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ABSTRACT

Molecular Modeling of Ion Transport and Ion Sensing in Proteins

Tugba Nur Oztiirk, Ph.D.
Concordia University, 2019

Molecular modeling complements conventional experiments by providing atomistic details
behind the structural dynamics of transport proteins and unraveling the complex relationships
among their structures and functions. In this thesis, we use molecular modeling to study the Orai
channel and ProP transporter. Orai proteins function as store-operated calcium channels in most
eukaryotic cells and are particularly interesting due to their high calcium selectivity, low
conductance and unusual pore structures. We present molecular dynamics simulations of two
Orai multimers — hexamer and tetramer — and examine their structural dynamics. The results
show that the Orai tetramer retains most of the structural features of the hexamer, while creating
a more tightly-packed hydrophobic pore. We then present free energy calculations of ion
permeation through these multimers. To test whether the Orai pore can be opened via helix
rotation, the multimers with rotated pore-forming helices were also simulated. Our results
demonstrate that helix rotation significantly lowers the energy cost of ion translocation along the
Orai pore, regardless of multimeric state. What depends on stoichiometry is the Ca** selectivity
versus Na*. When opened, the hexameric pore is better adapted to Ca®>" permeation, displaying
changes in relative permeabilities that are consistent with calcium-selective currents.
Interestingly, the opening of the hexamer barely makes a difference for the permeation of Na*

and K" ions, while opening the tetramer almost completely removes the barrier for these ions.

We also present our work on the E. coli ProP transporter, which pumps osmolytes into cells to
prevent cellular dehydration as the cytoplasmic cation concentration increases. We built a
homology model of the cytoplasmic C-terminal domain (CTD) of ProP that is implicated in

osmosensing and performed molecular dynamics simulations to examine salt dependency in the
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CTD-membrane association. The salinity dependence of the CTD-membrane interaction does not
arise from changing salt bridge patterns. In fact, it correlates with a decrease in membrane

fluidity due to increasing salinity.

To our knowledge, the studies presented here are the first computational work addressing the
selectivity and permeation of Orai channels in two different multimeric states, as well as building

a model structure of the cytoplasmic domain of ProP.
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Chapter 1. Introduction

Inorganic ions are necessary for cell survival. They play direct, physiological roles by interacting
with proteins, lipids and nucleic acids, or are used as coupling ions to promote the
transmembrane movement of other ions or organic solutes. For instance, Na" and K' play vital
roles in (1) maintaining membrane potential; (2) balancing osmotic pressure on both sides of the
cell membrane; and (3) generating nerve impulses [1,2]. Living systems maintain these ions at
precise concentrations through a process called homeostatic regulation, which ensures that the
physical and chemical conditions within cells conserve a steady state. This regulation
necessitates the movement of ions across the cell membrane, as their concentrations are not static
and vary in intracellular and extracellular fluids (see Table 1). In single cells, ion transport
facilitates signalling, volume regulation and pH balance, while in higher organisms flow of ions
also mediates muscle contraction, immune responses, secretion and proliferation [1,3].

The hydrophobic nature of the lipid bilayer that forms the cell membrane creates an energy
barrier that acts against the permeation of most charged molecules, including inorganic ions.
Allowing and controlling the precise flow of ions through the membrane therefore becomes the
essential task of transport proteins, which are specialized to determine the types of ions permitted
through, as well as when they may pass and in which direction. For instance, Ca*" acts as an
effective signal inside cells because its intracellular concentration is tightly controlled — at sub-

micromolar levels — by Ca*"-activated ATPase, a specific class of transport protein [4].

Table 1.1. Intracellular and extracellular concentrations of the most physiologically important inorganic ions found

in the human body: Ca?", CI', K', Mg?" and Na* [2,5]

Ion Intracellular Concentration (mM) | Extracellular Concentration (mM)
Ca?* 0.0001 2

Cl 4 104

K* 140 4
Mg?* 1 1

Na® 10 140




Transport proteins are broadly divided into two classes: channels and transporters (the latter also
known as pumps) [6,7]. Channels mediate the energetically favourable physical translocation of
ions, and hence mediate the transport of small molecules via passive diffusion. Transporters, on
the other hand, maintain a concentration gradient across the cell membrane by consuming energy

to transport ions against their electrochemical potential.

Compared to the nonpolar membrane, a channel provides a hydrophilic—and therefore
energetically favorable— permeation pathway for conducting certain types of ions [3]. The
access to this pathway is altered by a conformational change known as gating, which can be used
to categorize channels: voltage-gated channels open in response to changes in the membrane
potential; ligand-gated channels open in response to the binding of a specific molecule; tension-
gated channels open in response to stretch, pressure or shear (see Figure 1.1). The transport
mechanism of an ion channel involves relatively little energetic interaction between the channel
and its permeant ion [8], because the permeant ions move in the direction of their concentration
gradient. Since channels mediate the physical translocation of ions in this thermodynamically
downhill manner, their rate of ion transport is much faster compared to the rate by transporters.
To be more precise, single channel studies revealed that the characteristic current through an
open channel is around 1 pA, corresponding to 107 ions per second [9]. Transport rate is often

used as a criterion to classify a transport protein as a channel or a transporter.

(A) < - =

~/

CLOSED

OPEN

1S &,
Figure 1.1. Gating mechanisms of (A) voltage-gated, (B) ligand-gated and (C) tension-gated channels (adapted from
Ref. [9]).



In contrast with channels, transporters consume energy provided by ATP or the electrochemical
potential gradient of a coupling ion to mediate the thermodynamically uphill transport of
inorganic ions or organic solutes. Their transport mechanisms often involve one or more high
affinity interaction with the substrate, resulting in transport rates several orders of magnitude
slower than those of channels [3]. Transporters are also divided into two broad classes: primary
active transporters that couple the movement of the transported molecule to the hydrolysis of
ATP, and secondary active transporters that couple the movement of two (or more) inorganic

ions, or of an inorganic ion and an organic molecule [8] (see Figure 1.2).

Primary active Secondary active
transport transports
w . h + + _
/‘\ v O |
ATP ADP
® o ¢ - -

Figure 1.2. Primary and secondary active transporters (adapted from Ref. [10]). Secondary active transporters are
named symporters if both ligands are transported in the same direction and antiporters if the ligands are transported
in opposite directions. The diagrams given on the right show the electrochemical-potential gradients of the ligands.
These ligands are often ions such as CI, H*, K" and Na".

Despite the difference in their transport rates, channels and transporters have several common
features. For example, they act on both inorganic ions and organic solutes (with and without a
net charge). In addition, they generally consist of transmembrane domains that are mostly
formed of bundles of alpha helices. In the transmembrane domains, the side-chains of most
amino acids are hydrophobic, whereas in the solvent-exposed regions, polar and charged amino
acid side-chains can be found. The amino acids lining a permeation pathway often create a
unique microenvironment that reduces the energetic cost of the translocation of the certain kind
of ion for which the transport protein is selective. Transport proteins, regardless of their classes,
are generally very selective for a certain kind of ion or molecule. The simplest definition of
selectivity is the ability of a transport protein to select a specific ion type to permeate more easily

— at a faster rate — than the other ions [7]. For example, Orai calcium channels, which will be one



of the main objects of the present study, show 1000-fold preference for Ca’* ions against Na®

ions [11].

Transport proteins constitute an important class of membrane proteins, drawing increasing
amount of attention in the field of cell biophysics due to their indirect or direct roles in almost
every cellular function. The three-dimensional structures of these proteins have been
characterized with experimental techniques such as X-ray diffraction (XRD), nuclear magnetic
resonance (NMR) and cryo-electron microscopy (cryo-EM). The first crystal structure of an ion
channel (the KcsA K' channel) was determined by Doyle et al. using X-ray diffraction [12].
Even though it is static, the crystal structure of the KcsA channel provided insights into its high
K" selectivity. Such structural data also provide a starting point for molecular dynamics
simulations, with which a biomolecular system (such as a transport protein) can be simulated by
employing Newton’s second law. These simulations predict dynamic processes with a high level
of temporal and spatial resolution that is not possible through experimental methods [13,14]. In
addition, a typical molecular dynamics simulation investigates the dynamics of a transport
protein embedded into a lipid bilayer and solvated by water and salt ions, whereas some
crystallography experiments lack a realistic membrane environment. Consequently, molecular
dynamics have become a popular modeling method to elucidate the underlying physical
mechanisms of transport proteins, and to relate functional measurements to structural data in
atomic detail [7,15-17]. For example, molecular dynamics studies of the following transport
proteins have complemented experimental studies to shed light on the relationship between the
structures and functions of these proteins: gramicidin A channels [18], KcsA channels [19,20],
NaK channels [20], LeuT transporters [21], and Na'/K" pumps [22]. More recent molecular
dynamics studies cover a wide range of channels and transporters such as the Ca" selective
voltage-gated channel Cay1.2 [23], the serotonin transporter SERT [24], and the Na'-coupled
betaine transporter BetP [25]. In the last decade, it has become possible to perform microsecond-
long molecular dynamics simulations of individual transport proteins in almost native
environments (all-atom models of membranes, water and salt ions) [7,26]. As technology
advances, molecular dynamics can be used for the investigation of larger biomolecular systems

for longer timescales.



The studies presented in this thesis focus on two transport proteins: the Orai calcium channel and
the ProP osmolyte transporter. In addition to being classified in different classes of transport
proteins, these proteins are also exposed to different cellular environments. The former is a
eukaryotic channel whereas the latter is a prokaryotic transporter. Here we use molecular
modeling methods to study these two structurally and functionally different transport proteins.
The next two sections present each protein and explain our aims for studying them. Chapter 2
describes the computational methods used in the studies presented here: homology modeling,
molecular dynamics, and molecular dynamics combined with enhanced sampling methods.
Chapter 3 presents the computational investigation of conformational dynamics of hexameric
and tetrameric Orai proteins. Chapter 4 investigates the free energy profiles of translocating
single ions along the pores of these proteins. Chapter 5 presents our study on understanding the
role of the C-terminal domain of the ProP transporter in osmosensing. Finally, Chapter 6

emphasizes the conclusions of these studies and suggests an outlook for future research.

1.1. Orai Calcium Channel

Intracellular Ca®* concentrations are tightly regulated by Ca®" transporters in the plasma
membrane (PM) and in the endoplasmic and sarcoplasmic reticulum membranes of eukaryotic
cells. These transporters can maintain the intracellular Ca*>" concentration up to 20 000 times
lower than in the extracellular milieu [27]. Cells use Ca?" as a crucial signalling messenger for
several cellular functions including muscle contraction, immune activation, and proliferation;
and low intracellular concentrations make cells sensitive to Ca?" perturbations [27-29]. One of
the most conserved mechanisms of Ca®" influx is mediated by Ca®" release-activated Ca**
(CRAC) channels. These channels are activated when Ca®" stores in the endoplasmic reticulum
(ER) are depleted. In 2005, an ER membrane protein named stromal interacting molecule
(STIM) was identified as the calcium sensor of these channels [30-32]. A year later, a plasma
membrane protein — Orai — was identified as the pore subunit of these channels [33-35]. Other
names have been subsequently given to these channels including store-operated calcium

channels and Orai calcium channels.

Over the last decade, CRAC channels have attracted attention because of the distinct features of
the Ca®" currents they generate: low single-channel conductance, high calcium selectivity against
Na® and K*, direct dependency on Ca?" stores of the ER, inward rectification and independence

5



from the membrane voltage [27]. CRAC channels continue to provide an interesting field of
research mostly due to three unresolved issues: (1) how Orai channels are gated by STIM
proteins; (2) how Orai proteins with different oligomeric states selectively mediate Ca?* flux;

and (3) how their unusual pore environment mediates Ca>" permeation.

Orai proteins are activated by STIM proteins which function as Ca®" sensors in the ER. When the
Ca?" concentration in the ER decreases, STIM proteins oligomerize and diffuse to the ER-PM
junction. There, they interact with Orai dimers and multimerize them. The binding of STIM
proteins opens the pores of Orai channels, initiating Ca?* entry into the cell mediated by Orai
proteins. The underlying mechanism behind the gating of Orai channels is not fully understood:
where STIM binds and how it gates the Orai proteins are still subjects of interest [29,36]. Studies
of the STIM:Orai ratio have yielded different results including 1:1 [37] and 2:1 [36,38,39]. In
general, STIM is believed to interact strongly with the C-terminus of the Orai protein [37] and
weakly with the N-terminus [39—41]. For example, a recent study revealed that STIM is likely to
interact with the C-terminus of the Orai protein indirectly while forming a unique dynamical
coupling with Orai: STIM not only multimerizes and gates Orai, but also alters its Ca**
selectivity [36]. That being said, the gating mechanism of Orai channels and stoichiometry of the

Orai-STIM machinery remain open questions in the field.

Following the identification of Orai as the CRAC pore subunit, several studies concluded that
CRAC channels are active as a tetrameric assembly of Orai proteins [42—50]. That conception
has remained the most widely accepted, though other oligomeric states of Orai proteins have
been reported [51-53]. However, the arrival of the first crystal structure of the Drosophila
melanogaster Orai protein [11] challenged the established idea that the tetrameric assembly of
Orai is the active channel. In fact, some studies identified the functional Orai as a hexamer
[36,54-56], and store-operated calcium entries were also detected using different Orail
concatemers, including dimers, tetramers and hexamers [55]. None of these studies have
explained the differences between these multimeric states; their focus simply shifts from tetramer

to hexamer.

The D. melanogaster Orai is a member of the conserved family of Orai proteins and shares 73%

sequence identity with its human ortholog, Orail. The crystal structure of the Orai protein



revealed a hexamer assembly of its subunits [11] (see Figure 1.3). Each subunit consists of four
transmembrane helices (TM1-TM4) followed by a cytosolic helix (TM4-extension) that adopts
two different conformations in the neighbouring subunits: in one subunit, the TM4-extension
helix extends toward the cytosol, whereas in the next subunit it bends backward toward the
neighbouring subunit. This gives a threefold symmetry to the channel in its outer helical ring,

and the rest shows a six-fold symmetry.

(A)

(C) ™4 TM3 TM1 TM2 (D) T™M4 TM3 TM1 TM2

‘ L§L' oy
AS 1> & b K159=/~
N7 "’),\ ’ AL
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"ﬁ“—'}qj\ e
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Figure 1.3. Crystal structure of D. melanogaster Orai protein (PDB ID: 4HKR) [12]. (A) Top and (B) side views of
the Orai channel, comprised of six Orai subunits. In each subunit, the TM1 helices that form the ion pore are colored
in blue. (C) In one subunit, the rest of the transmembrane helices (TM2, TM3, TM4 and TM4-extension helices) are
shown in white. The TM4-extension helix of subunit A extends toward the cytosol. (D) In the neighbouring subunit
B, the TM2, TM3, TM4 and TM4-extension helices are shown in orange. In this subunit, the TM4-extension helix
adopts a different conformation; it bends toward subunit A. The conformation difference in TM4-extension helices
causes Orai channels to have a three-fold symmetry. (E) The side view of the TM1 helix is shown in the cartoon
representation, with the pore-lining residues shown in the licorice representation.

The pore of the Orai crystal, formed by a ring of TMI helices, was found in a closed
conformation [11]. On the extracellular side, there is a short selectivity filter formed by the E178
residues of the TM1 helices (Figure 1.3E). The hydrophobic region of the pore, formed by V174,
F171 and L167, is followed by the basic region lined by K163, K159 and R155. The pore,
formed by Q152 and W148, then widens toward the cytosol with a diameter larger than 10 A. A
ring of glutamate residues is often found in voltage-gated Ca** as well as Na® channels.
However, the basic region is unique to Orai channels. Even though the crystal structure presents
a binding site for anions stabilizing the basic region in the closed conformation of the Orai
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channel, it is still uncommon for a cation channel to have a pore lined with eighteen basic amino

acids (residues K163, K159, R155 for each Orai subunit) [11,57].

Be it their gating mechanism, multimeric state or permeation mechanism, Orai channels provide
an unusual environment for Ca?" permeation. Since 2012, experimental studies have focused on
understanding how Orai channels function. Fortunately, with the arrival of the crystal structure
from the D. melanogaster Orai, computational studies can also address these questions and
provide atomistic details. Dong et al. computationally studied Na“ permeation along the pores of
the wild-type D. melanogaster Orai and its conductive variant (V174A), and concluded that the
Orai channel is likely to be regulated by water molecules in its pore [58]. In another study,
Alansary et al. built homology models of the Homo sapiens Orail and the Orai-interacting
domain of Stim1 to examine the effect of interactions between TM3 and TM4 helices of Orai on
channel activation using molecular dynamics simulations. They identified a residue as a potential
candidate for further drug design studies [59]. Similarly, in another study [60], four potential
inhibitors of the H. sapiens Orail protein were investigated using molecular modeling and
docking approaches. In contrast, Maganti et al. [61,62] performed molecular dynamics
simulations to examine calmodulin binding to the Orail channel. Several studies focused on a
Ca?" accumulating region (CAR) located in the loop connecting TM1 and TM2, and used both
experimental and computational approaches to investigate the role of N-terminal helices on the
activation mechanism of Orai channels [63—66]. More recently, Yamashita et al. [67] and Yeung
et al. [68], combining experiments with molecular dynamics simulations to study the wild-type
Orail and its variants, proposed that STIM proteins activate Orai channels by rotating its pore-
forming inner helices. These authors did not explore their hypothesis with free energy calculation

methods (see Section 2.3).

