = =] =] =1=1=

A234-R236 83.1| — [495(959 (718332 | — |784
Asn carboxamide - backbone carbonyl

N43-G37 — — — — - | = | = | —
N112-L223 93.1 | 955 (939|932 |94.1 958|964 | 93
N160-A221 194 | 334 | 39 — | 45.1|359|27.8| 47
Ser/Thr hydroxyl - Asn carboxamide

NI110-T116 87 | — — — |87 — | — |565
N160-S228 296 | — | 745 | — |52.6]60.1|39.6]|785

Asp/Glu carboxyl - backbone amide
E18 (O¢l)-E18 (N) — — — — — | = | = | =

E51 (0€2)-N110 98.6 | 99.4 | 99.2 | 964 | 63.1 | 99.4 | 98.5 | 97.1
E51 (Oel)-L111 100 | 100 | 100 | 99.9 | 100 | 100 | 100 | 99.9
E175 (Oel)-G222 13.7 | 37 | 19.5 | 103 | 354|203 | 20.6 | 22.2
E175 (Oel)-L223 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
E175 (0e2)-G222 99.9 19991999 | 999 | 100 | 99.8 | 99.9 | 99.9
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Table A.10. Tracking of H-bond motifs detected in the crystal structure of ChR2 (PDB ID:6EID
[337]) during two MD simulations. For the crystal structure, the distances measured for chain A
are reported. Adapted from ref. [226].

*) The H-bond motif between S63-N258 involves Od1 atom in the crystal structure and Ne2 atom in the MD

simulations.
. Crystal . Crystal
All-trans 13-cis,13- | ructure All-trans 13-cis,15- | iructure
anti (A) anti (A)
H-bond motif H-bond motif
A B A B A A B A B A
Ser/Thr hydroxyl - backbone carbonyl Arg guanidinium - backbone carbonyl
N46-T50 58 — — | 28.6 2.8 W39-R115 17.8 6 — — 3.5
A59-S63 98 | 973 | 62.6 | 88.1 2.7 E41-R115 445 | 458 | — — 2.8
Y70-T74 98.1 | 742 | 914 | 97.7 32 S42-R115 845 | 443 | — — 34
E101-S106 7.6 — — [ 152 32 N137-R268 98.1 | 96.6 | — | 699 | 2.7/35
K103-S106 — — — — 3.1 Y200-R209 30 | 246 | 295 | — 2.8
E123-T127 — | 535]962 | — 3 H201-R209 109 | 16.1 | 13.7 | — 3
L132-S136 83.7 | 464 | 96.2 | 68.4 32 ?17\12;))3-R209 65.1 | 848 | 703 | — 3
S146-T149 — 16 — 5.4 3.5 V203-R209 762 | 884 | 846 | — 3
(\N12)
G151-S155 732 1999|973 | 99.7 3.1 Asp/Glu carboxyl - Arg guanidinium
- _ _ _ _ E82 (Oel) —
L152-S155 2.9 R268 (Nn1) 919 ] 962 | 263 | 45.8 2.9
} . E82 (Oel) —
S155-T159 82.7 | 98.8 98.6 2.6 R268 (N2) 492 | 352 | 97.1 | 51.2 35
E83 (Oel) —
V161-T165 94.8 1 99.8 | 99.2 | 98.4 2.8 R268 (Nn1) 999 | 646 | 743 | 71 34
} _ E83 (0e2) -
Y184-T188 32.5 | 80.8 82.6 34 R268 (Nn1) 212 76 | 744 | 70.8 3.1
} E198 (Oel) -
E198-T202 76.7 | 27.8 | 59.8 | 35.8 2.8 R148 (Nn1) 66.4 | 60.7 | 66.6 | 58.4 2.6
: E198 (Oel) -
R209-T213 46.2 | 458 | 704 | 9.3 3.1 R148 (Nn2) 73.8 | 71 74 | 56.6 3.1
) E235 (0e2)- | __ _ _ _
L218-S222 99.6 | 99.6 | 99.4 | 99.7 2.6 R120 (Nn1) 33
F219-S222 — — — — 3.1 Asn carboxamide - backbone carbonyl
V242-T246 — 627265599 28 |N137s142 |689| 15 [838]325] 27
T246-T250 46.6 | 674|998 | 6.7 2.7 Ser/Thr hydroxyl - Asn carboxamide
1252-S256 96.2 | 993 | 89.3 | 99.8 2.7 S63-N258* 86.5 | 95.8 | 55.8 | 39.5 33
D253-S256 168 | — — — 34 N137-S142 — — — — 3.1
Asp/Glu carboxyl — Ser/Thr sidechains S155-N187 39081948 | — | 937 4.1
E101-T246 — — — — 2.7
E123 (Ogl)-T127 | 99.6 | — — 55 52
E123 (0e2)-T127 40.5 2.9
Combined Asp/Glu carboxyl-Ser/Thr hydroxyl-
backbone carbonyl
E101-T246 — — — — 2.7
V242-T246 — — — — 2.8
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Supplementary Figures
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Figure A.1. Ca - RSMD profiles for the Channelrhodopsin C1C2 chimera simulations. Profile
timeseries are colored in blue and orange for Monomer-A and Monomer-B respectively. (a-¢) Ca
- RSMD profiles for the wild-type chimera C1C2 (a), E162T mutant (b) R159A mutant (c) and
H288A mutant (d). () RMSD profile decomposition for the E162T mutant, where the profile is
split in the transmembrane region (blue) and the loops-helices (green). Adapted from ref. [42].
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Figure A.2. Internal water molecules in simulations of C1C2 chimera. Internal water molecules
profiles are colored in blue and orange for Monomer-A and Monomer-B respectively. (a-d)
Internal water molecules profiles for the wild-type C1C2 (a), E162T mutant (b) R159A mutant
(c) and H288A mutant (d). Number of water molecules of the extended RSB network. For this
computation V156 is considered part of the network to accommodate for the Arg to Ala mutation
in the position 159. V156 is located within 1 helical turn from R159. (e-h) Extended RSB-
network water molecules profiles for the wild-type C1C2 (e), E162T mutant (f) R159A mutant
(g) and H288A mutant (h). Adapted from ref. [42].
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Figure A.3. Time-dependent STRIDE analysis for the Channelrthodopsin C1C2 chimera
simulations. (a-d) Secondary structure analyses for the wild-type C1C2 (a), E162T mutant (b)
R159A mutant (c) and H288 A mutant (d). In the index the different types of secondary structures
are noted. Namely, the a-helices shown in blue, the 3-10 helix in orange m-helix in green,
extended conformation in red, isolated bridge in purples, turns in brown and coils in pink.
Adapted from ref. [42].
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Figure A.4. High occurrence H-bonds in the wild-type and mutants of C1C2. (a, b) High