Even though Orai proteins have been extensively examined in the last decade, several questions
about them remain unanswered. Understanding how these channels function is of particular
importance since these proteins are implicated in several diseases. For example, in humans, gain-
of-function mutations in Orai proteins are known to cause tubular aggregate myopathy [69,70],
whereas their loss-of-function mutations result in immunodeficiency [71,72], hypotonia (muscle
weakness) [73], ectodermal dysplasia [74,75], and nonprogressive myopathy [76]. Consequently,

the aim of Chapter 3 and 4 of this thesis is to answer the following questions: (1) Can Orai
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proteins form tetramer assemblies as well-packed as hexamer assemblies and do their dynamics
differ significantly? and (2) Can the selective permeation of Ca?" along the pores of hexameric
and tetrameric assemblies of Orai proteins be studied using molecular dynamics simulations in

atomic detail?

1.2. ProP Osmolyte Transporter

Osmosensing and osmoregulation are important for cell survival. Cells must respond to changes
in their environment rapidly. Changes in extracellular osmolality provoke water flow across the
membrane, and therefore directly alter intracellular water activity. In a physicochemical sense,
water activity affects cell volume, membrane tension, cytoplasmic viscosity, membrane potential
and ion gradients [77,78]. This alters interactions among biomolecules, including ions and
proteins. As a response to changes in their environments, transport proteins residing in the cell
membrane are expected to undergo conformational changes and to alter their interactions with

the lipid membrane [78].

Bacterial cytoplasmic membranes are highly permeable to water and cellular hydration can be
altered in microseconds [77]. To survive, bacterial cells must respond to water flux into or out of
their membrane. They do so by releasing or accumulating small organic solutes and electrolytes.
This mechanism, known as the osmoregulatory response, is carried out by both mechanosensitive
channels and osmoregulatory transporters [79]. Mechanosensitive channels open in response to
forces exerted by the lipid membrane, and release osmolytes from the cytoplasm when the
external osmolality decreases unexpectedly. Alternatively, osmoregulatory transporters mediate
cytoplasmic accumulation of osmolytes as the external osmolality increases. The signals to
which these transporters respond have been the subject of extensive investigation [80]. In
Escherichia coli (E. coli), a H/osmoprotectant symporter named ProP functions both as an
osmosensor and an osmoregulator. It mediates the accumulation of osmolytes such as proline and

glycine betaine [8§1-83], and is activated as the external osmolality increases.



\*-Cytoplasmic C-terminal Domain

Figure 1.4. Schematic diagram of the ProP structure (adapted from Ref. [78]). ProP consists of 12 transmembrane
helices forming two adjacent ellipsoids and an anionic, cytoplasmic C-terminal domain (CTD).

ProP is a 500 amino acid residue Major Facilitator Superfamily (MFS) member, residing in the
cytoplasmic membrane [84]. Like other MFS members, ProP consists of 12 transmembrane
helices (TMs) integral to the membrane [84]. Unlike its paralogs, ProP also includes an
extended, charged cytoplasmic C-terminal domain (CTD) connected to transmembrane helix XII
[84]. The CTD of ProP is implicated in its activity and it forms a homodimeric, antiparallel,
alpha-helical coiled-coil with an adjacent ProP [83,85,86]. ProP activity forms a sigmoid
function of the osmolality in intact cells and in proteoliposomes reconstituted with the purified
protein [80,81,87]. Thus, ProP serves both as an osmosensor and an osmoregulator, in its lipid
environment, and in the absence of other proteins. A thermodynamic analysis of the osmotic
activation of ProP in proteoliposomes supported a two-state model, in which ProP—from an
inactive form—is activated when the inorganic cation concentration of the proteoliposomes
lumen increases, as a result of increasing osmolality of the external medium [88]. The cation
effect was found not to be ion-specific [88] and an increase in the luminal concentration of a
noncharged but polar molecule, glucose, did not activate ProP [87]. Taken together, these studies
implied that Coulombic effects were critical to the osmotic activation mechanism. Such effects
might include the proximity of ProP and the lipid; folding or assembly of anionic CTDs; and/or
an increase in local membrane surface charge density [88]. The osmolality at which ProP
activates is modulated by the proportion of anionic phospholipids in its host membrane,

indicating that interactions between ProP and lipids might also play a role in osmosensing [89].
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On one hand, several studies [83,86,89,90] indicated that some modifications to the CTD,
including the part forming the coiled-coil, profoundly affect ProP activity and the osmotic
activation of ProP. On the other hand, the coiled-coil is not essential for osmosensing since there
are osmosensing ProP orthologues lacking the coiled-coil domain [91]. These seemingly
paradoxical findings contribute to making the effect of the CTD in the osmosensing mechanism

of ProP a complex, open question.

oH" oH* oH* oH'
A) o R ® gl ! () | |
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Figure 1.5. Proposed structural mechanism (adapted from Ref. [91]). According to this model, ProP may exist in
three forms: ProP;, ProPa and ProPac. (A) When inactive, the CTD associates with the membrane and locks the
protein in an inactive, inward-facing conformation, ProP;. (B) Increasing cytoplasmic cation concentration weakens
the CTD-membrane interaction. Then, ProP, is active and free to alternate between the inward and outward facing
conformations. (C) Two adjacent ProP CTDs form an alpha-helical coiled-coil stabilizing an active conformation.
Coiled-coil formation prevents the CTD from returning to the membrane surface since the arrangements of the
CTDs in the ProP; and ProPac are mutually exclusive as concluded in our previous work [91]. H and osmolytes are
shown as small and large circles, respectively. The distribution of ProP transporters in these three conformations is
modulated by osmolality: ProP; would be favored in low osmolality, and ProP4 and ProPac in high osmolality.

Our previous work [91] showed that the ProP CTD can either form a coiled-coil dimer or
associate as a monomer with the surface of the anionic E. coli lipid membrane. Therefore, we
proposed a model for the activation mechanism of ProP by comparing (1) the osmolality
dependence of the activities of ProP sequence variants; (2) interactions between corresponding
peptides and liposomes [90]; and (3) direct effects of salt on the membrane lipid [91]. According
to the model, the CTD-membrane association locks ProP in an inactive conformation. That
association is destabilized as the cytoplasmic cation concentration increases. In the active ProP
the CTD is released, and then is stabilized by the coiled-coil formation. Several factors may
contribute to this phenomenon: (1) increasing salt concentrations affecting the membrane lipid
(decreasing the membrane fluidity [91]) as well as the loop connecting TMXII to the CTD helix;
(2) salt bridges and hydrogen bonds between the CTD-membrane; and (3) interactions within the

ProP peptide.
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Chapter 5 presents our study of ProP transporters in collaboration with Dr. Janet Wood’s
laboratory, and it aims to build a realistic model of the C-terminal domain (CTD) of ProP in
order to understand the role the CTD plays in osmotic activation of ProP. Our modeling
approach is specifically tailored to interpret complex experimental data by probing the
interactions between the ProP CTD and the membrane at atomic resolution. Here, we present
only the computational part of the project revealing new insights regarding the salt dependence

of the CTD-membrane interaction.
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Chapter 2. Computational Methods

This chapter covers the computational methods used in the studies presented in this thesis:
homology modeling, molecular dynamics and two of the enhanced molecular dynamics methods
capable of estimating the free energy of a system — the umbrella sampling and the adaptive

biasing force method.

2.1. Homology Modeling

The function of a protein is determined by its three-dimensional structure, and thereby its
sequence. Protein structures can be experimentally determined by X-ray diffraction (XRD),
nuclear magnetic resonance (NMR) spectroscopy or cryo-electron microscopy (cryo-EM)
methods. However, membrane proteins are difficult to purify and crystallize due to their large
hydrophobic domains, their flexibility and their tendency to aggregate in solution [92]. In theory,
the amino acid sequence of a protein can be used to determine its structure [93]. When a
sequence-level similarity exists between two proteins, structure similarities between them can be
expected, since compared to their sequences the three dimensional structures of proteins from the
same family are more conserved [94-96]. When there is no available structure for a protein of
interest, its structure needs to be predicted so that it can provide a starting point for molecular
dynamics-based studies, including protein-protein or protein-membrane interactions, ligand

binding, ion selectivity and gating mechanisms of transport proteins.

Homology modeling, also known as comparative modeling, generates the most probable
structure of a protein (target) by satisfying spatial restraints built based on its alignment with a
related protein sequence (template) whose structure is known [97]. In the studies included in this
thesis, MODELLER [97] was used for homology modeling. Therefore, homology modeling will
be explained through MODELLER for the rest of this section. MODELLER is a Python module
which requires three input files: a text file of the alignment between the template sequence and
the target sequence; the atomic coordinates of the structure of the template protein in the Protein
Data Bank (PDB) file format; and a Python script including the details of the model generation
[98,99]. The prediction of a three-dimensional structure of a sequence of interest, using

homology modeling, can be explained in four main steps: (1) identifying a template sequence;
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(2) aligning the template and the target sequences; (3) generating a model structure; and (4)

evaluating the model [99].

2.1.1. Identifying the Template Sequence(s)

The first step of homology modeling is the identification of one or more template sequences with
known structures that are related to the target protein. This step often begins with a search on the
PDB for any known structures of the target protein. Then several databases, including NCBI
[100] and PDB [101], can be used to search for template proteins that are similar to the target
protein. A multiple sequence alignment and phylogenetic tree can be helpful to identify the
templates from the closest subfamily of the target protein [93,97,98]. In general, the most
important criteria when identifying the potential templates are to satisfy the highest possible
sequence similarity between them and the target sequence; and to minimize the number and the
length of gaps in the alignment [98]. It is also worthwhile to consider the similarity of the target
and template’s environment (such as solvent, pH and ligands), and the resolution of the

template’s experimental crystal structure.

2.1.2. Aligning the Target Sequence with the Template Sequence(s)

The following step is the alignment of the target to one or multiple template sequences. If the
sequence identity between the template and target sequences is above 50%, their alignment could
be straightforward [93]. In the case of a sequence identity lower than 50%, the alignment should
be done carefully. If necessary, the alignment should be revised, and model building should be
repeated accordingly. Careful attention should be given to certain details of the procedure to
facilitate alignment, for example: minimizing the number of gaps and the number of misaligned
residues in the alignment; avoiding the gaps in the buried regions or between two residues that
are separated by a large distance; choosing multiple sequences from a non-redundant sequence

database; and superposing the aligned regions in the presence of multiple templates [93,98].

When sequence identity is low (below 25%), alignment becomes technically challenging and
may result in inaccuracies in the homology model. However, it might be necessary to build a
partial and not very accurate model to be used in computational studies combined with
laboratory experiments directed towards understanding the function of a protein. In the case of

low sequence identity with the template, the model of the target protein might differ significantly
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from its real structure. But the different parts of this model can still be reliably used to derive
useful information about the protein, as is convincingly shown in a study involving the NS3
protease domain of the hepatitis C virus [102]. In Chapter 5, we built a homology model of the
E. coli ProP transporter using the XylE xylose transporter of E. coli as a template. The sequence
identity between these proteins are 20%. Yet, we chose to use a part of this model that

corresponds to the transmembrane helix XII.

2.1.3. Generating the Model Structure

Several methods can build a homology model of the target sequence: rigid body assembly,
segment matching and spatial restraints [98,99,103]. MODELLER constructs a three-
dimensional structure of the target sequence by satisfying spatial restraints. These restraints may
include homology restraints (based on the distance and dihedral angles extracted from the
alignment between the target and template sequences), stereochemical restraints (based on the
bond length and bond angle parameters from the CHARMM force field), statistical restraints (on
the dihedral angles and side-chain conformations (rotamers) extracted from a set of

representative protein structures) and/or optional restraints defined by the user [97,98].

After constructing the backbone atoms, MODELLER uses a knowledge-based approach to
choose the rotamers, guided by the rotamer libraries extracted from high-resolution crystal
structures [93,97,99]. For the residues in the hydrophobic core of a protein, the prediction
accuracy of the rotamers is high compared to those for the surface residues. This is due to the
flexibility of surface residues and the lack of accuracy in energy score function for the rotamers
when it comes to describing complicated electrostatic interactions and associated entropy effects
[93]. Once all the protein atoms excluding the hydrogen atoms are constructed, MODELLER
optimizes the model structure by running molecular dynamics simulation. The loops connecting
the alpha helical domains (or beta sheet domains) of proteins are flexible, and therefore
especially difficult to crystallize. MODELLER builds the loops by calculating a pseudo-energy
function of distance and dihedral terms from CHARMM force field, as well as spatial restraints
based on the known protein structures [98]. It then it optimizes this energy function using

conjugate gradient method and molecular dynamics with simulated annealing [93,98].
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2.1.4. Evaluating the Model

As the sequence identity increases between the target and the template(s), the accuracy of the
predicted structure increases. If the sequence identity is less than 30%, the predicted structure
can be unreliable [93,98]. To assess the model quality, MODELLER calculates two quantities:
the objective function measuring how well the spatial restraints are satisfied and the discrete
optimized protein energy (DOPE) score based on a statistical potential as a function of atomic
distances [99]. Lower values in both quantities correspond to more accurate predictions of the
structure. In addition, a predicted model should be consistent with the known experimental

observations of the target protein.

2.2. Molecular Dynamics

Molecular simulation techniques are fundamental tools for understanding and predicting the
properties, structures and functions of molecular systems. They are particularly crucial for
studying complex systems, interpreting experimental data via the motions of molecules, and
quantitatively predicting molecular properties [104]. For example, a protein structure should be
considered only a snapshot of the protein under the crystallization conditions; by itself, the
protein structure is not enough to understand how the protein functions. Since proteins are
dynamic polymers made of amino acids, it is essential that the dynamics of a protein structure be

investigated in order to understand its function or to predict its properties.

The idea behind any molecular simulation technique is to build a particle-based model of the
system of interest, propagate the system deterministically or probabilistically, and then generate
the evolution of this system over the time frame of the simulation (i.e. generate a trajectory of the
system where each frame (or snapshot) is a configuration of its particles) [104]. If the system of
interest is propagated deterministically using Newton’s second law, the molecular simulation

technique is known more specifically as molecular dynamics.

Molecular simulation methods can describe the particle-based model of a system using different
theories. If Newtonian mechanics is used, the method uses a molecular mechanics description to
represent the atoms of the simulation system. The method works under the Born-Oppenheimer
approximation (the motion of atomic nuclei and electrons can be separated), so that the energy of

a system in question can be written as a function of nuclear coordinates. In other words, the
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motion of electrons is ignored. Generally, electrostatic interactions are described using partial
atomic charges assigned to every atom in the simulation system. Therefore, molecular
simulations cannot be used for estimating any property that depends on the electronic
distribution of a molecule such as electronic transitions or proton transfer [ 105]. Additionally, in
such simulations, pH refers to the selection of fixed protonation states [104]. In contrast, the
quantum mechanical description of any system is of high accuracy and involves the explicit
representation of electrons. However, it requires several approximations and few empirical
parameters to calculate the electronic structure of the molecules in the system. Therefore, it is
more computationally expensive. Another drawback of using the quantum mechanical
description of a system is its size limitation: quantum mechanical simulations can be performed
for small systems (roughly hundreds of atoms) whereas classical mechanical representation of a
molecular system, such as in molecular dynamics, allows us to study larger systems (roughly

hundreds of thousands of atoms) [104].

2.2.1. Equations of Motion

Molecular dynamics uses Newton’s second law to generate a trajectory of the biomolecular
system of interest — a movie in atomic resolution. At each snapshot of this movie, the positions,
velocities and forces acting on each atom in the biomolecular system are computed. Since atoms
are classically modelled under the Born-Oppenheimer approximation, measurable observables
must be expressed as a function of the positions and velocities (or momenta) of the atoms in the

system [106].

To start a molecular dynamics simulation, an initial structure (i.e. the coordinates of all atoms) of
the system is needed. The initial velocities of the atoms are assigned randomly from a Maxwell
distribution in such a way that the total momentum of the system is zero. The velocities (v) of all

the atoms are used for calculating an instantaneous temperature of the system:
2
keT(6) = B, 2o (1)
f

The velocities (vi(t)) are adjusted so that the instantaneous temperature (7(¢)) matches the desired

temperature [106]. In Equation 1, ks, Nr and m; represent the Boltzmann constant, the number of
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atoms in the simulation system and the mass of the ith atom, respectively. Newton’s second law

is employed to calculate the force (F;) acting on the atom i and the potential energy function (U).

62ri(t) _ au

Fi=m 22 o (2)

For large systems composed of more than three interacting particles without constrained degrees
of freedom, there is no analytical solution to the equations of motion [104,106]. Therefore, a
numerical integration of the equations of motion is required. Numerical integration can be
thought as of taking small, discrete steps in time. The most widely used integrators are the
Velocity Verlet or Leapfrog algorithms which generate a numerical solution to the equations of
motion [105,107]. The numerical integration requires a small time step (Af) [107]. At each time
step, the forces acting on each atom are calculated again; and new positions and velocities are

updated accordingly.

Molecular dynamics simulations of biomolecular systems are often performed at a constant
pressure and temperature (in the NPT ensemble) to mimic the conditions of a laboratory
experiment. Throughout a simulation, barostat and thermostat algorithms are employed to keep
pressure and temperature constant. For example, NAMD, one of the most widely used molecular
dynamics software, uses the Langevin piston Nosé-Hoover method in which the pressure and
temperature of the simulation system are fixed by adjusting the volume of the simulation box and
rescaling all atomic coordinates and velocities [108,109]. To avoid the boundary effect caused by
the finite size of the simulation cell, periodic boundary conditions are applied: if an atom leaves
the simulation cell from one side, the same atom appears from the opposite side of the simulation
cell (see Figure 2.1). With periodic boundary conditions, the simulation of a small system
provides a good estimation of a larger bulk phase’s behavior [104]. To reduce the computational
cost, periodic boundary conditions are often employed with a cut-off distance for non-bonded
interactions. Generally, the cut-off distance is chosen to be smaller than half of the length of the

simulation box in any dimension [104—106].
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Figure 2.1. Periodic boundary conditions are shown for a simple two-dimensional system. The simulation system,
shown in the center, is a sub-system among an infinite, identical systems. When an atom leaves the simulation box,
the same atom enters the simulation cell from the opposite side.

2.2.2. Force Fields

Molecular mechanics models each atom in the simulation system as a hard sphere that feels
forces which depend on the atom’s position and its interaction with its environment. This
approach requires a set of parameters, known as a force field, to describe the bonded and non-
bonded interactions of the simulation system. Force fields are generated semi-empirically from
electronic structure calculations and experimental data on small molecules [105]. An appropriate
force field must be chosen in order to calculate the potential energy function (U) of a simulation
system as a function of atomic positions. At each time step 7, the potential energy function is
computed as a summation of all bonded and non-bonded energy terms and is used to calculate

the forces acting on each atom in the simulation system.

Most force fields describe the bonded interactions (the interactions within a molecule) in terms
of bond stretching (Uponds), angle fluctuations (Uangles), and rotations about single bonds
(Udinedrats). Depending on the choice of force field, different functional terms might be included in
the potential energy function of a simulation system. For example, the CHARMM force field
possesses an additional two terms for describing the bonded interactions: the impropers term
representing the changes in energy due to the out of plane bending and the Urey-Bradley term

restraining the changes in the distance between two atoms separated by two bonds [110].
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Figure 2.2. Bonded and non-bonded interaction terms in the CHARMM36 force field. Changes in energy due to
bond stretching (Usonds); valence angles (i.e. angles between three bonded atoms) (Uangles); out-of-plane bending
(Uimpropers); and changes in the distance between two atoms separated by two bonds (Uurey-Bradiey) are described using
harmonic potentials. In the formulas given for each energy term, k represents the force constant whereas bo, 6o, wo
and uo show equilibrium bond length, equilibrium valence angle, equilibrium improper angle and equilibrium Urey-
Bradley distance, respectively. For example, in the Upongs term, the deviations from the equilibrium bond length for
each possible atom pair cause an energy penalty that depends on the force constant defined for that atom pair (k).
The dihedral energy term, Ulginedrals, describes changes in energy due to rotations around bonds. In this term, &, is the
force constant; » is the multiplicity of the function; ¢ is the dihedral angle; and ¢ is the phase shift. Non-bonded
interactions are represented by two terms: Ury and Ucoulomb. In the former, €; and Rmin;; are atomic Lennard-Jones
parameters: €; is the depth of the potential well and Rmin; is the distance between the atom pair where the potential
is minimum. In the latter, ¢; and ¢; represent the partial atomic charges of the atom i and j. In both terms, r;
represents the distance between the atom pair. CHARMM36 force field was used in all simulations presented in this
thesis.
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Non-bonded interactions are considered in terms of van der Waals and Coulomb potentials. Van
der Waals attraction forces (also known as London dispersion forces) and repulsion forces are
modelled using a 12-6 Lennard-Jones potential term whereas a Coulomb potential is used to
compute electrostatic interactions. Force fields calculate electrostatic interactions using the
constant, partial atomic charges assigned to all atom types unless otherwise stated. Non-bonded
interactions, by definition, are computed for atom pairs separated by at least three bonds
[110,111]. To calculate the Lennard-Jones potential between two different atom types, Lorentz-
Berthelot combining rules are employed [111].

i Rmin;+Rmin;
Eij = /€ Gj Rmmij = % (3)

Here, €;; and Rmin;; represent the energy and size parameters of the ith and jth atoms. The
former is the well depth that can also be thought as a measure of how strongly the two atoms
attract each other. The latter is the distance at which the interaction potential between the two

atoms is minimum.

2.3. Enhanced Sampling Methods in Molecular Dynamics

Molecular dynamics has been a popular technique for structural and functional studies of
biomolecular systems including protein folding [112], protein-protein interactions [113] and drug
design [114]. The molecular dynamics technique, by itself, relies on the intrinsic sampling ability
of the thermal motion of molecular systems at the temperature at which the simulation is run.
Since biomolecular systems often possess a large number of degrees of freedom, and therefore
complex energy landscapes, many biochemical processes involving these systems can only be
accessible at long time scales (microseconds). The conformational transitions underlying such
processes are often not observed during the microsecond timescales of molecular dynamics
simulations [115]. Therefore, biomolecular systems with complex energy landscapes are
generally studied using molecular dynamics combined with an enhanced sampling method. For
example, a sufficient sampling of the relevant portion of the energy landscape of the system
under investigation is needed to study ion permeation, and therefore the sampling of a molecular
dynamics simulation, to study ion permeation, must be improved with an enhanced sampling

method.
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In Chapter 4, the ion permeation studies of Orai calcium channels were done by performing
molecular dynamics simulations enhanced with umbrella sampling and the free energy profiles
are generated using the weighted histogram analysis method (WHAM). Umbrella sampling was
chosen among several methods because it is efficient and easy to implement [116,117]. Section
2.3.2 presents these two methods, umbrella sampling and WHAM, in detail. In Chapter 5, the
free energy calculation for the loop connecting the transmembrane helix XII to the cytoplasmic
C-terminal domain of the ProP transporter in solution was performed using the adaptive biasing

force (ABF) method. The details of the ABF method are presented in Section 2.3.3.

2.3.1. Free Energy Calculations

Free energy calculations are crucial to grasp the physics behind almost every biochemical
process, and are widely used in several research areas including protein folding, drug design and
assembly of membrane proteins [115,118]. Several biochemical quantities, including binding,
equilibrium constants, and solubilities, can be computed using the free energy of a system [118].
In particular, free energy can be useful for (1) understanding how likely it is for a system to
choose a particular state; (2) predicting how a biochemical process will proceed; (3) probing the
experimentally unavailable states of the system; and (4) understanding the biochemical process

of interest at the atomic level [119,120].

In the canonical (NVT) ensemble, where the number of particles in the system (N), volume (V)
and temperature (7) are kept constant, the free energy (F) of a system of N particles can be
written as a function of the positions (y = 74,7, ..., 7y) and momenta (py = Py, Pa, -, Py) Of

all particles in the system:

F = —kpTn (2 [ e HE" 5" ko gV g ) @

Here, kg and / are Boltzmann’s and Planck’s constants, respectively. #°N is introduced as the
factor of proportionality to retrieve the correct correspondence with the high-temperature
quantum-mechanical prediction while the N! factor is necessary for indistinguishable particles
[121]. H represents the Hamiltonian, the total energy of the system in a given set of coordinates
and momenta (7N, pN). In the isobaric-isothermal (NPT) ensemble, the thermodynamic potential

is the Gibbs free energy (G) defined as:
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G=F+PV =U+PV —TS (5)

where P, (U + PV) and § denote pressure, enthalpy and entropy, respectively. This distinction is
not of importance since the different ensembles (NVT, NPT, NuT, etc.) are macroscopically
equivalent for equilibrium states in the thermodynamic limit of N as the volume of the system is

large (V' — o). For macroscopic systems, deviations from the thermodynamic limit are hence

negligible because they scale as ~ 1/+/N [122]. In other words, the difference between F and G

is mostly irrelevant, since biomolecular systems are not diluted [123].

The 6N-dimensional integral makes the calculation of the free energy of a system extremely
difficult since this integrand is always positive, and its logarithm is a monotonically increasing
function [120]. In practice, molecular dynamics-based methods are used for the computation of
the free energy differences (AF) between two states of a system instead of the absolute free
energy. For any biomolecular system, the free energy difference between two states of interest
can be calculated from the probability of finding the molecular system of interest in different
states over ensembles of atomic configurations [120]. Even though a molecular dynamics
simulation can generate such ensembles for any biomolecular system, it must be combined with
an enhanced sampling method due to the intrinsic difficulty of calculating the entropy. Internal
energy and enthalpy can be estimated from unbiased molecular dynamics simulations relatively
better compared to entropy because both are mostly contributed by low energy regions, whereas
the estimation of entropy requires broader sampling of the configuration space [124]. After
generating the simulation trajectory (i.e. a sequence of conformations of the biomolecular
system), the free energy difference (AFaB) can be estimated by simply counting the number of

configurations in the corresponding states:
AFyp = —kpT log -2 (6)
B

Here, Na and N represent the count of how many times configuration 4 and B have been
explored, respectively. 4 and B can also correspond to the different conformations of the same
biomolecular system where the accessible conformational space is restricted in the desired

regions using a set of constraints [119].
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2.3.2. Umbrella Sampling and Weighted Histogram Analysis Method

Low energy regions can be sampled using unbiased molecular dynamics simulations (i.e.
Newton’s second law is employed without biasing the sampling). However, the configurational
space might be problematic to sample even for simple systems. As mentioned earlier, molecular
dynamics is biased to improve the sampling of the relevant regions of a configurational space.
The enhanced sampling method is known as umbrella sampling when applied bias is a harmonic
potential — because of its umbrella-like shape. In this method, the bias is used to accelerate the
sampling of a reaction coordinate that reveals the molecular mechanism underlying the process
of interest. A reaction coordinate, often referred to as a collective variable in molecular
dynamics, is a geometric parameter such as the distance between atoms or groups of atoms, bond

length or dihedral angle, and therefore depends on atomic coordinates.

The relevant region is defined in terms of a reaction coordinate (¢), therefore can be written as a
function of atomic coordinates, and divided into M individual windows, each being a molecular
dynamics simulation combined with umbrella sampling. In each simulation (i.e. window), a bias
potential (W) is added to the potential energy function of the biomolecular system in order to
center the reaction coordinate at a specific value, known as the window center (Ceenter) [116]. The
total of M windows must cover the range of the reaction coordinate that is relevant to the process
of interest. The values that the reaction coordinate can take within the relevant range must be
sampling efficiently in order to obtain a reasonable estimation of the free energy profile as a
function of the reaction coordinate. For the window i, the bias potential can be written as

follows:

Vl/l(f) = %%’(f - fcenter,i)2 (7)

Here, W; represents the bias potential of the window i, added to the potential energy function (U)
of the biomolecular system obtained using a force field. Also, £, &, and Eeenter,; denote the force
constant, the instantaneous value of the reaction coordinate and the fixed value of the reaction

coordinate (i.e. the center of the window i), respectively.

From each window, the normalized histogram of the reaction coordinate is computed. These

histograms are, in fact, the biased probability distribution functions of the reaction coordinate
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{06,1(6), po.2(), ..., pom(E)} [116,117]. Here, the subscript b represents the biased distribution
while p(¢) and M denote the probability distribution of the reaction coordinate (&) and the

number of windows covering the relevant range of this reaction coordinate.

The weighted histogram analysis method (WHAM) uses the biased probability distribution of the
reaction coordinate (ov; (£)) to obtain the unbiased probability distribution of the reaction

coordinate, oy (&) [123]:

py,i(§) = ePWiTilp, () (8)

Here, f; denotes the free energy emerging from the bias potential (;). The total unbiased
distribution of the reaction coordinate, po(¢), can be computed as a linear combination of the
unbiased probability distributions obtained from each window. Hence, this method requires a
sufficient overlap between the histograms of the reaction coordinates from the consecutive

windows [116,117].

po(§) = C XL 2i(€) ppi(§) 9)

Here, C and p; represent the normalization constant and the weight, respectively. The
summation of all weights from the individual windows has to be 1. These values are chosen in a
way that the statistical error of the total unbiased probability distribution is minimized [117].
9(0%[po(D) _
27, =0 (10)
This condition allows the total unbiased probability distribution to be written in the following

form:

— M n .
po(§) = Czlzlzyzlnje_ﬁ(wj(f)_fj) Pp,i($) (11)
where n; denotes the length of the window i. The f; values are assumed to be known, and
therefore the WHAM method estimates them in a self-consistent manner [117]. The free energy

as a function of the reaction coordinate can be estimated solving the following equation:
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nje BWk()

Zyzlnje—ﬁ[wj(f)—f,-]

e Bk = [dé e PV p (&) = C [dE TN, Pp,i($) (12)

Since both sides of this equation involve the set of free energy parameters {f;}, it needs to be
solved iteratively. The solution starts with an initial set of guessed values for free energy
parameters, {f}, and this set of guesses is used for computing the new set of guesses {f;'}. The
iterative solution continues until the result is converged [117]. Thus, combining all the
information coming from individual windows, WHAM constructs an optimal estimate of the
unbiased distribution function of the reaction coordinate, and therefore the free energy as a

function of this reaction coordinate.

In this thesis, umbrella sampling and WHAM are combined to generate free energy profiles of
the translocation of ions through Orai calcium channels. To understand the gating mechanism
and the selectivity of an ion channel, atomic details provided by unbiased molecular dynamics
simulations might not be enough since the sampling of the conformational space of this system
relies on the intrinsic dynamics of the system at the simulation temperature. The permeant ion
might get stuck in a local free energy minimum and the thermal motion of the molecular systems
might not be enough for the ion to overcome that barrier during the time of the simulation.
However, understanding free energy change due to ion permeation requires sufficient sampling
of the reaction coordinate — the position of the permeant ion along the pore axis. All the relevant
values of this reaction coordinate need to be sampled very well in order to understand the change

in free energy as a function of this parameter.

Figure 2.3 represents the necessary steps for modeling ion permeation through the permeation
pathway of an ion channel. First, the reaction coordinate must be chosen. For ion permeation
calculations using an enhanced molecular dynamics method like umbrella sampling, the reaction
coordinate is often the position of the permeant ion along the pore axis (Figure 2.3A). Next, a
relevant range of the reaction coordinate must be chosen. The permeant ion has to be sampled
through the whole permeation pathway (Figure 2.3B). Then, individual molecular dynamics
simulations are performed. In each simulation, the permeant ion is constrained at a specific
position along the permeation pathway by a harmonic bias potential. The idea is to force the
permeant ion using a harmonic bias potential so that it samples a specific portion of the ion pore

at each window. The simulation trajectories are then used for computing the histogram of the
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permeant ion’s position, known as the biased probability distributions of the reaction coordinate.
Finally, the weighted histogram analysis method estimates the unbiased probability distribution
of the reaction coordinate and optimizes the free energy estimation by overlapping the free
energy parameters calculated for each window. The result is the free energy profile along the ion

position, describing the average forces acting on the permeant ion in the system.

- PR
P N
- - . M !
e TN TN Ny DL T B
. ‘ g " \ ] v 1y 1 '
lon pore ' n LR [y Aoy Ay
1 ' LA T Ty mory e v
' T T N Y P oy '
1 I L vt \
! ot N A B B
' M DY vy Aroon n
I L) Moy AR \
i IS AR N w
. AN ’ N ’
. ’ RN AN 3 PN
< . » .y » ~ N

(Y
: i Pore axis 1 2 M

Permeant ion

(B) (E) _
PN/

12 M T2 M

\
5,

v
A

-s

v

*~~ Window center

(C) (F)

Free Energy

v

Figure 2.3. The diagram of the steps necessary for the calculation of the free energy profile of ion translocation
using umbrella sampling and WHAM. (A) Step 1: The choice of a reaction coordinate. (B) Step 2: Dividing the
relevant range of the reaction coordinate into M windows. (C) Step 3: The individual bias potentials centered at each
defined window center. (D) Step 4: The bias probability distributions of the reaction coordinate. (E) Step 5:
Generation of free energy parameters by WHAM. (F) Step 6: A sufficient overlap of the biased probability

distribution functions is necessary for the estimation of free energy.

2.3.3. Adaptive Biasing Force Method

The adaptive biasing force (ABF) method is an alternative to the umbrella sampling technique
and is used to estimate the free energy profile of a reaction coordinate. This method enhances the

sampling of a reaction coordinate adaptively; the mean force along the reaction coordinate is
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computed and canceled out by an equal and opposite biasing force. This biasing force allows the
system to escape from the corresponding free energy well [125,126]. It fundamentally turns the
dynamics of the reaction coordinate into a random walk with zero mean force. Only the
fluctuating part of the instantaneous force is exerted along the reaction coordinate [126].
Therefore, the adaptive biasing force overcomes the roughness of the system’s free energy and

samples the free energy surface along the reaction coordinate uniformly [125,126].

The ABF method assumes the reaction coordinate (§) as fully unconstrained. It continuously
explores the complete range of the reaction coordinate, as set by the user, throughout the
simulation. This range is divided into small bins of width (A¢). The instantaneous force exerted
on the reaction coordinate is sampled in the different bins until a threshold of the number of
samples, also set by the user, is obtained. Then the ABF algorithm applies the adaptive biasing
force on the reaction coordinate. The free energy along the reaction coordinate (F(§)) is

calculated from the instantaneous force exerted along the reaction coordinate (#(£)).

©)
#E) = - T2 (13)

Here, the brackets () denote the mean average of the instantaneous force generated over the
course of the simulation [127]. The convergence of this calculation is significantly affected by
the coupling of the reaction coordinate to other degrees of freedom. In the case of slowly
relaxing degrees of freedom, the user should set a large threshold for the number of samples to

be accumulated before applying the adaptive biasing force onto the reaction coordinate [126].