occurrence direct (a) and water-mediated (b) H-bonds of selected amino acid residues in wild-
type C1C2. Monomer-A is shown in orange and Monomer-B in tan. (d-e) High occurrence direct
(c, e) and water-mediated (d, f) H-bonds of selected amino acid residues in mutants of C1C2 for
Monomer-A (c, d) and B (e, f), respectively. E162T mutant is shown in orange, R159A mutant
in green and H288 A mutant in red. Adapted from ref. [42].

135



Appendices

[«Y)

All-trans

WWWW

(o)

13-cis, 15-syn

L

(03]

o
[0}
o

(o))

o
o))
o

1 MMUL bl 1l m‘uﬂmm "

N
S

M\MULMJMM ook

Percentage of protein (%)
5
Percentage of protein (%)
N N
o o

o
o

0 50 100 150 200 0 50 100 150 200
Time (ns) Time (ns)

@]

13-cis,15-anti

(o)
o

(o))
o

=== Alpha (a)-helix

mm 3-10 helix

mmm Pi (11)-helix

mmm Extended conformation
== |solated bridge

mmm Turn

wm Coil

N
o

Percentage of protein (%)
N
o

o

0 50 100 150 200

Time (ns)
Figure A.5. Time-dependent STRIDE analysis for the homology model of AntR. (a-c) Secondary
structure analyses for the all-trans (a), 13-cis,15-syn (b) and 13-cis,15-anti (c) models of AntR.
In the index the different types of secondary structures are noted. Namely, the a-helices shown

in blue, the 3-10 helix in orange n-helix in green, extended conformation in red, isolated bridge
in purples, turns in brown and coils in pink. Adapted from ref. [185].
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Figure A.6. Unique shortest paths computations in AntR simulations. (a, b, ¢c) USP computations
on the all-trans (a), 13-cis,15-anti (b) and 13-cis,15-syn (c). USP values were computed on water-
mediated H-bond graphs of AntR that were pre-filtered to a minimum of 35% occurrence rate.
Nodes are colored according to the normalized USP values. The amino acid residues of interest,
and their connections are labeled and shown in full opacity. The remaining nodes and edges are
shown in transparency. Panels b and ¢ show comparative graphs using the all-frans graph as the
foundation. The nodes shown in those panels are colored with the USP values of their respective
system. The edges are colored according to the function principles described in the section
Comparative H-bond graphs. Adapted from ref. [185].
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Figure A.7. H-bond motifs as part of a protein’s biological function. (A) His-His H-bond motifs
found in the Ammonia channel AmtB. (B) Asp-Asn detected in the proton translocating
pyrophosphatase. In both cases the motifs are detected in one occurrence per protein monomer.
Both motif examples are between two different TM-helices and resemble a gating structure.
Every protein monomer is shown in a differently colored ribbon representation. Adapted from
ref. [226].
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extracellular )~

Figure A.8. Location of His amino acid residues in the high-resolution crystal structure of Aqy1.
Amino acid residues H44 and H194 are Ne2-protonated, while H212 and H242 are Nol1-
protonated. Molecular graphics are based on the crystal structure of Aqyl (PDB ID: 3Z0J) [130].
Adapted from ref. [226].
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Figure A.9. Local H-bond networks of the His sidechains in the crystal structure of Aqyl. (a-d)
H-bond interactions of H44 (panel a), H194 (panel b), H212 (panel ¢), and H242 (panel d). Water
molecules are represented as red spheres. Molecular graphics are based on the crystal structure
of Aqyl (PDB ID: 3Z0J). Adapted from ref. [226].
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Figure A.10. Asp/Glu-Ser/Thr carboxyl-hydroxyl and Ser/Thr-backbone carbonyl of the i-3,4,5
relative position and combined carboxyl-hydroxyl-carbonyl of the i-3,4,5 relative position H-
bond motifs along the membrane normal for protein structures of superfamilies of Set-high. (a)
Major Intrinsic Protein (MIP)/FNT superfamily. (b) Ammonia/urea transporters and Na*
exporter. (c¢) Proton or Sodium translocating F-type, V-type and A-type ATPases. (d) P-type
ATPase. (¢) ABC transporters. (f) Sodium/calcium exchanger. Adapted from ref. [226].
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Aspartate / Glutamate a.a residue distribution
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Figure A.11. Dissected amino acid (a.a) residue location distributions along the membrane
normal. The distributions of Aspartate/Glutamate amino acid residues are presented for members
of Set-high. (a-e) Distribution of Aspartate/Glutamate a.a residues in channels and pores (a), in
electrochemical potential-driven transporters (b), in primary active transporters (c), in rhodopsin-
like receptors and pumps (d) and in voltage-gated ion channels (¢). Adapted from ref. [226].
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Serine / Threonine a.a residue distribution
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Figure A.12. Dissected amino acid (a.a) residue location distributions along the membrane
normal. The distributions of Serine/Threonine amino acid residues are presented for members of
Set-high. (a-e) Distribution of Serine/Threonine a.a residues in channels and pores (a), in
electrochemical potential-driven transporters (b), in primary active transporters (c), in rhodopsin-