In this work, the ABF method is utilized to sample the accessible conformations of the loop of
the ProP transporter connecting the cytoplasmic domain to the transmembrane helix XII. The
ABF method was particularly chosen since it is easy to set up and converges very well for

systems in which the reaction coordinate is not coupled to a slowly relaxing degree of freedom.
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Chapter 3. Structural dynamics of Orai channels

3.1. Abstract

Depletion of calcium (Ca?") stores in the endoplasmic reticulum causes Ca*>* influx in many non-
excitable cells through the pores formed by Orai proteins. These channels generate highly
selective Ca®" currents with extremely low permeation rates. Although studies in the literature
suggest that the active form of Orai channels could be either tetrameric or hexameric, the focus
in the field shifted towards the hexameric assembly after the Drosophila melanogaster Orai
protein was crystallized as a hexamer. Several studies have identified mutations within the
transmembrane domains of Orai channels that can alter channel gating and selectivity, however
both mechanisms have not been fully understood yet. A recent hypothesis on the gating
mechanism of the Orai channel is based on the rotation of pore-forming helices as a result of the
gating signal by STIM proteins relayed along the contacts within the channel’s other
transmembrane helices. Combined with the unusual features of the Orai pore, existing data in the
literature points out the importance of residue-residue contacts and pore dynamics in
understanding the function, selectivity and activation of these channels. Here, we perform
molecular dynamics simulations of the model structures of the hexameric and tetrameric Orai
channels in the closed and open conformations. The open conformation is induced by a rotation
of the pore-forming helices. We examine the residue-residue contacts and the dynamics of the
pore-forming helices in order to compare the two multimeric states of Orai proteins. Our results
demonstrate that, in the closed conformation, the tetrameric Orai channel retains most of the
contacts that exist in the hexamer. The rotation of pore-forming helices increases the contacts
between the adjacent subunits in the tetrameric channel whereas it slightly decreases the number
of stable contacts in the hexameric channel. The most pronounced alteration caused by the helix
rotation is the increase in pore hydration. Overall, the study suggests that the hexamer pore —
more hydrated compared to the tetrameric pore— might act as a better mediator for permeant
Ca”' ions since the pore is wide enough to permeate Ca** ions with little or no perturbation to

their first hydration shells.
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3.2. Introduction

In non-excitable cells, Orai proteins form the pore subunits of calcium-release activated calcium
(CRAC) channels that open in response to depletion in the calcium (Ca’") stores of the
endoplasmic reticulum. Orai channels are gated by STIM proteins — the Ca’" sensors of the
endoplasmic reticulum. STIM and Orai proteins are dynamically coupled with each other
[36,68,128]: STIM proteins not only multimerize Orai proteins but also open the Orai pore and
alter its Ca”* selectivity, whereas Orai proteins form the permeation pathway for Ca®" ions. Orai
channels contribute to several cellular functions including muscle contraction, immune activation
and proliferation [28,129]. Therefore, mutations in Orai channels are implicated in
autoimmunity, skin and tooth defects, severe immunodeficiency, thrombocytopenia and tubular

aggregate myopathy [73,76,130].

The crystal structures of the Drosophila melanogaster (D. melanogaster) Orai protein [11,57] as
well as mutagenesis studies [55,67,68] provided strong evidence that Orai proteins, in their
active form, are hexameric channels organized as a trimer of dimers. However, the possibility of
different existing multimeric states should be kept in mind [131], since several studies have
identified a tetrameric assembly of Orai proteins as the active, calcium-selective Orai channel
[42-44,50,52,53,132,133]. In one study by Cai et al., store-operated Ca>" entries were detected
using different Orail concatemers, including dimers, tetramers and hexamers [55]. These
concatemers are believed to assemble into larger units and reproduce the architecture of the
functional Orai channel. Cai et al. replaced specific subunits in Orail tetramers with a pore-
inactive mutation E106A (corresponding to E178A in D. melanogaster Orai) and concluded that
the Orai channel function is recovered from the assembly of multiple N-terminal dimers [55].
Most of other experimental studies simply shifted their focus from tetramer to hexamer after the
publication of the crystal structure of the D. melanogaster Orai protein. None of the

computational studies addressed the presence of different multimeric states of Orai channels.

The Orai protein is composed of four transmembrane helices (TM1 to TM4) and an extension

helix named TM4-extension (see Figure 1.3). The crystal structure of D. melanogaster Orai

channel revealed a hexameric assembly of Orai proteins. In this channel, a ring of six TM1

helices creates a central ion pore. A second layer of transmembrane helices are formed by the

TM2/3 helices surrounding the pore-forming TM1 helices. Then the TM4 helices, building the
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outmost layer, bring in a three-fold symmetry to the hexameric Orai channel: the TM4-extension
helix of an Orai protein (subunit A) extends toward the cytosol whereas in the next Orai protein
(subunit B) the TM4-extension helix wraps the adjacent Orai subunit (see Figure 1.3 C and D).
At the extracellular side, the pore begins with six glutamate residues (E178) from the TMI
helices. These residues are named the selectivity filter as they are thought to be responsible for
the calcium selectivity of Orai channels [11]. Following the selectivity filter, a hydrophobic part
that is lined by the residues V174, F171 and L167 extends the pore for three helical turns toward
the cytosol (see Figure 1.3E). This hydrophobic part of the Orai channel is likely to play a key
role in lowering the single-channel calcium flux (<10* ions per second) [131]. Interestingly, the
hydrophobic part is followed by another three helical turns lined with three basic residues. Here,
the residues K163, K159 and R155 suggest a local concentration of positive charges within this
cation channel. The basic part of the Orai channel is likely to be stabilized by anions from the

cytoplasm [11].

The crystal structure of the D. melanogaster Orai protein provides a starting point for molecular
modeling studies that can offer atomic-level insights on the structural dynamics of Orai channels.
It is vital to understand the dynamics of these channels in terms of residue-residue contacts since
mutagenesis studies showed that mutations in the TM2/TM3 helices alter the gating of Orai
channels [67,68,134]. From these studies, the following hypothesis on the gating mechanism
emerged: STIM proteins bind to the cytoplasmic part of the Orai channel and generate a gating
signal that is relayed along the non-pore-lining residues to the pore [67,68,134,135]. The
mutations in the pore-forming TM1 helix also affect the gating and ion selectivity of these
channels. For example, E178A [136] and K163W (R91W in H. sapiens Orail) [53] mutants were
identified as non-conducting channels, while V174A (V102A in H. sapiens Orail) [137] and
F171Y (F99Y in H. sapiens Orail) [67] mutations caused the channel to be constitutively
conducting. Recent studies [36,67,68] suggested that the binding of STIM opens the Orai pore by
rotating the pore-forming helices of the channel. Taken together, the current studies in the
literature do not provide direct evidence of why an Orai tetramer would not function; how the
structural dynamics of Orai hexamers are different compared to Orai tetramers; and if the

rotation of pore-helices would alter the dynamics of these channels at atomic detail.
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The present set of molecular dynamics simulations probes the structural dynamics of the
hexameric and tetrameric assemblies of Orai proteins since they are the most widely proposed
multimeric states for the active form of the Orai channel. In order to compare the structural
dynamics of these channels, we first used homology modeling and built a model structure of the
Orai tetramer based on the hexameric Orai crystal. In addition, we generated the hexameric and
tetrameric Orai model structures with rotated pore-forming helices in order to (1) investigate
how helix rotation affects the structural dynamics of both Orai multimers and (2) whether helix
rotation can open the Orai pores. We performed molecular dynamics of both Orai multimers in
the closed state (based on the Orai crystal structure) and open state (with rotated pore-forming
helices) to compare the structural differences between these multimers at atomic resolution. To
compare these multimers, residue-residue contacts and pore structures were studied since both
are crucial for understanding the function of these channels: permeating Ca®" ions into the cell

with extremely high selectivity and extremely low permeation rate.
3.3. Computational Details

3.3.1. Modeling of the Orai Channels

We built a model structure of the Orai hexamer using the crystal structure of the Drosophila
melanogaster Orai protein (Protein Data Bank ID: 4HKR) [11] as a template. MODELLER [97]
is used to add the missing side chains and loops connecting the transmembrane helices that were
unresolved in the crystal structure. A homology model of the Orai tetramer is then generated by
using the model structure of the Orai hexamer as a template. More specifically, we built the
tetramer structure by transforming the cylindrical coordinates (7, 8, z) of four adjacent units of
the hexamer to (r, 60/4, z), resulting in a fourfold symmetry in the TM1-TM4 helices and
twofold symmetry in the TM4-extension helices. The open conformations of the Orai hexamer
and tetramer are built by rotating the pore-forming, TM1 helices (formed by residues W144 to
E178) of the initial model structures of hexameric and tetrameric Orai assemblies. Each TM1

helix was rotated around the z-axis (the pore axis) by 20° in the counter clockwise direction.

3.3.2. Simulation Setup

In all Orai channels, H206 residues were protonated at their € nitrogen atoms and E262 residues

were neutralized. The default protonation states were kept for the other amino acids. Residues
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between 133 and 306 were included in the system to exclude the TM4-extension helices that
were expected to undergo large conformational changes [11]. The orientation of each Orai
channel was aligned with respect to the membrane surface using the 4HKR entry in the
Orientations of Proteins in Membranes (OPM) database [138]. Then, each channel was
embedded in a pre-equilibrated, explicit 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC)
membrane and solvated with a 150 mM NaCl solution using CHARMM-GUI [139,140].

The resulting simulation box for the closed Orai hexamer included 133 and 125 lipid molecules
in the top and bottom leaflets respectively, and was solvated by 24212 water molecules, 75
sodium ions and 81 chloride ions. The total number of atoms in this system was 124110,
contained in a hexagonal simulation box (¢ = b = 117 A and ¢ = 112 A). The closed Orai
tetramer consisted of 128 lipid molecules in the top leaflet and 121 in the bottom, and was
solvated by 20896 water molecules, 66 sodium ions and 70 chloride ions. The total number of
atoms in the tetrameric Orai system was 107354, in a rectangular simulation box with a
dimension of 106 A x 106 A x 107 A. The extra chloride anions were added to neutralize each

system.

The open Orai hexamer system contained a total of 140261 atoms in a hexagonal simulation box
(a=b=117 A and ¢ = 127 A), which included 133 lipid molecules in the top leaflet, 125 lipid
molecules in the bottom leaflet, 29593 water molecules, 79 sodium ions and 85 chloride ions.
Finally, the rectangular simulation box for the open Orai tetramer channel was 105 A x 105 A x
122 A and included 128 lipids in the top leaflet, 121 lipids in the bottom leaflet, 26081 water
molecules, 70 sodium ions and 74 chloride ions. The resulting simulation system was composed

of 122917 atoms.

We used the CHARMM36 force field [111] and TIP3P water model [141] to describe the intra-
and inter-molecular interactions in the simulation systems. The temperature was kept constant at
303.15 K using Langevin dynamics, with a coupling coefficient of 1 ps, and the pressure was
also kept constant at 1 atm using a Nosé-Hoover Langevin piston with a period of 50 fs and a
decay of 25 fs [108,109]. All bonds involving hydrogen atoms were constrained using the
SHAKE/RATTLE algorithm [142]. Nonbonded interactions were calculated using particle mesh
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Ewald [143] and the recommended CHARMM cut-off scheme[144]. The simulations were run
using NAMD 2.9 [145].

The simulation systems were relaxed in the NVT ensemble for 0.67 ns by using a modified
version of equilibration steps suggested by Jo and coworkers [140]. In addition, we added (1) the
harmonic restraints on the dihedral angles of residues 144 to 178 (with a force constant of 500
kcal/mol) and (2) the restraints on the bond distances of atoms involved in forming hydrogen
bonds found in the initial structure to their initial values (with a force constant of 1 kcal/mol/A?).

The list of hydrogen bonds constrained can be found in Table 3.1.

Table 3.1. Hydrogen bonds constrained during the equilibration phase

Residue 1 Atom 1 Residue 2 Atom 2
E262 OE2 T199 0G1
H206 ND1 S165 0oG
W248 NE1 S161 0G
C267 SG T200 0G1

After the relaxation in the NVT ensemble, we continued to equilibrate the systems, in the NPT
ensemble, for 6 ns with the dihedral angle and hydrogen bond constraints. The harmonic
restraints on the bond distance of the atoms forming hydrogen bonds were removed after 2 ns,
and the harmonic restraints on the dihedral angles of TM1 residues (144 to 178) after 6 ns. Then,
the closed Orai hexamer and tetramer systems were simulated for an additional 1000 ns in the
NPT ensemble, whereas the open Orai hexamer and tetramer channels were simulated for 500 ns
without any constraints. Only the second half of the production steps (500 ns for the closed Orai
channels and 250 ns of the open Orai channels) were analyzed. The analysis involved several
programs: HOLE [146], the Bio3D [147] package in R, the MDAnalysis [148,149] package in
Python, and VMD [150]. The snapshots of the structures of Orai channels were taken using
VMD; the graphs were plotted in R, mostly with the ggplot2 package [151].
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3.4. Results and Discussion

3.4.1. Structural Stability of the Closed and Open Orai Channels

The model structures of the Orai hexamer and tetramer, after being embedded in a pure 1-
palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayer and solvated in a 150 mM NaCl
solution, were relaxed for ~7 ns and simulated without any constraints for 1000 ns. These models
are built based on the crystal structure of the D. melanogaster Orai protein (PDB ID: 4HKR)
[11], and therefore their pores are presumed to be in a closed state. Figure 3.1A and 3.1B show
the closed hexameric and tetrameric Orai channels. The root-mean-square deviation (RMSD) of
backbone atoms in the transmembrane helices can be used as a measure of structural integrity.
The RMSD of the backbone atoms was 2.4 A for the closed hexamer and 3.9 A for the closed
tetramer. For the hexamer, the RMSD was calculated with respect to the crystal structure, and for
the tetramer it was calculated with respect to the initial homology model. The higher RMSD
values for the tetramers reflect the fact that the radius of the TM1 helix bundle contracts by about

1.5 A during equilibration. The transmembrane a-helices remain stable in all simulation systems.

3.4.2. Contacts within the Closed Orai Channels

To examine the packing of helices in the closed Orai multimers, contacts between the
transmembrane domains were calculated: side-chain contacts, hydrogen bonds and salt bridges.
These contacts are important to examine not only for analyzing the helical packing of the Orai
multimers, but also a measure of their functionality, since the contacts between the
transmembrane domains were suggested to be implicated in Orai gating [64,68]. First, we
calculated the residue-residue contacts by taking the side-chain atoms into account. Since our
aim was to compare the Orai hexamers and tetramers, an average contact probability map per
dimer was computed for each multimer, providing an opportunity of direct comparison (see
Figure 3.2). A contact probability map is calculated as the sum of contact matrices divided by the
number of snapshots taken from the simulation trajectory. It is composed of all the possible
residue pairs and each position (i, j) represents the fraction of simulation time during which the
corresponding pair of residues i and j is in contact. A residue pair is assumed to be in contact if
the distance between any non-hydrogen side-chain atoms is shorter than 5 A. At each frame, the

position (i, j) of the contact matrix takes the value of 1 if the residues i and j form a contact, or 0
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if they are not in contact. Finally, the contact matrices for all simulation frames are summed up

and divided by the number of frames in order to generate the contact probability maps.

Figure 3.1. Top view of the (A) closed hexamer, (B) closed tetramer, (C) open hexamer and (D) open tetramer
channels at the end of 7 ns. The subunits A and B of each dimer are represented in yellow and green, respectively.
The hexamer and tetramer channels possess a sixfold and fourfold symmetry, since they only include the helices
TM1 to TM4 from each subunit, not the TM4-extension helices. These helices are excluded from our models since
they are expected to undergo large conformational changes during gating [11,152] and it would be difficult to

sample their conformations using molecular dynamics simulations.

Throughout the simulations, the closed hexamer maintains a total of 676 + 6 intra- and inter-
monomer contacts per monomer (mean =+ standard deviation) and the closed tetramer 639 + 6
contacts. These include all instantancous contacts, counted from all individual monomers,
averaged through the whole simulation trajectory without a cut-off for the probability of contact.
Then, we focused on analyzing a subset of these contacts that, on average, are present in all the

monomers and are formed for at least 25% of the simulation time — significant contacts. Figure
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3.2 shows the contact probability maps of these resulting contacts, reduced to a dimer of the Orai
hexamer and of the tetramer. In these maps, the diagonal quadrants represent intra-monomer
contacts — formed by residues belonging to the same monomer — whereas the off-diagonal
quadrants show inter-monomer contacts — formed by residues belonging to two adjacent

monomers.
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Figure 3.2. Contact probability maps of the closed (A) hexamer and (B) tetramer Orai channels. These maps were
averaged through the last 500 ns of the production trajectories by using one frame for every 0.01 ns. Then the maps
were reduced to contact frequency maps of a dimer averaged over possible pairs of subunits from the Orai channels.
Both axes show the residue numbers and the labels specifying the residues corresponding to the TM1-TM4 helices.
The cut-off probability was set to 25% of the simulation time. The top view of a representative dimer shows the
residues involved in forming the (C) intra-monomer and (D) inter-monomer contacts. The residues forming contacts
in both Orai multimers are colored in gray whereas the residues forming contacts only in the hexamer or only in the

tetramer are colored in red or blue, respectively. The “X” symbol represents the permeation axis.
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In both multimers, most of the stable contacts are intra-monomer contacts. Among these
contacts, the ones formed by the residues from the same transmembrane helices only point out
the structural integrity of an individual helix. We deemed them not relevant for evaluating the
helical packing and excluded them from further analysis. The same applies to the contacts
involving the residues from the loops connecting the transmembrane helices. Therefore, after
these exclusions, we identified that the hexamer and tetramer possess, respectively, an average of
139 and 137 significant intra-monomer contacts per monomer that have at least 25% probability
of formation (see Table 3.2). The tetramer has more contacts located between TM1-TM2 and
TM1-TM3 than the hexamer. Conversely, in the TM2-TM3 and TM3-TM4 regions, the hexamer
has more stable contacts than the tetramer. The second layer TM helices of the tetramer forms
more intra-monomer contacts with the pore-forming TM1 helices, while in the hexamer, the
second layer of helices (TM2/TM3 ring) maintains more contacts with the outer TM4 helices
compared to those found in the tetramer. The most significant difference is in the TM2-TM3
contacts; the hexamer possesses more intra-monomer contacts within the second layer of helices.
The overall number of intra-monomer contacts per monomer in both multimers is comparable. In
addition, TM2 and TM3 helices of the tetramer are slightly more tilted than those of the Orai
hexamer. On one hand, the hexamer has an average tilt angle (with respect to the membrane
normal vector) of 21° for TM2 and of 26° for TM3. Both of these values have a standard
deviation of 7° throughout the simulation. On the other hand, the tilt angle was 29° + 8° for TM2
and 30° £ 8° for TM3 in the tetramer.