like receptors and pumps (d) and in voltage-gated ion channels (). Adapted from ref. [226].
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Histidine a.a residue distribution
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Figure A.13. Dissected amino acid (a.a) residue location distributions along the membrane
normal. The distributions of Histidine amino acid residues are presented for members of Sez-high.
(a-e) Distribution of Histidine a.a residues in channels and pores (a), in electrochemical potential-
driven transporters (b), in primary active transporters (c), in rhodopsin-like receptors and pumps
(d) and in voltage-gated ion channels (e). Adapted from ref. [226].
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Arginine a.a residue distribution
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Figure A.14. Dissected amino acid (a.a) residue location distributions along the membrane
normal. The distributions of Arginine amino acid residues are presented for members of Set-high.
(a-e) Distribution of Arginine a.a residues in channels and pores (a), in electrochemical potential-
driven transporters (b), in primary active transporters (c), in rhodopsin-like receptors and pumps
(d) and in voltage-gated ion channels (¢). Adapted from ref. [226].
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Asparagine a.a residue distribution
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Figure A.15. Dissected amino acid (a.a) residue location distributions along the membrane
normal. The distributions of Asparagine amino acid residues are presented for members of Set-
high. (a-e) Distribution of Asparagine a.a residues in channels and pores (a), in electrochemical
potential-driven transporters (b), in primary active transporters (c), in rhodopsin-like receptors
and pumps (d) and in voltage-gated ion channels (e). Adapted from ref. [226].
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Figure A.16. Shortest path length computations for H-bond motifs in two crystal structure data
sets. The root nodes are unique entries per amino acid residue that participate in H-bond motifs
and are internal to the H-bond network (Figure 2.7, Figure 2.8). Path length distributions are
shown for the carboxylate groups participating in the combined carboxyl-hydroxyl-carbonyl of
the i-3,4,5 relative position H-bond motifs in Set-highU vs. the subsets Set-high-mr, Set-high-
gpcr, Set-high-hemo and Set-high-helio (a, d). Histidine amino acid residues participating in His-
His motifs Set-highU vs. the subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-
helio (b, f). Asparagine amino acid residues participating in Asn-Ser/Thr motifs in Set-highU vs.
the subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio (c, g). Arginine amino
acid residues participating in Arg-Asp/Glu motifs in Set-highU vs. the subsets Set-high-mr, Set-
high-gpcr, Set-high-hemo and Set-high-helio (d, h). Additional analysis for sets Set-high and set
Set-low is found in Figure 5.11. Adapted from ref. [226].
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Figure A.17. Shortest path length computations for H-bond motifs in two crystal structure data
sets. The root nodes are unique entries per amino acid residue that participate in H-bond motifs
and are peripheral to the H-bond network (Figure 2.7, Figure 2.8). Path length distributions are
shown for the carboxylate groups participating in the combined carboxyl-hydroxyl-carbonyl of
the i-3,4,5 relative position H-bond motifs in Set-highU vs. the subsets Set-high-mr, Set-high-
gpcr, Set-high-hemo and Set-high-helio (a, d). Histidine amino acid residues participating in His-
His motifs in Set-highU vs. the subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-
helio (b, f). Asparagine amino acid residues participating in Asn-Ser/Thr motifs in Set-highU vs.
the subsets Set-high-mr, Set-high-gpcr, Set-high-hemo and Set-high-helio (c, g). Arginine amino
acid residues participating in Arg-Asp/Glu motifs in Set-highU vs. the subsets Set-high-mr, Set-
high-gpcr, Set-high-hemo and Set-high-helio (d, h). Additional analysis for sets Set-high and set
Set-low is found in Figure 5.12.
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cytoplasmic