Table 3.2. Significant intra-monomer contacts per monomer (inter-monomer contacts per interface) in the closed

Orai multimers

Closed hexamer Closed tetramer
Region Intra-monomer Inter-monomer Intra-monomer Inter-monomer
TMI-TMI Excluded 54 Excluded 38
TMI-TM2 37 9 42 3
TMI-TM3 27 14 32 13
TM2-TM3 33 23 25 18
T™2-TM4 0 22 0 23
TM3-TM4 42 0 38 0
Total 139 122 137 95
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In Figure 3.2, the off-diagonal quadrants of the contact probability maps show 216 significant
inter-monomer contacts (>25% probability) maintained by the hexamer and 164 by the tetramer
throughout the simulations. Among them, 122 contacts are formed by the residues belong to the
transmembrane alpha helices in the hexamer and 95 of them in the tetramer (see Table 3.2).
These contacts are formed by residues located in the TM1-TM1, TM1-TM2, TM1-TM3, TM2-
TM3 and TM2-TM4 interfaces (see Figure 3.2). As done for the intra-monomer contacts, the
inter-monomer contacts are calculated as the average contacts for all possible helix-helix
combinations. For example, TM1-TM2 inter-monomer contacts include the contacts between the
TM1 helix from the subunit A and the TM2 helix from the subunit B as well as the contacts
between the TM2 from the subunit A and TM1 from the subunit B. As opposed to comparable
number of total intra-monomer contacts found in both multimers, the average number of inter-
monomer contacts per interface is different. The Orai hexamer maintains more stable contacts in
the TMI1-TM1, TM1-TM2, TM1-TM3, and TM2-TM3 interfaces, while the Orai tetramer
preserves one more stable contact in the TM2-TM4 interfaces. The closed tetramer forms fewer
and more short-lived inter-monomer contacts in the TM1-TM2/3 helices in which its average
number of intra-monomer contacts is more compared to the closed hexamer. Regardless of the
multimeric state, TM3-TM4 helices of Orai proteins form stable intra-monomer contacts yet no
inter-monomer contacts, while TM2-TM4 helices maintain stable inter-monomer contacts and no
intra-monomer contacts. This indicates that, while the total number and probability vary, both

multimers possess significant contacts between the same helices.

As a more specific measure of contact, we use hydrogen bonds: weak electrostatic interactions
between a proton in one residue (donor) and an electronegative atom in the other (acceptor). We
set the distance cut-off to 3.0 A between the acceptor and donor atoms, and the angle cut-off to
120° between the atoms forming a hydrogen bond. The hydrogen bonds formed within the
residues are excluded in order to examine the communication between residues. The calculation
includes the backbone-to-backbone, backbone-to-sidechain and sidechain-to-sidechain hydrogen
bonds between a residue pair. Throughout the simulations, the closed hexamer maintains an
average of 226 (with a standard deviation of 3) hydrogen bonds per monomer while the closed

tetramer preserves 220 (with a standard deviation of 4) hydrogen bonds per monomer.
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Salt bridges — electrostatic contacts between oppositely charged residues — were also analyzed,
since TM1 and TM3 helices include acidic and basic residues that could potentially interact. We
first identified the salt bridges using a distance cut-off of 5.0 A between the atoms capable of
forming a salt bridge and then we calculated the fraction of simulation time the distance between
these atoms being smaller than 5.0 A — the probability of formation for each identified salt
bridge. While calculating the probability of formation, the number of monomers was taken into
account. If a salt bridge is observed, with a probability of 1, only in three monomers of the Orai

hexamer, the probability of formation of that salt bridge is 0.5.

The hexamer maintains ten intra-monomer salt bridges (see Figure 3.3A). However, half of these
interactions have low probabilities and occur in less than three monomers. The strongest intra-
monomer salt bridges are found between the lysine residues of TM1 (K150 and K157) and the
glutamate residues of TM3 (E238 and E245). These interactions are found in all six monomers of
the hexamer, with short average distances (< 5 A) throughout the simulation, pointing out at
symmetric contacts within the channel subunits. The residues K157-E245 also form a salt bridge
in our initial model based on the crystal structure and therefore likely to be formed in the crystal
structure. As it is, these salt bridges are not present in the crystal structure; since the resolution of
the crystal structure is low (3.35 A) [11], the side chains of some residues, including K157, are

not resolved.
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Figure 3.3. Salt bridges of the closed (A) hexameric and (B) tetrameric assemblies of Orai proteins. The probability
of formation was calculated the fraction of simulation time during which the length of the salt bridge is < 5 A. The
analysis was done using the last 500 ns of the production trajectories of the closed Orai multimers. The gray bars
denote salt bridges involving at least one loop residue whereas the orange bars represent the salt bridges formed by
residues from the transmembrane helices. The number, given for each bar, shows the number of occurrences of the

salt bridges out of six monomers of the hexamer channel and out of four monomers of the tetramer channel.

The tetramer forms seven intra-monomer salt bridges throughout the simulation (see Figure
3.3B). Only one of these interactions occurs between a loop residue and a TM1 residue, the rest
is formed between TM1-TM3 helices. Among the intra-monomer salt bridges, E245-K157 is the
strongest in both structures and E238-K150 shows comparable strength (around 60%). These
symmetric and frequent salt bridges between TM1 and TM3 helices of the tetramer seem to
cause TM3 helices to have slightly larger tilt angles compared to those in the hexamer. As a
result, the tetramer maintains two intra-monomer salt bridges between TM1-TM3 helices: E178-
K270 and E211-R155 that are not present in the hexamer. The salt bridge between E178-K270,
consistently formed in all monomers of the tetramer, is particularly interesting since it involves
the selectivity filter residue (E178). A salt bridge involving the side chains of the selectivity filter
could reduce the binding affinity to Ca?" ions. The tetramer also has more hydrophobic contacts
between TM1-TM3 compared to the hexamer (see Table 3.2). Instead, the TM3 helices of the
hexamer maintain an intra-monomer salt bridge within themselves (between E234-R239) which

are much weaker in the tetramer.
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Both closed channels maintain three inter-monomer salt bridges formed by residues from the
same transmembrane helices (TM1-TM3), excluding the ones involving loop residues. The
tetramer has a salt bridge between TM3-TM3 helices from adjacent monomers, whereas the
other two are formed between TM1-TM3 in both multimers. These stable inter-monomer salt
bridges occur in one monomer pair in the tetramer, while two of them were formed between two
monomer-monomer pairs in the hexamer (see Figure 3.3). Nevertheless, neither of the multimers
maintains these interactions between all possible monomer pairs. In addition to these salt
bridges, the closed hexamer has inter-monomer salt bridges between the loop residues (E138,
D182 and D184) and TM1/TM3 residues among which the most frequent one is formed by the
residues D182 and K270. Throughout the simulation, there were instances where a salt bridge
between E178-K270 is formed. However, this instantaneous interaction results in an average
distance that is larger than 8 A throughout the simulation. This indicates that the E178 residues
are likely to interact with salt cations in the hexamer since K270 residues form salt bridges with

D182 residues more frequently.

3.4.3. Pore Structures of the Closed Orai Channels

In addition to residue-residue contacts, the structure of the Orai pore is crucial in terms of the
channel function. Figure 3.4A shows the number densities of salt ions and water within a radial
distance of 10 A from the pore center. The E178 residues in the hexamer create a local
concentration of sodium ions at the pore entrance. However, there are fewer sodium ions at the
extracellular mouth of the tetrameric pore. In the extracellular half of the pore (0 A <z <25 A)
within a radial distance of 10 A from the pore center, the hexamer has 5.7 + 0.83 (mean =+
standard deviation) sodium ions throughout the simulations, while the tetramer has 2.2 + 0.72.
This is expected considering the presence of salt bridges between E178 and K270 residues in the
tetramer. Since the E178-K270 salt bridge is frequently formed in the tetramer, the sodium
affinity is weaker and contributed mostly by the loop residues Q180, D182 and D184.
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Figure 3.4. (A) Density profiles of salt ions (Cl and Na®) and water molecules along the pores of the closed Orai
multimers. The number density was calculated as the number of molecules within a cylindrical slice along the pore
axis (of radius 10 A and height 1 A). The black arrow shows the Ca>* position found in the crystal structure of Orai
mutant, K163W [11]. (B) Distribution of the geometric center of the sidechain atoms of the pore-lining residues
E178 (CD, OEI and OE2 atoms), V174 (side-chain heavy atoms), F171 (CE2, CG and CZ atoms), L167 (side-chain
heavy atoms), K163 and K159 (NZ atoms), R155 (NE, NHI1 and NH2 atoms) and the average value of the pore
radius along the pore axis in the hexamer and tetramer channels. The z coordinate is along the pore axis, with z =0
A corresponding to the center of the lipid bilayer. Analysis was done using the last 500 ns of the production

trajectories.

In both channels, the basic part of the pore attracts chloride ions. In the cytoplasmic part of the
pore (25 A <z <0 A) within a radial distance of 10 A from the pore center, the average number
of chloride ions is 12.2 (with a standard deviation of + 0.91) for the hexamer and 7.3 + 0.75 for
the tetramer throughout the simulations. In the case of hexamer, these anions seem to be more
fluctional, interacting with the side-chains of basic residues which sampled a larger area within
the pore (see Figure 3.4B). The density profile of chloride ions in the tetrameric pore, on the
other hand, is more pronounced; they interact strongly with the K163 residues, therefore causing
these residues to stay around z = —5 A throughout the simulation. In three monomers of the
tetramer channel, the R155 side-chains adopted a conformation pointing away from the pore,

forming an intra-monomer salt bridge with the E221 residue from the TM3 helix and hence
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spanning a smaller area within the pore. As a result, the tetrameric pore shows a lower density of

chloride ions at z=—15 A in comparison to the hexamer channel.

Figure 3.4 shows that the tetramer channel creates a tighter packing in the hydrophobic part of
the pore, causing a pore radius that is smaller compared to that of the hexamer channel. The
hexameric channel possesses a few water molecules within the hydrophobic part of its pore. Yet,
no spontaneous translocation of any ion was observed through the simulation, implying that the
hydrophobic part of the hexameric pore still creates an energy barrier against ion permeation. In
the case of the closed tetramer, the pore does not have water molecules in its hydrophobic part.
These results suggest that the Orai hexamer and the Orai tetramer model built based on the
hexameric crystal structure are in a closed conformation. In both channels, the location of salt
ions within the pore seem to agree well with the expectations arose from the crystal structure of
the Orai protein [11]: the negatively charged residues at the extracellular mouth of the pore
attract sodium ions whereas the local concentration of positive charges from the basic residues

are stabilized by chloride ions.

3.4.4. Can a TM1 Helix Rotation Open Orai Channels?

Recent studies implied that STIM opens the Orai pore by inducing a rotation of the pore-forming
helices [36,67,68]. We use the term “open” for these channels with rotated TM1 helices.
However, we do not expect this “induced” helix rotation to fully represent the conformational
change STIM would cause through gating since the selectivity and gating of Orai channels are
coupled. The models for the open Orai hexamer and tetramer channels were embedded in a pure
POPC bilayer and solvated in a 150 mM NacCl solution. Then, we performed molecular dynamics
simulations of these channels for 500 ns, after ~7 ns of equilibration as explained in the Methods
section (see Figure 3.1). The RMSDs of the backbone atoms in the transmembrane domains were
calculated based on the initial structures of the channels in order to assess whether the current
simulations reached a stable conformation. It was calculated to be 2.4 A for the open Orai
hexamer and 4.4 A for the open Orai tetramer. The RMSD of the hexamer remained the same
after the helix rotation whereas it increased by 0.5 A in the tetramer due to the orientation change
in its TM3 helices. The alpha-helices remained stable through the simulations. The analysis done
for the closed Orai multimers was repeated for the new set of simulations in order to examine the

changes helix rotation induced in both structures.
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Figure 3.5. Contact probability maps of the open (A) hexamer and (B) tetramer Orai channels. These maps were
averaged through the last 250 ns of the production trajectories by using one frame for every 0.01 ns. Then the maps
were reduced to contact frequency maps of a dimer averaged over possible pairs of subunits from the Orai channels.
Both axes show the residue numbers and the labels specifying the residues corresponding to the TM1-TM4 helices.

The cut-off probability was set to 25% of the simulation time.

Upon helix rotation, the new set of analysis for side-chain contacts revealed that the hexamer
loses contacts while the tetramer retains a similar number. Compared to 676 + 6 contacts per
monomer observed in the closed hexamer, the open hexamer maintains an average of 375 + 4
contacts per monomer. Conversely, the Orai tetramer shows almost no change in the amount of
contacts when opened: the tetramer with rotated TM1 helices preserves an average of 619
contacts (= 7) per monomer which is 20 contacts fewer compared to those calculated for the
closed tetramer. These include all instantaneous contacts, counted from all individual monomers,
averaged through the whole simulation trajectory without any cut-off for the probability of
contact. Similar to our approach for the closed multimers, we focused on analyzing a subset of
these contacts that, on average, are present in all the monomers and are formed for at least 25%
of the simulation time. Figure 3.5 shows the contact probability maps of these resulting contacts,

reduced to a dimer for both the open hexamer and tetramer.

As seen from the difference in density of the data points between Figure 3.2A and 3.5A, the
average number of contacts significantly decreased in the hexamer due to the helix rotation.

Then we identified the significant intra- and inter-monomer contacts by excluding the contacts
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formed in the same transmembrane helices and those involving loop residues. The open hexamer
possesses 119 intra-monomer and 88 inter-monomer contacts in the open hexamer (see Table
3.3). These contacts are 56 and 61 fewer, respectively, compared to those of the closed Orai
hexamer. The open tetramer maintains 175 intra-monomer and 149 inter-monomer contacts.
Interestingly, the former is 38 and the latter is 54 more compared to what we observed in the
closed tetramer (see Table 3.2 and 3.3). Even though the helix rotation causes a significant
change in the number of intra- and inter-monomer contacts in both multimers, the same
secondary structure elements remain in contact, indicating that both structures can sustain the

helix rotation.

Table 3.3. Significant intra-monomer contacts per monomer (inter-monomer contacts per interface) in the open Orai

multimers
Open hexamer Open tetramer
Region Intra-monomer Inter-monomer Intra-monomer Inter-monomer
TMI-TMI Excluded 34 Excluded 49
TMI-TM2 36 5 52 13
TMI-TM3 17 13 58 21
TM2-TM3 29 17 22 31
TM2-TM4 0 19 0 35
TM3-TM4 37 0 43 0
Total 119 88 175 149

Upon helix rotation, the hexamer loses intra-monomer contacts in all regions: TM1-TM2, TM1-
TM3, TM2-TM3 and TM3-TM4. However, the number of intra-monomer contacts of the open
tetramer significantly increases in all regions except the TM2-TM3 regions in which it decreases
by three contacts per monomer in comparison to the closed conformation. Interestingly, the open
tetramer maintains significantly more intra-and inter-monomer contacts between TM1-TM3
compared to its closed conformations and open hexamer, whereas the hexamer loses 10 intra-
monomer contact per monomer between in the same region upon helix rotation. The open
hexamer also maintains fewer intra- and inter-monomer contacts between its TM2-TM3 helices
compared to its closed conformation. The helix rotation causes opposite but pronounced changes
in contacts between TM2 and TM3 helices of both multimers. In the tetramer, helix rotation

causes TM2 helices to lose contacts with TM3 helices within the same monomers and to gain
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more contacts with TM3 helices from the adjacent monomers. However, in the hexamer, the
number of both intra- and inter-monomer contacts between TM2 and TM3 helices decreases
upon the helix rotation. The orientations of TM3 helices are also different in the open Orai
multimers. The decrease is more significant for the TM3 helix that showed an average tilt angle
of 19° with a standard deviation of + 7° in the open tetramer, as opposed to 30° calculated for the
closed tetramer. In the open hexamer, the average tilt angle was 25° = 6° for TM3 much closer to

the one calculated for the closed hexamer (26° & 7°).

Throughout the simulations, the hexamer maintains 168 inter-monomer contacts (>25%
probability) per interface whereas the tetramer preserves 318. Among them, 88 contacts per
interface are formed by the residues belonging to the transmembrane alpha helices in the open
hexamer and 149 inter-monomer contacts in the open tetramer. On one hand, the most
pronounced decrease in the number of inter-monomer contacts is found in the TM1-TM1, TM1-
TM?2 and TM2-TM3 regions of the open hexamer compared to its closed conformation. On the
other hand, the open tetramer possesses notably more inter-monomer contacts between all
domains compared to its closed conformation. Helix rotation causes most significant differences
in two regions in the tetramer: (1) TM1-TM2 and TM1-TM3 helices form more intra- and inter-
monomer contacts and (2) TM2-TM3 helices form fewer intra-monomer and more inter-
monomer contacts compared. In other words, the transmembrane helices in the tetramer form
tighter contacts in the open state compared to all other cases — the open/closed hexamer and

closed tetramer.