Figure A.18. Illustration of H-bond paths that include the His-His H-bond of the ammonium
sensor/transducer. (A) The internal H-bond network that contains the His-His H-bond. The
molecular graphics is based on PDB ID:6EU6 [290]. The two H-bonded His sidechains are
colored yellow. (B) Graph representation of the H-bond network containing the longest H-bond
paths that include the H-bond between H171 and H326. Adapted from ref. [226].
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Figure A.19. Cluster size analysis for the Aquaporinl crystal structure. (a, b) USP values as a
function of H-bond cluster size computed in direct protein-protein H-bond graphs (a). USP values
as a function of H-bond cluster size computed in direct protein-protein, protein-water, and water-
water H-bond graphs (b). Adapted from ref. [226].
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a Protein-water H-bond network b R105 (CP)/N160 (EC) Cluster with water
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Figure A.20. High Unique Shortest Paths clusters in the crystal structure of Aqyl. The USP
computations are performed in direct protein-protein, protein-water, and water-water H-bond
graphs. (a) The cytoplasmic R105 cluster and the EC N160 cluster are shown in a graph
representation. The graph is color coded with a perpetually uniform color scale and it ranges from
USP value of 0 to 536 which belongs to R105. (b) Molecular graphics of the H-bond map depicted
in panel (a). Adapted from ref. [226].
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Figure A.21. Structural stability of the Aqy1 tetramer embedded in two lipid bilayer simulations.
Co RMSD profiles (a-d) and number of internal water molecules profiles computed for the four
monomers separately. Monomers A-D are colored blue, orange, olive and pink. (A-B) Ca. RMSD
profiles computed for Aqyl in POPE membrane, with all four histidine sidechains N&l
protonated (a), vs. with H44 and H194 Neg2 protonated (b). (¢, d) Cao RMSD profiles computed
for Aqyl in a mixed POPE:POPC:POPS membrane, with all four histidine sidechains N&1
protonated (c), vs. with H44 and H194 Ne2 protonated (d). (e-h) Time series for the number of
waters that visit the TM region of Aqyl in simulations with POPE membrane and all four
histidine sidechains No1 protonated (e), vs. with H44 and H194 Ne2 protonated (f), and in mixed
membrane simulations all four histidine sidechains N&1 protonated (f), vs. with H44 and H194
Ne2 protonated (g). Adapted from ref. [226].
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Figure A.22. H-Bond clusters in Aqy1 simulations and crystal structure. The R227-N112 H-bond
clusters in the simulations aql b, aq2 b and crystal structure are presented in graph
representations for simulations of Aqyl embedded in a POPE (a) and a mixed (c) bilayer. H-
bonds found both in the X-Ray and MD simulation are shown with black lines and H-bonds found
only in the MD simulation with magenta. Solid lines represent H-bonds found in all four
monomers of aquaporin while dotted lines represent H-bonds found in 1 to 3 monomers. Blue
nodes represent the R227 cluster in the selectivity filter found in the crystal structure. (b, d)
Molecular graphics of the clusters shown in panels A and C respectively. The original R227
cluster is shown with green lines. The networks are represented on the crystal structure of Aqyl
(PDB ID: 3Z0J). Adapted from ref. [226].
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Figure A.23. H-Bond clusters in Aqy1 simulations and crystal structure. The R227-N112 H-bond
clusters in the simulations aql a, aq2 a and crystal structure are presented in graph
representations for simulations of Aqyl embedded in a POPE (a) and a mixed (c) bilayer. H-
bonds found both in the X-Ray and MD simulation are shown with black lines and H-bonds found
only in the MD simulation with magenta. Solid lines represent H-bonds found in all four
monomers of aquaporin while dotted lines represent H-bonds found in 1 to 3 monomers. Blue
nodes represent the R227 cluster in the selectivity filter found in the crystal structure. (b, d)
Molecular graphics of the clusters shown in panels A and C respectively. The original R227
cluster is shown with green lines. The networks are represented on the crystal structure of Aqyl
(PDB ID: 3Z01J). Adapted from ref. [226].
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Figure A.24. Comparative graphs of H-bond clusters of H44 and H194 sampled in four different
MD simulations of Aqyl. The nodes representing H44 (a-d) and H194 (e-h) are shown as an
empty circle. (a-d) H-bond clusters of H44 in monomers A (a), B (b), C (c) and D (d) from
simulations in a POPE (purple) vs. a mixed (gray) membrane with H44 and H194 N¢2 protonated.
(e-h) H-bond clusters of H194 in monomers A (e), B (f), C (g) and D (h) from simulations in a
POPE (purple) vs. a mixed (gray) membrane with H44 and H194 Ne2 protonated. In some cases,
the graphs are sampled only in the POPE (a, d) or in the mixed (c) membrane. Adapted from ref.
[226].
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Figure A.25. Ca. RMSD profiles and number of internal water molecules profiles in two MD
simulations of ChR2. Profiles for Monomers A and B are colored blue and orange respectively.
(a, b) RMSD profiles computed for ChR2 with all-trans retinal (a) vs. 13-cis-15-anti retinal (b).
(c, d) Internal water molecules profiles of ChR2 with all-trans retinal (c) vs. with 13-cis-15-anti

retinal (d). Adapted from ref. [226].
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Figure A.26. Distance timeseries of H-bonds at the RSB vicinity in simulations of ChR2 with an
all-trans retinal. The timeseries are shown for monomers A (left) and B (right). (a, b) Distance
timeseries between the protonated nitrogen atom N16 of the RSB and D256-031 (blue) vs. D256-
0082 atoms (orange) in Monomer-A (a) and Monomer-B (b). (c, d) Distance timeseries between
the protonated nitrogen atom of the RSB-N16 and E123-O¢1 (blue), and between RSB-N16 and
E123-O¢2 (orange) in Monomer-A (c) and Monomer-B (d). (e, f) Distances between T127-Oyl
and E123-O¢l (blue), and between T127-Oy1 and E123-O¢€2 (orange) in Monomer-A (e) and