The average number of hydrogen bonds within both open channels does not vary significantly
compared to those calculated from the simulations of the closed channels. The open hexamer
maintains 225 + 3 hydrogen bonds per monomer, while the open tetramer preserves 210 + 4
hydrogen bonds per monomer on average. Noticeably, upon pore opening, all salt bridges are
weaker regardless of the multimeric state of the structures due to presence of more water
molecules in the pores. Upon helix rotation, the hexamer and tetramer maintain 7 and 6 intra-
monomer salt bridges, respectively (see Figure 3.6). They share intra-monomer salt bridges
between E178-K270, E245-K157 and E238-K150 residues. Most intra-monomer salt bridges of
the open hexamer channel involve the loop residues. A particularly important salt bridge in the

hexamer, formed between the selectivity filter (E178) and K270 residues, is maintained in two
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monomers of this structure throughout the simulation time (see Figure 3.6A). One K270 residue
in the open hexamer also form a weak intra-monomer salt bridge with the D184 residue as
opposed to five intra-monomer salt bridges (between K270 and D182) maintained in its closed
conformation. In addition, an intra-monomer salt bridge between E234-R239 is present only in
the hexamer. The TM3 residues of the open tetramer form significantly more intra-monomer
side-chain contacts with the TM1 residues and inter-monomer side-chain contacts with the TM 1
or TM2 residues. As a result, the tetramer does not possess this salt bridge within its TM3
helices. On the other hand, the tetramer maintains a weak, intra-monomer salt bridge between
E221-R155 residues that do not form in the hexamer. The E221 residues form inter-monomer

salt bridges with R149 residues in both open multimers.
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Figure 3.6. Salt bridges of the open (A) hexameric and (B) tetrameric assemblies of Orai proteins. The probability
of formation was calculated the fraction of simulation time during which the length of the salt bridge is < 5 A. The
analysis was done using the last 250 ns of the production trajectories of the open Orai multimers. The gray bars
denote salt bridges involving at least one loop residue whereas the orange bars represent the salt bridges formed by
residues from the transmembrane helices. The number, given for each bar, shows the number of occurrences of the

salt bridges out of six monomers of the hexamer channel and out of four monomers of the tetramer channel.
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Due to the helix rotation, E178 residues start to interact more with K270 residues in the open
hexamer. This would lower the number of salt ions interacting with the selectivity filter in the
hexamer compared to its closed conformation. Interestingly, the tetramer loses one of its E178-
K270 salt bridges upon pore opening. Instead, it maintains three stable inter-monomer salt
bridges between D182-K270, meaning that K270 residues interact with both E178 and D182 (see
Figure 3.6B). Although weak compared to its closed conformation, the probabilities of salt

bridges in the tetramer are overall higher than those of the open hexamer.

Finally, Figure 3.7A shows the densities of salt ions and water molecules within the pores of the
open hexamer and tetramer channels. Both open multimers shows an affinity to sodium ions at
the extracellular mouth of the pore. In the extracellular half of the pore (0 A <z <25 A) within a
radial distance of 10 A from the pore center, the average number of sodium ions is 4.9 + 0.88 for
the open hexamer (one less than for the closed hexamer) and 3.4 = 0.71 for the open tetramer
(one more than for the closed tetramer). This is due to the K270 salt bridges being shared by
E178 and D182 residues in the open tetramer and the formation of two E178-K270 salt bridges,
after the helix rotation, in the open hexamer. In the cytoplasmic part of the pore (25 A <z <0
A) within a radial distance of 10 A from the pore center, the average number of chloride ions is
not significantly altered by the helix rotation in both multimers; the open tetramer still has 7.4 +
0.79 chloride ions whereas the open hexamer interacts with 11.4 + 0.39 chloride ions (one less
compared to its closed conformation). Even though the location of the chloride ions changes as a
result of the helix rotation, the average number of chloride ions attracted was comparable in both
Orai multimers. Chloride ions within the basic part of the open tetrameric pore are more dynamic
compared to those in the closed tetramer, keeping the basic residues less rigid. In the open

hexameric pore, the chloride ions are mostly located between the residues R155 and K159.
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Figure 3.7. (A) Density profiles of salt ions (ClI” and Na") and water molecules along the pores of the open Orai
multimers. The number density was calculated as the number of molecules within a cylindrical slice along the pore
axis (of radius 10 A and height 1 A). (B) Distribution of the geometric center of the sidechain atoms of the pore-
lining residues E178 (CD, OE1 and OE2 atoms), V174 (side-chain heavy atoms), F171 (CE2, CG and CZ atoms),
L167 (side-chain heavy atoms), K163 and K159 (NZ atoms), R155 (NE, NH1 and NH2 atoms) and the average
value of the pore radius along the pore axis in the open hexamer and tetramer channels. The z coordinate is along the
pore axis, with z= 0 A corresponding to the center of the lipid bilayer. Analysis was done using the last 250 ns of

the production trajectories.

Helix rotation significantly increases the stability of water molecules inside the pore for both
open multimers. Since the pore radius of the hydrophobic part of the pore increases due to the
helix rotation, both multimers possess more water molecules within their pores (see Figure 3.7).
It is a more pronounced increase in the tetramer. The tetrameric pore is widened by about 1.5 A
in the hydrophobic part since the pore-lining residues (V174, F171 and L167) are relatively more
flexible, sampling more area within the pore, compared to its closed conformation (see Figure
3.7B). Hence, these residues are more rigid compared to those in the closed hexamer channel.
All of these imply that helix rotation makes the tetrameric pore more hydrated and flexible
surrounded by transmembrane helices that form strong inter-monomer contacts. In the case of the
Orai hexamer, helix rotation causes both residue-residue contacts and sodium concentration in

the pore entrance to decrease.
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3.5. Conclusion

We performed molecular dynamics simulations of the hexameric and tetrameric Orai structures.
The hexamer structure is the crystal structure from the D. melanogaster Orai protein, while the
tetramer model is built based on the hexameric structure. Both multimers maintain stable side-
chain contacts, hydrogen bonds and salt bridges. The closed tetramer retains most of the contacts
present in the closed hexamer. However, the hexamer maintains 27 more significant, inter-
monomer contacts and 2 more salt bridges involving the residues belonging to transmembrane
helices. Yet the salt bridges in the closed tetramer are found to have higher probabilities of
formation, indicating that electrostatic interactions are maintained better compared to those
identified in the closed hexamer. By analyzing their pore structures, we confirmed that these
multimers form stable pores in a closed state as suggested in other studies [11,58]. The Orai
tetramer has a more tightly-packed hydrophobic part within its pore that keeps the permeation
pathway less hydrated compared to the hexamer. The closed Orai hexamer attracts more sodium
channels in its pore entrance due to the fact that the selectivity filter residues (E178s) do not
involve in forming salt bridges — which is not the case for the closed tetramer. Our results imply
that, in terms of residue-residue contacts and pore dynamics, there is no direct evidence for
eliminating the tetramer from being the active Orai channel, drawing attention once more to the
studies suggesting that the Orai tetramer is the functional form of the channel [42—

44,50,52,53,132,133].

Then, we tested if the pores of these multimers can be opened by a rotation of their pore-forming
helices. This hypothesis is particularly interesting since it not only suggests that the hydrophobic
gating of the Orai channel occurs through pore hydration induced by helix rotation, but also can
possibly explain how the ion selectivity and gating of the channel are coupled [67,68,128]. The
conformational changes necessary for pore opening, induced by STIM, are expected to be
transmitted through contacts between the transmembrane domains [64,67,68,128]. Since the
tetramer retains most of the structural features of the hexamer, we built the open structures of
both multimers by rotating their pore-forming helices and performed molecular dynamics
simulations to examine the effects of helix rotation. Although both structures can sustain the
conformational changes due to the helix rotation, their responses are different. On one hand, the

hexamer possesses 21% fewer stable contacts when opened. The decrease in the number of
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contacts is observed for both intra- and inter-monomer contacts, as well as for the salt bridges.
On the other hand, both types of contacts in the tetramer are increased by 39% upon helix
rotation, while the salt bridges become less frequent. A noteworthy change in the salt bridges
involves the K270 residues of the open tetramer. They are found to form salt bridges both with
E178 and D182 residues, as opposed to only E178 residues in the closed conformation. As a
result, the selectivity filter of the open tetramer attracts slightly more salt cations compared to its
closed conformation. In addition to the changes in contacts, the number of water molecules in the
pores of both assemblies is increased upon opening the channel through a rotation of the TM1

helices.

As a whole, this study demonstrates that the tetrameric assembly of Orai proteins displays
residue-residue contacts and pore dynamics comparable to those of the hexameric assembly, and
therefore stands as a reasonable candidate for store-operated calcium entry. Our results not only
show that helix rotation increases the pore hydration, but also support two observations from
functional studies of Orai mutants. The residue-residue contact analysis presented here shows
that both Orai multimers maintain stable contacts between TM1 and TM2/TM3 helices. These
contacts are particularly important for the channel activation as indicated by the mutagenesis
data of Yeung et al. [68]. In their study, Yeung et al. [68] demonstrated that disrupting the
contacts between TM1 and the TM2/3 ring destabilizes the gating of Orai channels by STIM1
proteins. In addition, our results show significant displacement in the F171 residues radially
away from the pore center, increasing the pore hydration. This is also in line with another study
in which Yamashita et al. [67] have studied various Orai mutants both experimentally and
computationally. They concluded that STIM induced a helix rotation in the pore-forming helices
of Orai proteins to increase pore hydration in the Orai pore by displacing the F171 residues (F99

in H. sapiens Orail) away from the pore axis [67].

Recent studies [64,68] point out the importance of the contacts between the Orai transmembrane
domains for channel activation. The presence of a hydrophobic part of the Orai pore also hints at
a hydrophobic gating mechanism, as suggested by both experimental and computational studies
[58,67,68,128,151]. The most recent hypothesis for hydrophobic gating is the rotation of pore-
forming helices [67,68,128]. Our results support this by demonstrating that the most pronounced

effect of helix rotation is the increase in pore hydration in both multimers. Readers should note
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that we do not expect an induced rotation of pore-forming helices to replicate the gating by
STIM proteins. This is particularly clear since channel activation depends on the number of
STIM proteins bound to Orai proteins [29,36,67]. A more realistic exploration of these multimers
as candidates of a highly calcium-selective channel would require a crystal structure of the Orai
channel in an open conformation. Until it is determined, our study cannot rule out the Orai

tetramer as a potential candidate of the active Orai channel.
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Chapter 4. Origin of lon Selectivity in Orai Channels

4.1. Abstract

In most animal cells, one of the most well-known mechanisms of calcium influx is the store-
operated calcium entry that is mediated by calcium release-activated calcium (CRAC) channels.
Orai proteins form the pore subunit of CRAC channels whereas STIM proteins activate the Orai
pore after sensing the depletion of calcium stores in the endoplasmic reticulum. From a
mechanistic viewpoint, three questions about CRAC channels remain unresolved regarding the
channel selectivity, gating and multimeric state in its active form. We previously showed that the
hexameric and tetrameric assemblies of Orai proteins form stable ion pores and comparable
residue-residue contacts. The tetrameric Orai pore is narrower, hence less hydrated. Pore
hydration increases in both channels due to the rotation of pore-forming helices which was
recently proposed as the channel gating mechanism. Here, we used free energy calculations to
further test the helix rotation as a possible mechanism for the channel gating. By performing
molecular dynamics with umbrella sampling, we examined the permeation of single Na*, K and
Ca" ions through the pores of the hexameric and tetrameric Orai channels in the closed and open
conformations. Our results demonstrated that Orai multimers do not show a significant
selectivity of Na" against K* or vice versa. However, the oligomeric state of the Orai channel
makes a difference in the case of Ca®": the size of the hexameric Orai pore is better adapted to

the permeation of a fully hydrated Ca*" ion than that of the tetramer pore.

4.2. Introduction

Calcium (Ca®") is a vital signalling messenger for several cellular functions such as muscle
contraction, immune activation, and proliferation [27-29]. In most animal cells, intracellular
Ca?" concentration is tightly regulated by Ca** pumps in the plasma membrane and in the
endoplasmic and sarcoplasmic reticulum membranes [27]. One well-known mechanism of Ca?*
influx is the store-operated calcium entry, mediated by calcium release-activated calcium
(CRAC) channels. Ca*" currents generated by CRAC channels have distinct characteristics: they
correspond to low single-channel conductance, are highly selective against Na* and K ions, are
directly dependent on Ca®" stores of the endoplasmic reticulum (ER), display inward

rectification, and are independent of the membrane voltage [27,34,153,154]. Two proteins, Orai
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and STIM (Stromal Interaction Molecule), have been identified as the molecular components of
CRAC channels [30-33,35,155]. The plasma membrane protein, Orai forms the pore subunit of

CRAC channels whereas the ER membrane resident STIM protein activates the Orai pore.

The pore formed by the assembly of Orai proteins presents an unusual environment for ion
permeation. The crystal structure of Drosophila melanogaster (D. melanogaster) Orai, which
shares 73% sequence identity with its human ortholog (Orail), has revealed a channel formed of
six Orai monomers, and an ion pore lined with both hydrophobic and basic residues [11]
providing few opportunities for the permeating cation to directly coordinate the protein. This first
crystal structure has challenged the established idea that the active form of the channel was a
tetrameric assembly of Orai [43—-50,156]. More recent studies [36,54,56] have also identified the
functional Orai as a hexamer, or have detected store-operated calcium entries using different
Orail concatemers, including dimers, tetramers and hexamers (likely assembling into hexamer-
like channels) [55]. However, while the focus has shifted from the tetrameric to the hexameric
channel, no studies have yet explained the functional differences between these multimeric

states.

The crystal structure of D. melanogaster Orai has provided a starting point for several
computational studies of Orai channels, focusing on their inhibition mechanism [60] and
activation mechanism [59,63—66], or on their interaction with calmodulin [61,62]. Dong et al.
[58] studied the general permeation characteristics of Na" and confirmed that the hexamer crystal
structure was closed. More recently, Yamashita et al. [67] and Yeung et al. [68] have
experimentally and computationally investigated the wild-type Orai channel and its variants, and
have proposed that STIM activates the Orai channel by inducing a rotation of its pore helices.
Yamashita et al. [67] have also examined several Orai variants to identify the roles of the pore-
lining residues in ion permeation, and have concluded that the helix rotation causes pore dilation
in the hydrophobic region of the pore without substantively altering solvent-exposure of the
residues lining the pore. Recent studies [36,67,68], showing the dynamic nature of ion gating and
selectivity of Orai proteins, suggested that Orai pore can be opened through the rotation of its
inner helices. This idea, which could explain how Orai’s calcium selectivity is altered, is yet to
be computationally explored. Additionally, none of the computational studies in the literature

have investigated ion permeation along other Orai multimers such as the tetrameric assembly of
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Orai proteins, despite that the tetramer was initially thought to be the active form of the CRAC
channel [46] and has been reported in several experimental studies [42—45,47-50]. From a
mechanistic viewpoint, three questions about CRAC channels remain unresolved: (1) What
structural elements of the Orai pore are responsible for its ion selectivity? (2) What is the likely
mechanism of gating in response to store depletion? and (3) Which multimeric state of Orai

(tetramer or hexamer) is most likely functional?

In this paper, we studied the permeation of single Ca**, K* and Na* ions through the pores of D.
melanogaster Orai channels using molecular dynamics simulations combined with umbrella
sampling. Since various studies in the literature report different oligomeric states of Orai proteins
including tetrameric [42,50] or higher-order stoichiometries [52,53], we compared the
permeation along the pores of both hexameric and tetrameric Orai channels. We built a
homology model of a tetrameric Orai channel from the hexameric crystal structure [11] and,
according to the recent propositions of the gating mechanism [67,68], we modeled the open
states of these multimers by rotating the pore-forming helices. These model structures were used
to investigate the origin of ion selectivity of both the hexameric and tetrameric Orai assemblies
in their open and closed conformations. Since the rotation of the pore-forming helices is
suggested as a possible gating mechanism of Orai channels [67,68], it is crucial to examine how

this conformational change affects the free energy profiles of ion permeation.
4.3. Computational Details

4.3.1. Modeling of the Closed and Open Orai Channels

The crystal structure of D. melanogaster Orai protein (Protein Data Bank ID: 4HKR) [11] was
used as a template to generate the structure of the hexameric Orai channel with Modeller [97].
Based on the hexameric Orai channel, a homology model of the tetrameric assembly of Orai
proteins were generated. Specifically, we built the tetramer structure by transforming the
cylindrical coordinates (7, 6, z) of four adjacent units from the hexamer to (7, 68/4, z) so that the
channel has a fourfold symmetry in the TM1-TM4 helices and twofold symmetry in the TM4-

extension helices.
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The open Orai structures were generated by rotating the pore-forming TM1 helices (formed by
the residues 144 to 178) by 30° counter clockwise. For the simulations involving Ca*" and K*
permeant ions, we added one permeant ion to the simulation box and the number of Cl™ ions was

adjusted to neutralize the total charge of the systems.

4.3.2. Simulation Setup

Before setting up the Orai-membrane systems, we included the residues between 133 and 306;
neutralized the N and C termini in all systems; and aligned the orientation of the Orai channels
with respect to the membrane surface using Orientations of Proteins in Membranes (OPM)
database [138] (entry 4HKR). Then, we used CHARMM-GUI [139,140] to embed each Orai
channel in a simulation cell containing an explicit 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC) membrane and a 150 mM NaCl solution. H206 residues were protonated at their epsilon

nitrogen atoms while the default protonation states were kept for the rest of the amino acids.

The hexameric Orai-membrane simulation systems included ~50 lipids at the top and bottom
leaflets of the membrane, ~12000 water molecules, 29 Na" ions, and 29 CI™ ions. The total
number of atoms was ~64000 in a hexagonal box for each hexameric simulation system.
Similarly, the tetrameric Orai-membrane systems included ~50 lipids at the top and bottom
leaflets of the membrane, ~10000 water molecules, 25 Na" ions, and 25 Cl™ ions. The total
number of atoms was ~53000 in a rectangular simulation box for each tetrameric simulation

system.