Monomer-B (f). (g, h) Distances between T127-Oyl and E123-O in Monomer-A (g) and
Monomer-B (h). Adapted from ref. [226].
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Figure A.27. Distance timeseries of H-bonds at the RSB vicinity in simulations of ChR2 with a
13-cis,15-anti retinal. The timeseries are shown for monomers A (left) and B (right). (a, b)
Distances between T127-Oy1 and E123-O¢l (blue), vs. T127-Oy1 and E123-0¢2 (orange). (c, d)
Distances between T127-Oyl and E123-O in monomers A (panel C) and B (panel D). (e)
Distance between RSB-N16 and E83-Oc¢l (blue), and RSB-N16 and E83-O¢2 (orange). (f-h)
Distances between RSB-N16 and S256-Oy in Monomer-B (f), RSB-N16 and H134-Nd1 in
Monomer-A (g), and between 1252-O and S256-Oy in monomer-B (h). Adapted from ref. [226].
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Figure A.28. Extracellular H-bond clusters sampled in MD simulations of ChR2. (a, b) H-bond
clusters in the all-trans isomeric state sims of ChR2 for Monomer-A (a) and Monomer-B (b). (c,
d) H-bond clusters in the 13-cis,15-anti isomeric state sims of ChR2 for Monomer-A (a) and
Monomer-B (b). The EC clusters are presented in yellow color. The direct RSB networks are
shown in cyan. The RSB are presented isolated in Figure 5.18 and Figure 5.21. TM-helices are
labelled A-F. Adapted from ref. [226].
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Figure A.29. Comparative H-bond graphs between the all-trans and 13-cis models using a 10%
occupancy threshold. (a, b) Reference graphs for the water wire networks of ChR2, sampled in
Monomer-A (a) and B (b), in the all-frans model respectively. (c, d) Difference graphs between
the all-trans and 13-cis models, in Monomer-A (c) and B (d).
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Figure A.30. Comparative H-bond graphs between the all-trans and 13-cis models using a 80%
occupancy threshold. (a, b) Reference graphs for the water wire networks of ChR2, sampled in
Monomer-A (a) and B (b), in the all-frans model respectively. (c, d) Difference graphs between
the all-trans and 13-cis models, in Monomer-A (c) and B (d).
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Figure A. 31. Betweenness centrality computations for the all-trans and 13-cis,15-anti models of
ChR2. Reference graphs computed for the all-frans model for Monomer-A (a) and B (b),
respectively. Difference graphs between all-frans and 13-cis models for Monomer-A (c¢) and B
(d). Graphs were prefiltered to 50% occupancy rates, before the BC computations.
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Figure A.32. The DC gate is mostly water mediated. (a, b) Timeseries for the water content of
the DC gate sampled in the all-trans for Monomer-A (a) and B (b), respectively. (c, d) Timeseries

for the water content of the DC gate sampled in the 13-cis,15-anti for Monomer-A (c) and B (d),
respectively. Monomers-A and B are colored orange and green, respectively.
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Molecular Dynamics simulation principles

In this appendix I will summarize the basic principles of the widely known and used
approach of Molecular Dynamics Simulation. Algorithmic implementation of those
principles lies within the individual software available and will not be discussed in this
Appendix. The equations and principles presented here are based on classic textbooks of
the field [137, 338-341].

Equations of motion

The technique of Molecular dynamics is based on classical mechanic and more precisely
the very elegant equation of Newton that describes his second law of motion. According
to Newton’s second law of motion the force acting on a particle, is expressed by equations
A.land A.2.

d’r
F = mw A.l
F=-Vy A2

Combining equations A.1 and A.2 the second law of motion can be written in its
differential form.

dv d*r
_av_dw A3
dr  de?

The successive configurations that comprise the trajectory are computed by integrating
Newton’s laws of motion. The integration is performed in very small, finite stages called
timesteps using finite difference techniques. At a time ¢ the total force acting on each
particle is calculated through the vectorial sum of its interactions with other particles
[137]. From equation A.l, the accelerations of the particles are computed and their
positions at a time ¢ + Jt, considering that the positions and velocities at time ¢ are known.
All integration schemes employ the Taylor series to expand the expressions of positions,
velocities, accelerations, and higher order derivates.

1 1 1
r(t + 6t) =r(t) + v(t)6t + ga(t)c?tz + 5b(t)6t3 + Ec(t)&‘* + A4

1 1
v(t + 6t) = v(t) + a(t)ét + gb(t)&z + ;c(t)6t3 + - A5
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a(t + 6t) = a(t) + b(t)6t + %c(t)é‘tz + .- A6
b(t + &6t) = b(t) + c(t)5t + - A7

Where r is the position, v the velocity, a the acceleration, b is the jerk (or jolt) and c is
the snap (or jounce) of a particle. Higher order derivates are not shown here for
simplicity. There are several algorithms developed for the integration of the equations of
motion, and in this work the most widely known ones will be presented. Perhaps the most
recognized and used implementation is the Verlet [342] scheme, which expands the
expression of the positions around t + §t, as shown in equations A.8 and A.9.

1 1
r(t+ 6t) = r(t) + v(t)6t + ga(t)&z + ;c(t)6t3 + 0(6t%) A8
1 1
r(t — &t) = r(t) —v(t)ét + Ea(t)(?tz — 5c(t)5t3 + 0(5th A9
Addition of equations A.8 and A.9 gives:

r(t + 6t) = 2r(t) — r(t — 6t) + a(t)6t? + 0(5t%) A.10

The Verlet algorithm has two major disadvantages. Numerically it may lead to truncation
errors due to the finite precision of computers, since the small term a(t)5t?, of the order
of O(6t?) is added to the larger term 2r(t) — r(t — &t), of the order of O(5t°) for the
calculation of the positions r(t + 6t).

Although from eq. A.10 the velocities are not required for the generation of the trajectory,
they are required for the kinetic energy, and/or to facilitate for coupling to an external
bath. The calculation of the positions does not have an explicit expression for the
velocities, but they can be calculated through an additional step, by subtracting equations
A.8 and A.9. Equation A.11 shows that the velocities for time t are not actually available
until t + Jt.

_r(t+6t) —r(t—6t)
B 26t

v(t) + 0(6t?) A.ll

The drawback with the velocities can be addressed using a variation of the Verlet scheme,
the intuitively called, “leapfrog algorithm” [343-345] in which half-timesteps 6t/2 are
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used for the calculation of velocities and whole timesteps for the positions and
accelerations.

r(t+6t) =r(t) +v (t + %&) 5t + 0(5t?) A.12
v(t+ %&) = (t — 28t) + a(t)st + 0(6t?) A3

With the leapfrog the velocities are computed explicitly in the integration and
numerically is more accurate since there is no subtraction of larger and smaller terms (eq.
A.10). Since it is a derivation of the Verlet algorithm, it gives rise to identical trajectories
[340], but now the velocities and positions are calculated asynchronously, thus the kinetic
and potential energy cannot be calculated at the same time, resulting to the inability of
computing the total energy at any time, via the relation H = K + V.

An equivalent to the original Verlet algorithm is the “velocity Verlet” [346] which stores
the positions velocities and accelerations at the same time t. This minimizes the rounding
errors that are present in the original Verlet algorithm [338]. The expression of the
positions is yielded from the Taylor expansion for t + 6t (eq. A.4). Eliminating the
velocities, the original Verlet scheme can be yielded.

r(t + 6t) = r(t) + v(t)6t + %a(t)c?tz + 0(6t%) A.14
v(t+8t) =v(t) + %&[a(t) + a(t + 6t)] + 0(6t3) A5
v (t + %&) =v(t) + %a(t)& A.16

The velocity Verlet scheme is perhaps the most widely known and used integrator for the
generation of MD trajectories. It preserves the volume in phase-space (symplectic
integrator) and the angular momentum, is time-reversible and provides good numerical
stability. Namely, other algorithms for integrating the equations of motion that are not
going to be discussed here are: Euler algorithm, Beeman’s algorithm, velocity-corrected
Verlet algorithm, predictor-corrector and Gear predictor-corrector.

Choosing the timestep

The choice of the timestep &t, that will be used in the integration of the equations of
motions is a crucial step in the procedure of an MD simulation. It is essentially a
compromise between accuracy and computational time. Too large, and there are high
risks of numerical instabilities and the simulation “exploding”. With a large timestep,
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atoms can jump energy barriers, the energy increasing rapidly with time. If two atomic
coordinates nearly overlap, the underlying atoms will repel each other with very high
velocities and create instabilities in the system. Too small, and the phase space will not
be adequately visited, or sampled. The fastest motion of the system described will dictate
the value of the timestep, and it is typically an order of magnitude smaller than that. For
a flexible molecule, like a protein, the bond stretching that contains a hydrogen atom will
undoubtedly be the fastest motion. In an Infrared Spectroscopy (IR) spectrum the C-H
vibration is found around 3000-3300 ¢cm ™1, and this translates to 10-11 fs. Thus, the
timestep is set at 1 fs for most applications. There are ways to speed up a simulation
while maintain its accuracy. This can be achieved by employing a multiple timestep
integrator scheme.

Periodic Boundary Conditions

A mole of atoms, by definition contains 6.02214076x10? particles. The goal of an MD
simulation is to extract macroscopic properties of a system, but it is not possible to
simulate the number of atoms that are found in macroscopic systems, on the order of
moles. Computer simulations are often performed on a much smaller number of
molecules. Historically, the ever so increasing capability of computer hardware and
software has enabled the number of simulated atoms to increase. In 1989, Allen and
Tildesley report that the system size is between 10 and 10.000 molecules [338]. Today,
a simulated system can exceed this quote by two orders of magnitude. The simulation is
performed in a confined space which contains all the elements of the system, called the
simulation box. The box is usually cubic, but not necessarily. Particles close to the
surface (walls of the box) are of the order of N*/3, where N is the number of atoms in the
box. For a system in the order of moles, this does not pose a big problem, but for a more
realistic simulation system size, atoms in the interior of the box are proportionately very
few. Such atoms will experience different forces compared to the atoms in the bulk [338],
meaning pronounced surfaced effects will predominate, and reliable “bulk” properties
will not be able to be derived [137]. To simulate bulk behavior the Periodic Boundary
Conditions (PBC) have been introduced to mimic the presence of an infinite bulk
surrounding the system at hand [340]. The atoms are placed in the box and the box is
multiplied in all dimensions. For a three-dimensional system, the central box will now
be surrounded by 26 replica images, and those will be surrounded by 98 replica images
etc. The positions of the atoms in the replicas are easily computed by adding/subtracting
integral multiples of the box sides [137]. The basic principle of the PBC is that when a
molecule leaves the central box from any side, it will re-enter through the opposite side
from the neighboring box, since atoms in the atoms in the replicas are moving exactly
the same way as in the central box [338]. The number density of the central box is
conserved in this way, and the only coordinates that need to be stored are the ones of the
central image and not of all the periodic images. This would result in an infinite number
of coordinates. With the introduction the PBC, surface effects are now eliminated
because there are no boundaries between the simulation boxes.
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Minimum Image Convention