The CHARMM36 force field [111] and TIP3P water model [141] were used. CHARMM36 is a
classical force field that uses a set of non-bonded parameters to calculate non-bonded
interactions. These non-bonded parameters were obtained by fitting quantum mechanical
calculations to experiments in high dilution [157]. The experimental data often consists of single
atom properties, including hydration free energies at infinite dilution [158]. General parameters
developed based on such properties assume an ion to be in an “average” water environment, and
therefore might not be capable of describing interactions involving ions and protein atoms.
Unsurprisingly, our simulations involving the Ca** ion showed that the pair interaction between
Ca?" and carboxylate is extremely strong. Therefore, we repeated these simulations using a set of

NBFIX parameters for the Ca>*~OAc™ (O on carboxylate) parameterized to fit well with the
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experimentally measured osmotic pressures in physiologically relevant concentrations [157] (see
the parameters listed in Table 4.1). Even though new parameters showed improvements in
comparison to the CHARMM36 force field, we still observed an extremely strong binding of the
Ca”' ion to the glutamate side chains. This emphasizes the fact that it is challenging to generate a
set of parameters that can capture the interactions involving a divalent ion in different

environments (water and protein).

Table 4.1. NBFIX parameters used for interactions involving a Ca?* ion

Atom pair € (kcal/mol) o (A)
CAL-CLA -0.134164 3.698
CAL-OCL -0.120000 3.225
CAL-O2L -0.120000 3.304
CAL-OC -0.120000 3.190 [157]

Throughout the simulations, the temperature is kept constant at 303.15 K using Langevin
dynamics with a coupling coefficient of 1 ps' [108]. Pressure is also kept constant at 1 atm using
a Nosé-Hoover Langevin piston [109] with a piston period of 50 fs and a piston decay of 25 fs.
All bonds involving hydrogen atoms are constrained using the SHAKE/RATTLE algorithm
[142]. Nonbonded interactions are calculated using particle mesh Ewald [143] and the
recommended CHARMM cut-off scheme [144]. The simulations are run using NAMD 2.12
[145] and data analysis is done using VMD [150] and MDAnalysis [148,149].

4.3.3. Molecular Dynamics Simulations of the Orai Channels

The simulation systems were relaxed using an adapted version of the relaxation steps in the NVT
ensemble suggested by Jo and coworkers [140] for 0.67 ns. In addition to their scheme, the
harmonic restraints on the dihedral angles of TM1 residues (144 to 178) (with a force constant of
500 kcal/mol), the harmonic constraints on the a-carbons of pore-lining residues (152, 155, 159,
163, 167, 171, 174, 178 with a force constant of 1 kcal/mol/A?) and the restraints on the bond
distances of atoms involved in forming hydrogen bonds found in the initial structure to their
initial values (with a force constant of 1 kcal/mol/A?) were added. The harmonic constraints on

the a-carbons of pore-lining residues were kept through the simulations. Two of these constraints
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(on the dihedral angles of TMI residues and hydrogen bonds) were slowly removed within the
first 6 ns in the NPT. After 2 ns, the harmonic restraints of the bond lengths of the atom pairs
forming hydrogen bonds were removed (see Table 4.2). At the end of 6 ns, we removed the
harmonic restraints on the dihedral angles of TM1 residues. The systems were simulated for 2
more ns in the NPT ensemble with the harmonic constraint on the a-carbons of pore-lining

residues with a force constant of 1 kcal/mol/AZ.

Table 4.2. Hydrogen bonds constrained during the equilibration phase

Residue 1 Atom 1 Residue 2 Atom 2
E262 OE2 T199 0Gl1
H206 ND1 S165 oG
W248 NE1 S161 oG
C267 SG T200 0Gl1

4.3.4. Umbrella Sampling Simulations

The force constant on the a-carbons of pore-lining residues were reduced to 0.5 kcal/mol/A? for
the rest of the simulations. While setting up the umbrella sampling windows, the z-coordinate
distance of the permeant ion with respect to the geometric center of pore-lining residues was set
as the collective variable [159]. We generated a window centered at every 1 A along the z-
coordinate spanning -25 A to +30 A using the previous window’s configuration at 100 ps. As a
result, a total of 56 windows was generated for each umbrella sampling simulation of an Orai-
membrane system and each window was simulated for 4 ns. The windows centered at z > 24 A
simulated for 4 ns longer. For the simulations involving calcium as the permeant ion (without the
coordination number constrained), each individual window was simulated for 8 ns. The calcium
simulations were repeated two more times: the one with an additional constraint of calcium ion
being coordinated by 6 water molecules and another with the additional constraint of calcium ion
being coordinated by 7 water molecules. All windows of these simulations were run for 12 ns.
The force constant for the harmonic constraint used in the umbrella sampling simulations was set
to 2.5 kcal/mol/A? to keep the z-coordinate distance of the permeant ion with respect to the pore

center at the desired value. Additionally, a second collective variable (In NAMD terminology,
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the collective variable used is named distanceXY') was used in these simulations to constrain the
permeant ion inside the pore. With this collective variable, the permeant ions were restricted to
stay within a 10 A (5 A) radius plane for hexameric (tetrameric) Orai systems in all systems
using a force constant of 50 kcal/mol/A2. Free energy profiles of translocating an ion through the
Orai pores were generated using Alan Grossfield’s Weighted Histogram Analysis Method
(WHAM) code (Version 2.0.9) [160] after discarding the first 300 ps of each window. In the case
of calcium simulations with the coordination number constraint, the first 4 ns of each window
was excluded from the calculation of the free energy profiles. In all calculations, the error on the
free energy was estimated within £+ 1 kcal/mol by using four 1 ns-long parts of the simulations

involving Na" and K* ions and four 3 ns-long parts of the simulations using the Ca** ion.
4.4. Results and Discussion

4.4.1. Orai Channel Structure and Generation of the Models

Each subunit of the Orai channel consists of four transmembrane helices (TM1 to TM4) and an
extension helix (TM4-extension). The Orai subunits assemble into a helical bundle in which the
TMI helices form a central pore, surrounded by a ring of alternating TM2 and TM3 helices (see
Figure 4.1A). Helices TM1 to TM4, which form the core of the helical bundle, adopt a quasi-
sixfold symmetry (see Figure 4.1A). By contrast, the TM4-extension helices, which are not
shown in Figure 4.1A, alternate between two different conformations and give the channel an
overall threefold symmetry. Starting from the extracellular side, the permeation pore is lined
with negatively-charged residues E178, forming the so-called selectivity filter, followed by
hydrophobic residues V174, F171 and L167 (see Figure 4.1B). Below this hydrophobic region
are positively-charged residues K163, K159 and R155, forming the “basic” region.

The tetrameric assembly is built from the hexamer crystal structure, by morphing four adjacent
units of the “ABABAB” hexamer into a fourfold-symmetric “ABAB” tetramer. Both the
hexamer and the tetramer models are built without the TM4-extension helices and, therefore,
have sixfold and fourfold symmetries, respectively (see Figure 4.1A and 4.1C). Because the
TM4-extension helices are expected to undergo large-scale motions during gating [57,152], their
conformations would be difficult to sample using molecular dynamics simulations. These

models, which are generated using the crystal structure [11] in which the pore is in a closed state
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[58], will be referred to as “closed hexameric” and “closed tetrameric” structures. To generate
the “open” hexameric and “open” tetrameric structures, each TM1 helix (residues 144 to 178) is
rotated by 30° counter clockwise (for the hexamer, see Figures 4.1D and 4.1E). We use the term
“open” because we observe that the rotation of the TM1 helices increases the diameter of the
Orai pores and makes ion permeation possible, but we do not expect this movement to fully
represent the gating transition induced by STIM proteins. The models are embedded in a pure 1-
palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayer and solvated in a 150 mM NaCl

solution.

(D)

(E)

Figure 4.1. (A) Top view of the transmembrane helices forming the hexamer assembly of Orai proteins, after 8 ns of
equilibration. (B) Side view of two opposite TM1 helices and their pore-lining residues. (C) Top view of the
transmembrane helices forming the tetramer assembly model, after 8 ns of equilibration. Top view of the TM1
helices in the (D) closed and (E) open forms of the hexameric channel. Helices are shown in a cartoon representation
whereas side chains of the pore-lining residues are represented as sticks. Oxygen atoms are red and nitrogen atoms

are blue. In (D) and (E), for clarity, only the side chains of E178, V174 and F171 are shown.
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4.4.2. Stability of Orai Channels

All four systems simulated, the closed and open forms of both hexameric and tetrameric
assemblies, display stable pore structures. The average root mean square deviation (RMSD) of
the backbone atoms of the transmembrane regions is 1.8 A for the closed hexamer and 2.3 A for
the open hexamer, while it is 3.2 A and 3.2 A for the closed and open tetramer. For the Orai
hexamers, the RMSD is calculated relative to the crystal structure and for the Orai tetramers, it is
calculated relative to the initial homology model. The higher RMSD values for the tetramers
reflect the fact that the radius of the TM1 helix bundle contracts by about 1.5 A during

equilibration. More importantly, the a-helices remain stable in all simulation systems.

(A) Closed Channels (B) Open Channels
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Figure 4.2. Distribution of the geometric center of the sidechain atoms of the pore-lining residues E178 (CD, OE1

and OE2 atoms), V174 (side-chain heavy atoms), F171 (CE2, CG and CZ atoms), L.167 (side-chain heavy atoms),
K163 and K159 (NZ atoms), R155 (NE, NH1 and NH2 atoms) and the average value of the pore radius along the
pore axis in the (A) closed and (B) open Orai channels. The z coordinate is along the pore axis, with z = 0 A
corresponding to the center of the lipid bilayer. Analysis is done using the 8 ns-long umbrella sampling production

trajectories.

Figure 4.2 shows the profiles of the pore radius for each simulation system (calculated using
HOLE [146,148]), as well as the radial positions of the pore-lining residues. In the closed

conformation (see Figure 4.2A), the hexamer pore is narrowest around residues E178 and K163
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but remains wide enough to accommodate water molecules at any position along the pathway.
By contrast, the tetramer pore is narrowest in the hydrophobic region, which suggests that it
would be impermeable to any charged species. In the closed conformation, the side chains of
residues E178, V174, F171, and L167 are highly ordered, while the more flexible (and better
hydrated) residues K163, K159, and R155 can be found in a number of alternate conformations
(see Figure 4.2A). For both hexamer and tetramer, the 30° rotation of the TM1 helices results in
a widening of the pore (see Figure 4.2B). In that “open” conformation, the narrowest region is
around residues E178 and K159 for the hexamer, and around residues V174 and K159 for the
tetramer. In the hexamer assembly, this suggests a possible gatekeeping role for E178 and K159

residues.

In all four systems, the extracellular entrance of the pore shows a local concentration of sodium
ions around the E178 residues (see Figures 4.3C and 4.3F). Conversely, chloride ions
concentrate around basic residues K163, K159 and R155, on the intracellular side of the pore.
The simulations show that, while water molecules can be found at all positions along the
permeation pore whether it is open or closed, the tetramer pore contains fewer water molecules
than the hexamer pore. The tetramer also contains fewer sodium ions around the selectivity filter

and fewer chloride ions in the basic region.

For both hexameric and tetrameric assemblies, the 30° rotation of the TM1 helices increases pore
hydration. Figure 4.2B shows that side chains E178, F171 and L167 explore a larger area within
the pore and therefore allow more water molecules to enter the hydrophobic region.
Interestingly, the forced TM1 rotation, which allows the pore to open, also causes a salt bridge to
form between E178 and extracellular residue K270. In the open Orai hexamer, an average of two
of the six E178 residues interact with K270 residues, while all four E178 residues interact with
K270 residues in the open Orai tetramer. As a result of this competition for E178 side chains,
fewer sodium ions interact with E178 in the open channels than in the closed channels. For the
tetramer in the open conformation, the position of the local sodium concentration shifts outwards
by 5 A, compared to the closed conformation (see Figures 4.3C and 4.3F). This shift is not

observed for the open hexamer, which forms only two E178-K270 salt bridges on average.
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4.4.3. lon Permeation through the Closed Hexameric and Tetrameric

Channels

4.4.3.1. Closed Hexamer

The free energy profiles for moving single Ca**, K™ and Na" ions along the closed hexamer Orai
pore are shown in Figure 4.3A. The profiles reveal that the pore is impermeable to Ca®" and
creates a free energy barrier of 8.8 kcal/mol for Na® and of 9.3 kcal/mol for K*. The free energy
profiles have similar features for both Na® and K" ions: an energetically favored binding position
at the selectivity filter (E178), followed by a steep energy barrier in the hydrophobic region of
the pore (V174, F171, L167) and a gradual energy decrease across the basic region (K163, K159,
R155). At the selectivity filter, Na" and K* ions tend to sit below the E178 side chains and are
typically coordinated by one or two of the six E178 side chains and by four or five water

molecules (see Table 4.3 for detailed coordination numbers).

In preliminary simulations using the force field without any additional bias (see Section 4.3), we
find that the Ca" ion is typically coordinated by three of the six E178 side chains and by three
water molecules (see Table 4.3). While the position of the binding site resulting from such
coordination is consistent with the crystal structure of Hou et al.[11], the interaction between the
Ca?" ion and the multiple E178 side chains, as described by the force field, creates an artificially
strong affinity at the selectivity filter (see Figure 4.4). Since the force field was calibrated to
describe the pairing of Ca?* with a single carboxylate group in aqueous solution, we do not
expect it to be as accurate when multiple carboxylate groups coordinate the ion. To facilitate
comparison with the results for the open channel, the free energy profile for Ca®" in Figure 4.3A
is computed while constraining the water coordination number of Ca?" to be at least 7. This
constraint avoids direct interactions between the divalent ion and the E178 side chains, and, as
will be seen later, is more consistent with the coordination spontaneously observed for Ca®"
going across the open tetramer channel (see Figure 4.4). Once the constraint is applied, the Ca*"
ion interacts with E178 residues less frequently. As a result of the forced water coordination and
of more persistent interactions with the Q180 backbones and D182 side chains, the free energy
minimum for Ca** is located at z = 23 A, about 6 A above that for Na* or K* ions (see Figure

43A).
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Figure 4.3. Free energy profiles for single Ca?*, Na" and K* permeation through the (A) closed hexameric, (B)
closed tetrameric, (D) open hexameric, and (E) open tetrameric Orai channels. Panels (C) and (F) show the number
densities of salt ions (Cl” and Na) and water molecules along the pores of the closed and open Orai multimers,
respectively. The black arrow shows the Ca®* position found in the crystal structure of Orai mutant, K163W [11]. In
all graphs, the x-axis represents the z-coordinate of the permeant ion with respect to the center of the pore, whereas
the vertical dashed lines represent the average z-coordinate of the side chain atoms of the pore-lining residues
(excluding hydrogen atoms). The number density was calculated as the number of molecules within a cylindrical

slice along the pore axis (of radius 10 A and height 1 A) using the 8 ns-long umbrella sampling production

trajectories.

The free energy barrier created by hydrophobic residues V174, F171, and L167 is pronounced
for Na" and K* ions but is thermodynamically insurmountable for the divalent Ca** ion (see
Figure 4.3A). A second energy barrier occurs around residues K163, when the permeant ion
encounters the CI™ ions that condensate in the basic region of the pore. These CI™ ions disrupt the
solvation shell of the cation and the energy barrier reflects the transition from solvent-separated
Na'/Cl” or K'/CI” pairs to contact pairs. As the Na" or K ion moves further down the basic

region, the pore becomes wider and the ion gets progressively better solvated by both water
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molecules and CI™ ions, and its overall free energy decreases. On the intracellular side, basic
residues R155, K159, and K163 create a free energy barrier as the ion moves up into the pore,
likely due to the electrostatic repulsion between the cation and the positively charged side chains,

which are only partially screened by the CI™ ions present in the basic region.

Table 4.3. Coordination of the permeant ions through the closed and open Orai channels. The cut-off distance is set
to 3.3 A. For the analysis, 4 ns long umbrella sampling windows are used excluding the first 300 ps. W represents

the number of water molecules coordinating the permeant ion.

Closed Hexamer Closed Tetramer

Na* K* Ca?t* Na* K* Ca?t*

z(A) |W E178 CI'|W E178 CI'|W E178 CI'(W E178 CI'|W E178 CI'|W E178 CI-

18 47 1.1 0|41 21 0|31 30 047 09 048 1.6 0|51 1.0 O
12 |54 0 o061 O O[53 1.0 049 0 044 O Of51 1.0 O

5 55 0 0}J51 0 O}71 O O0O)50 O 049 0 070 0 O

0 45 0 06f56 0 0.1(50 0 1.0/52 0 0143 0 07|70 0 O
-5 12 0 3435 0 2.1/40 0 20|47 0 04|36 0 1.1{56 0 09
-10 35 0 1.8)27 0 27/3.0 0 3.0/19 0 2928 0 2456 0 1.0
Open Hexamer Open Tetramer
18 (48 09 052 1.6 0|40 20 0|54 O 0159 01 O(71 0 O
12 (54 0 063 0 01|52 09 050 0 052 0 O0(70 02 O
5 58 0 O0f6e4 O 071 O 01)57 O o061 0O 072 0 O
0 56 0 0.1f62 0 02|62 0 05|50 0 0560 0 0.1(7.1 0 0
5 (49 0 0.7(46 0 13/68 0 03|43 0 1.1|51 0 03864 0 05
-10 33 0 20|36 0 21162 0 05|33 0 1.7(3.6 0 0.7(6.1 0 0.6

*Calcium coordination numbers obtained without the restraint on the water coordination number and correspond to
the free energy profiles of Figure 4.4. For the free energy profiles of Figure 4.3, the calcium ion is constrained to be

coordinated by at least 7 water molecules.