One aspect that should not be neglected is that particles from the central box will not only
interact with other particles from the same box. They will also interact with particles from
neighboring images. As a result, the number of pair-wise interactions will vastly increase.
The pairwise interactions between an arbitrary molecule i, and every other molecule in
the central box are N — 1. If we were to include the interactions between molecule i and
every other molecule amongst the periodic images this would result in infinite terms and
deem the simulation impossible in practice. An approximation can be constructed for the
short-range interactions. According to the minimum image convention a particle is only
allowed to interact with at most one image of every other atom in the system. Only the
closest image is considered for the calculation of non-bonded interactions. If a non-
bonded cut-off is employed, it should not allow for a particle to interact with itself. Thus,
its maximum value should be half the length of the simulation box, assuming a cubic cell.
Particles that are found further apart than 7,4, ¢ Will have interaction values of 0.

Neighbor List
The computation of the non-bonded interactions is perhaps the most time-consuming step
in the simulation. The introduction of the cutoff distance 7055 1s an efficient way to

reduce computational cost. But, in order to evaluate if two particles are within the cutoff

N(N-1) . )
distances 1s

distance, their distance must be first calculated. The time to calculate

almost as much as calculating the energies themselves, and scales as N2 [137, 340]. The
neighbor lists are based on the idea that the neighbors of an atom will not drastically
change every 10-20 steps. It is then known for which pair of atoms; the non-bonded
interactions will be calculated. To do so, the list includes the neighboring atoms of an
atom i that are found slightly further away than the cutoff distance. This is due to energy
conservation reasons. Assuming two atoms i,/ being 10.5 A apart, in time t, with the
cutoff distance set at 1105 = 10 A, the neighbor list distance set at 73;, = 10 A and the
neighbor list updating every 10 steps. At that time 73; > 7¢yr0rs and the non-bonded
interactions between i, j will not be computed. After 5 timesteps (t + 56t) the distance
T = 9.7 A and the non-bonded interactions between i,j should now be computed
because 1;; < Teyiorf. But it will not because the atoms i, j are not included in the and
the neighbor list will not be updated for another 5 timesteps. This will result in the energy
of the system not being conserved and cause instabilities. If the neighbor list distance
was set to 13;5, = 12 A, then atoms i, j would be included as neighbor atoms for the whole
update cycle of 10 timesteps and the decisive factor of calculating their non-bonded
interactions would be if 7;; was smaller than 7,4, ¢ Or not. Atom pairs that are included
in the neighbor list but are outside the cutoff distance are simply ignored. For this reason,
the 7y;5; is set slightly larger than the 7,055 to ensure energy conservation and avoid
instabilities like in the example above.
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Cutoff Schemes
In the section “Neighboor list”, the tight relationship between the list distance r;;5; and
the cutoff distance 7¢y¢o s Was shown. In this section, three widely known cutoff schemes
will be discussed.

Truncation

The most simplistic cutoff scheme is the simple truncation where the interaction energy
is set to 0 whenever the distance between two atoms i, j , becomes larger than the cutoff
distance 13; = Teyroff-

O'.. 12 O'.. 6
4¢.. Y _ (Y , . <7
Voaw (1) = Y ((ﬁj) (Tij Y cutoff Al7

0 ) Tij = Teutoff

The truncation scheme will introduce discontinuity in the energy at ry:o5r, With an
infinite force and acceleration.

Potential Shift

With the addition of a constant term and a small linear term to the potential, the derivative
at eyto 5 becomes 0, and the discontinuity appears in the gradient of the force, and not
the force itself [338].

Tij = Teutorf
Tij=Tcutoff

dV(T'U)>

Vrij - chtof - (rij - rcutoff)( dr::
tj

Vyaw (1ij) = A.18

0 'rij >rcutoff

Although the force is going smoothly to zero, the potential itself differs from the original
and consequently the model is essentially not the same. The properties computed for the
model will differ, but with a perturbation scheme the properties of the atoms interacting
with the “true” (original) potential can be retrieved [137, 338]. Nevertheless, the energy
is conserved with the shifted-force potential.

Potential Switch
A method to avoid discontinuity in the energy and force is via a switch function. A switch

function can be a smoothly decaying polynomial function of distance S(r;;) that is
multiplied to the original potential with the relation:

V' (1) = V(ri)S(ri5) A.19
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The switching function can be applied for the entire range of values of 7;;, but this affects
the energy. Alternatively, the switch function is applied only to a small range of values
of r;j. The potential will have its original expression until 7;; = 134,,. When 135, < 175 <
Thign the potential switch will be applied to the original potential. With a careful choice
of the switch function, meaning that is smoothly changes its value from 1 to 0 and its first
and second derivatives at 1j; = 14y, and 71;; = Tp;4p are also 0, ensures that the force will

also approach smoothly to 0 and the integration algorithm will perform the integration
correctly [137].

Long-Range Interactions

The usage of cutoff distances to speed up the calculations of non-bonded interactions is
good approximation for the short-range interactions, described by the Lennard-Jones
potential, but it introduces numerical instabilities for the long-range interactions and
serious inaccuracies, and it generally not recommended. The reason is that the Lennard-
Jones decays as ¢ and the charge-charge interactions decays as 7~ 1. Interactions that
decay no faster than =™ can pose a problem in the computations since their range can
often be greater than half the box length and scales as O(N?). Ewald [347] developed a
sum to study ionic crystals, taking advantage of their natural periodicity. His method,
“Ewald Summation Method” can be also applied to quasi periodic systems that are
generated through the Periodic Boundary Conditions. Assuming a cubic simulation box
with an edge length L, and N charges. The system is periodic, and a particle will interact
with every other particle in the central box, and all the other images, but not with itself.
The charge-charge interactions can be expressed by:

qiq;
S o
2 4nso|rlj+n|

where n, the cubic lattice points, n = (nxL, n, L, nZL). When |n| = 0, the terms with
i = j are omitted to avoid self-interactions. The principle behind the Ewald summation
is that the Coulombic interactions are split in a “near”-field and a “far”-field term and the
choice of f(r) is crucial to deal large variations at small values of r, and slow decay at
large values of r [137].

r r r

Every charge is represented by a § function and for every § function, a Gaussian function
of the opposite charge, and centered at the position of the point charge is introduced
[341]. The Gaussian is of the form:
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where a is an arbitrary parameter that determines the width of the distribution. This
distribution acts like an ionic cloud, screening the interactions between neighboring point
charges [338]. The “near”-field term can be evaluated from the interaction between the
screened point charges, by summing over all molecules in the central box and all images
in the real space. The original point charge interactions can be recovered by
compensating for the addition of those Gaussians, by adding a same shaped Gaussian of
the opposite charge (same sign as the original point charge). The cancelling Gaussians
are summed in the reciprocal space [338]. Below the final Ewald formula is shown. A
detailed derivation of the final expression can be found in refs. [137, 338, 339].

[oe]

( 9:9; erfc(a|rij + n|)
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The error function is given by the expression:
erfc(x) = if et dt A24
= .
X

The last correction term in the final expression is conditional and it depends on the
medium that the simulation is performed at. It is needed of the medium is a vacuum and
it is omitted if the medium is a conductor [137]. The Ewald summation method is quite
an expensive implementation for the computation of long-range interactions, due to the
reciprocal space part of the computation. It scales as O(N?) and it can be modified with
a varying value of a to scale as O(W), but this could introduce incompatibilities
between the Coulomb and Van der Waals interaction ranges [137]. A method to speed
up the computation was developed by Darden et. al [348], among others, which scales
with O(N log N) and uses the fast Fourier transform for the summation of the reciprocal
space terms. This is possible when the point charges are replaced by a charge-based
distribution system (mesh) [137].
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Statistical thermodynamics and MD

A Molecular Dynamics simulation generates information in the microscopic scale, such
as atomic positions, velocities, and forces. The goal though is to extract macroscopic
properties of the underlying system, such as temperature, pressure, compressibility, and
many others. The transitions from the microscopic to the macroscopic scale is mediated
via the principles of statistical thermodynamics. A very big difference between
simulations and experiments is the definition of the average value of a property. A system
of N particles can be described by 6N coordinates considering a three-dimensional space.

pN = (P1x D1y P1z)P2xr -» Pnz) A25

N

r = (TIXl rly: rlZi rZXl ey er) A.26

Assuming a property X, its instantaneous value can be written as X (pN ®),r" (t)). The
value of X fluctuates in time due to interactions between the components of the system.
In experiments, the observable value of X that is measured, is an average of the
instantaneous value of X during the time that the measurement takes place and is
expressed by equation A.27 below [137].

1 T
Xops = lim—| X(p"(0), " (D)) dt A27
t=0

For a simulation then, it would be necessary to calculate the dynamic behavior of the
system with a satisfying sampling over the phase space, to compute average values of
properties. The integration of the equations of motion, using the force field potential
energy to describe the interatomic interactions yields the trajectory with the time
evolution of the positions, velocities and accelerations [137]. The limitation of the
simulation’s approach is that it cannot generate trajectories for systems in the
macroscopic scale, in the order of moles. Even for a more manageable simulation system,
equation A.27 cannot be truly extended to infinite time, but it can be satisfied with long
enough sampling over a finite time t, represented by n, number of time steps with the
relation t = n; X 6t [338].

1w
(X)time = n_t;X(pN(t):rN(t)) A28

Through statistical thermodynamics the expected value (X) through the time average, is
replaced by the equivalent ensemble average. An MD simulation will generate a
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thermodynamic ensemble of predetermined variables (N, V, T, P, E, p, a) that will
characterize the thermodynamic state of the particles comprising the system.
The ensemble average is given by equation A.29:

(X) = ff XN, ™p@",r") dpdr" A29

Microscopic coordinates and momenta of the particles are now coordinates in the phase
space of 6N dimensions, and are distributed by a probability density p [338]. Through
the ergodic hypothesis, averages over a trajectory are equivalent to averages over the
thermodynamic ensemble [349]. In this work molecular systems will be simulated in the
NVT and NPT ensembles. Those are expressed by the partition functions below [338]:

1 1 [ M@
Qnyr = mhﬁj e kT dpYdr¥ A30
111 _H@ENrN)+Pv
NPT — mhﬁvf de e kpT dedTN A3l
' 0
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