4.4.3.2. Closed Tetramer

Figure 4.3B shows the free energy profiles for moving single ions along the closed tetramer Orai
pore. As expected from the pore radius profiles of Figure 4.2A, the free energy profiles confirm
that the tetramer creates an even more effective barrier to ions than the hexamer: 13.3 kcal/mol

for Na" and 12.2 kcal/mol for K*. Similar to the closed hexamer, the closed tetramer possesses an

66



ion binding site around E178 residues, followed by a hydrophobic barrier. That energy barrier is
higher than for the hexamer because the hydrophobic region of the pore is more tightly packed
and less hydrated. In the closed tetramer, in the narrow region of the pore (z = 12 A), the water
coordination number of Na* goes down to 4.9, compared to 5.4 in the closed hexamer (see Table
4.3). The difference is larger for a K* ion at the same position, with a water coordination number
of K" is 4.4 in the closed tetramer, compared to 6.1 in the closed hexamer. Since some of the
conformations sampled along the permeation pathway of the closed structures are
thermodynamically unfavorable, the ion is kept in the central region of the pore using a restraint
on its radial distance from the pore center (see Section 4.3 for details). This restraint prevents the
ion from escaping between the transmembrane helices as opposed to entering the tightly-packed

hydrophobic region in the pore of the closed tetramer channel.

The profiles of Figures 4.3A and 4.3B are better understood in light of Figure 4.3C, which shows
the distribution of water molecules and of sodium and chloride ions in the pore, in the absence of
any other ion. For instance, the two alternate ion binding sites seen in Figures 4.3A and 4.3B (at
z=18 A and at z = 24 A) correspond to positions at which periplasmic sodium ions and solvent
naturally accumulate. Figure 4.3C also shows that water density in the hydrophobic region of the
pore (from z = 0 A to z = 15 A) is significantly less in the closed tetramer than in the closed

hexamer, consistent with the higher barrier to permeation of the tetramer.

Na' and K" ions have very similar permeation energetics, yet they undergo different coordination
structures. At the level of the selectivity filter (z = 18 A) in the closed Orai hexamer, the Na* ion
is typically coordinated by 5 water molecules and one oxygen of an E178 side chain whereas the
K" ion is typically coordinated by 4 water molecules and two E178 residues. In the closed Orai
tetramer, both ions are coordinated by one side-chain oxygen atom of E178 and 5 water
molecules. The coordination number goes down as the ions are pushed into the hydrophobic
region of the closed pores (from z = 12 A to z = 2 A). In the hexamer, the Na* ion retains an
average coordination of 5.4 water molecules despite the V174 residues disrupting its
coordination shell, whereas the K™ ion is coordinated by 5.6 water molecules on average. In the
tetramer, the Na” and K" ions are coordinated by 4.9 and 4.5 water molecules, respectively. This
results in a higher free energy barrier for ion permeation through the closed tetramer. In the basic

regions of both hexameric and tetrameric channels (z < 0 A), the permeant ions are coordinated
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by water molecules and CI™ ions. In the closed hexamer, Na" and K" ions around residues K163
(z=-5 A) are coordinated by 3.4 and 2.1 CI” ions, respectively. In the closed tetramer, Na* and
K" are coordinated by 0.4 and 1.1 C1 ions, respectively. The absence of Cl™ ions betweenz =0 A
and z = -5 A in the basic section of the closed tetramer results ins a second free energy peak for
Na" and a less steep decrease in the free energy for K (see Figure 4.3C). As the permeant ions

move along the basic region, more water molecules coordinating them are replaced by CI™ ions.

The Ca®" ion strongly binds to the extracellular side of the closed channels but does not permeate
further down. Their binding positions are different in the hexamer and tetramer closed channels.
In the closed hexamer, the Ca®’ ion interacts with one of the E178 residues intermittently and
also with a D182 residue located in the loop connecting TM1 and TM2 helices. In addition to
these residues, 7 water molecules coordinate the ion. Compared to the simulations without the
constraint on the coordination number of Ca?" and water, the interactions between the ion and
oxygen atoms from the protein less frequently and create a relatively weaker binding affinity for
the ion. On the other hand, the Ca*" ion, coordinated by 7 water molecules, always interact with
one E178 residue (around z = 18 A). Although rarely, a second E178 residue also comes in
contact with the ion. For these interactions, the Ca’" ion does not need to shed water molecules
coordinating itself. As a result, the closed tetramer shows a stronger binding affinity to the Ca>"

1on.

44.4.lon Permeation through the Open Hexameric and Tetrameric

Channels

Figures 4.3D and 4.3E show the free energy profiles for translocating single Ca**, K" and Na*
ions along the open hexamer and tetramer Orai pores. For both oligomers, the pores are opened
by imposing a 30° counter clockwise rotation of the TM1 helices, which allows more water
molecules in the hydrophobic region (see Figure 4.3F) and lowers the energy barrier for ion
permeation. With the notable exception of Ca*" ion in the hexamer, helix rotation also reduces
the affinity for the external binding site: The rotated E178 side chain are high enough to form
salt bridges with residues K270 and are less available to stabilize the fully hydrated ion. On
average, the Ca?" is coordinated by 8 water molecules and one E178 residue at the binding site.

A second E178 residue rarely comes into the solvation shell.
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In the open hexamer, the main energy barrier is 7.4 kcal/mol for K™ and 5.2 kcal/mol for Na”.
This barrier is located within the basic region for K™ and between the hydrophobic and basic
regions for Na'. In the open tetramer, the barriers are 4.0 kcal/mol for both ions. At z = -10 A,
the Na" ion is coordinated by three water molecules and two C1 ions for both open channels (see
Table 4.3 for details). In the open hexamer, the K ion is also coordinated by 3.6 water molecules
and 2.1 CI” ions whereas it is only coordinated by only 3.6 water molecules and 0.7 CI™ ions
within the open tetramer’s pore. K requires a higher coordination number [161] and is therefore

not as stable as Na" at that position in the tetramer channel.

Q152 R1556 K159 K163 L167 F171 V174 E178
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Figure 4.4. Free energy profiles for permeation of a single Ca®" ion through the closed and open Orai multimers. In

all graphs, the x-axis represents the z-coordinate of the permeant ion with respect to the center of the pore, whereas
the vertical dashed lines represent the average z-coordinate of the side chain atoms of the pore-lining residues
(excluding hydrogen atoms). Analysis is done using the 8 ns-long umbrella sampling production trajectories. Unlike
for Figure 4.3, molecular dynamics simulations with umbrella sampling are performed without any constraint on the

Ca*"-water coordination number (See Table 4.3 for details of the coordination resulting from the simulations).

4.4.4.1. Open Hexamer

Unlike for Na* or K, the free energy cost of permeation for Ca®" is dramatically lower in the
open hexamer than in the closed hexamer. In the open conformation, the free energy required for
Ca”' to reach the ring of L167 side chains is comparable to that of K and Na*. For calcium, the
profiles reported in Figures 4.3D and 4.3E are obtained by constraining the ion to be coordinated

by a minimum of 7 water molecules. This corresponds to the coordination expected in bulk water
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[162,163] and we find that not enforcing this minimal water coordination results in higher
permeation barriers except for the open tetramer (see Figure 4.4). Although Figure 4.3 reports
calcium permeation profiles for a calcium ion with a minimum of 7 water molecules in its first
shell, we find similar profiles if the coordination is constrained to a minimum of 6 water
molecules (see Figure 4.5). The free energy profile keeps increasing below the L167 ring, once
the Ca®* ion reaches the basic region. This increase, however, is largely due to the bias imposed
on the Ca*" coordination: By keeping 7 water molecules around the calcium ion at all times, the
simulations prevent Ca?* from forming pairs with the Cl™ ions accumulating in that region of the
pore, up to the level of the K163 residues (see Figure 4.3F). Ca®" ions are known to interact with
CI” ions in solution and have been predicted to liberate about 1.1 kcal/mol of free energy per
Ca?"~CI" pair [164]. Therefore, in the basic region of the pore, the free energy profile is likely

going down for z < 0 A, instead of going up.
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Figure 4.5. Free energy profiles for permeation of a single Ca®* ion coordinated by at least 6 and by at least 7 water
molecules, through the open Orai multimers. In all graphs, the x-axis represents the z-coordinate of the permeant ion
with respect to the center of the pore, whereas the vertical dashed lines represent the average z-coordinate of the side
chain atoms of the pore-lining residues (excluding hydrogen atoms). Analysis is done using the 12 ns-long umbrella

sampling production trajectories.

4.4.4.2. Open Tetramer

TM1 helix rotation has a marked effect on the free energy profiles of the tetrameric channel. The
extracellular ion binding site in the open conformation of the tetramer is 4 A higher than in the

closed conformation and is shallower. This reflects the fact that, in the open conformation, all
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four E178 residues are more solvent-exposed and form transient salt bridges with K270 side
chains. Unlike in the closed conformation, a Na* or K* ion at z = 18 A in the open conformation
is not directly coordinated by the side chains of E178, resulting in weaker binding. Its highest
energy peak is located at the entrance of the hydrophobic part of its pore unlike the case of the
open hexamer channel (see Figure 4.3E). Along the hydrophobic part, the average number of
water molecules coordinating both permeant ions vary similarly (the coordination number of
water molecules is 5.4 for Na" and 5.6 for K'. The permeant Na" ion, having a coordination of
5.5 in solution, replaces one water molecule with a C1™ ion at the entrance of the basic part (z = -5
A) while K" ion stays hydrated with 6 water molecules. This results in a relatively larger free
energy cost for Na* permeation. For both ions, the second energy peak occurs at z =-10 A where
they, passing through the side chains of K159 residues, are being coordinated by 3 water
molecules and 1.7 CI” ions. While the open hexameric structure lets more water into its pore that
the open tetrameric structure (see Figure 4.3F), Na" and K ions permeate better in the tetramer

than in the hexamer (see Figures 4.3D and 4.3E).

On the other hand, the pores of open Orai channels accommodate the permeation of the solvated
calcium ion better (See Figure 4.3D and 4.3E). Along the open hexameric Orai pore, the free
energy behavior of the solvated Ca?" ion varies similarly to the cases observed for Na" and K
The hydrophobic region of the pore poses an energy barrier of 5.9 kcal/mol (located between the
F171 and V174 residues). The energy cost increases as the solvated ion moves toward basic part

(between K163 and K159). However, the increase in free energy through the basic region is

likely to be a side-effect of the coordination number constraint — because of the coordination

number constraint, the permeant calcium ion is not permitted to exchange its water molecules
with the CI” ions stabilizing the basic region. In the case of the open tetrameric channel, the
energy barrier of 11.6 kcal/mol occurs at the entrance of the hydrophobic part (V174) and,
similarly, the energy cost of being at the basic part gets as high as 13.3 kcal/mol where Ca*"
would normally interact with the CI” ions (K159). In conclusion, the open tetrameric Orai
channel reveals an ion pore significantly selective toward Na* and K* against Ca** while the
larger pore of the open Orai hexamer seems to pose comparable energy barriers to the

permeation of different ions we studied.
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4.4.5. Modeling of Calcium lons for Biomolecular Simulations

Our results draw attention to the need for improved force field parameters for divalent ions such
as Ca**, since these ions are more likely to polarize their surroundings compared to monovalent
ions [162,165,166]. For the description of interactions involving divalent ions, it is difficult to
find the right balance of attractive-versus-repulsive forces to describe the true nature of

interactions between these ions and many ligands [167,168].

We first studied the permeation of a single Na” and K" ions along the pores of Orai hexamers
and tetramers. Following the same simulation procedure for Ca®" simulations, surprisingly,
showed that helix rotation reduces the steepness of the free energy peaks significantly in the Orai
tetramer. From the extracellular side until halfway through the basic part of the pore, the open
tetrameric channel lets Ca** permeate while being solvated by 7 water molecules. Since the E178
residues form salt bridges with K270 residues, Ca?* can enter the pore of the Orai tetramer

without binding to the E178 side chains.

We then repeated our molecular dynamics simulations with umbrella sampling to investigate the
free energy profile of Ca?" as coordinated by 6 and by 7 water molecules for all the systems: the
closed hexameric and tetrameric Orai channels as well as the open hexameric and tetrameric Orai
channels (see Figure 4.5). We chose 6 and 7 water molecules as the ideal cases for Ca®'
coordination since they are frequently found in the literature [162,165]. As mentioned earlier, our
results must be interpreted cautiously, since our simulation setup is tailored to keep Ca**—water
coordination at 7 and does not allow Ca** to interact with the CI™ ions found in the basic region.
In reality, Ca’" ions permeating through the Orai pores could easily interact with anions expected
to be in the basic region of the Orai pore [11,57]. In addition, Ca®" ions interact with CI”~ ions in
solution [164] and are affected by a transmembrane potential, neither of which are considered in

our simulations.

As shown in Figure 4.3A and 4.3B, the free energy profiles of Ca?" along the pores of the closed
Orai proteins reveal high energy barriers (> 20 kcal/mol). In both closed Orai channels, the initial
position of the Ca®" ion solvated with 7 water molecules is identified as the energy minima. As
the ion moves further down the pore with its solvation shell, the energy cost increases

significantly. On the other hand, the pores of open Orai channels accommodate the permeation of
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the solvated Ca®" ion better (see Figure 4.3D and 4.3E). Along the open hexameric Orai pore, the
free energy behavior of the solvated Ca*" ion varies similarly to the cases observed for Na* and
K": the hydrophobic region of the pore creates an energy barrier of 5.9 kcal/mol (located
between F171 and V174). The energy cost increases as the solvated ion moves toward basic part

(between K163 and K159). However, the increase in free energy through the basic region is

likely to be a side-effect of the coordination number constraint — because of this constraint, the

permeant Ca”’ ion is not permitted to exchange its water molecules with the C1 ions stabilizing
the basic region. In the case of the open tetrameric channel, the energy barrier of 11.6 kcal/mol
occurs at the entrance of the hydrophobic part (V174), and similarly the energy cost of being at
the basic part gets as high as 13.3 kcal/mol where Ca*" would normally interact with the CI™ ions
(K159). In conclusion, the open tetrameric Orai channel reveal an ion pore significantly selective
toward Na" and K against Ca?*, while the larger pore of the open hexameric Orai channel seem

to pose comparable energy barriers to the permeation of Ca?*, K* and Na™.

4.5. Conclusion

In this study, we built model structures of Orai multimers based on the crystal structure of D.
melanogaster Orai protein. Free energy calculations showed that these models create high energy
barriers against ion permeation, confirming that the crystal structure is indeed a closed
conformation of the Orai channel. We also tested whether the rotation of pore-forming helices
would make the pores of these model channels conductive to Ca*>" ions and selective against Na*
and K ions. We built both Orai multimers (hexamer and tetramer) in an open conformation by
rotating their pore-forming helices. The umbrella sampling calculations of these channels
showed that helix rotation lowers the energy barrier against ion permeation regardless of the
multimeric state of the channel. However, the oligomeric state of the Orai channel makes a
difference in the case of Ca®": the hexamer pore is better adapted to the permeation of a fully-
hydrated Ca®" ion than the tetramer pore. When opened, the Orai hexamer reveals comparable
free energy profiles for the permeation of Ca?", K* and Na® ions. Conversely, the open Orai
tetramer shows opposite selectivity, with the permeation of Na" and K* ions becoming easier
than for Ca®*. The opening of the hexameric channel displays changes in relative permeabilities

that are consistent with calcium-selective currents. The opening of the hexameric structure barely
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makes a difference for the permeation of Na* and K* ions, while opening the tetramer almost

completely removes the barrier for these ions.

Calcium coordination with proteins is notoriously difficult to simulate using conventional protein
force fields, since Ca** ions, due to their high charge density, are more likely to polarize their
environment compared to the monovalent ions Na" and K' [167]. Fortunately, our simulations
suggest that the details of coordination with protein side chains are not as important, since the
hydrophobic environment of the Orai pore facilitates calcium permeation by simply

accommodating its complete hydration shell.

As a highly selective calcium channels, Orai proteins form an unusual permeation pathway for
Ca?" ions. Due to low extracellular concentrations of these ions, Orai proteins must show a high
calcium selectivity to function. Like other calcium channels, they also have a selectivity filter
formed by a ring of glutamate residues. For example, the selectivity filter of voltage-gated
calcium channels is formed by a conserved EEEE locus known to be responsible for their
selectivity of Ca?" over Na' ions [170,171]. At the extracellular mouth of the Orai pore, there are
two aspartate residues (D182 and D184) in the loop of each Orai monomer, in addition to the
selectivity filter formed by E178 residues. These residues can attract Ca*" ions that would
electrostatically repel monovalent ions. As proposed for eukaryotic calcium channels [169], the
selectivity filter of the Orai channel might be occupied by one or more Ca’" ions that guard the
pore against monovalent ions. The importance of glutamate residues is also supported by
experimental data. A mutation in the selectivity filter, changing the glutamate to an aspartate
(E178D corresponding to E106D in H. sapiens Orail), lowered calcium selectivity, whereas

mutating E178 to A or C caused loss of calcium selectivity [45,155].

Past the selectivity filter, there is a hydrophobic part to the Orai pore. As suggested by our
results, a residue in this part (V174) plays a vital role in channel gating. This is further supported
by functional studies of Orai mutants. Similarly, mutations in the hydrophobic part in the pore
(V174 and F171 to polar or mildly hydrophobic residues) resulted in leaky channels [49,67]. The
presence of a hydrophobic domain in the pore draws attention to the possibility of the permeant
ion being hydrated, since this hydrophobic region does not provide any polar moieties to

coordinate the ion. After the hydrophobic part, the Orai pore has a region lined with basic
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residues (K163, K159 and R155). This unusual basic part is thought to be stabilized by anions in
the closed conformation [11]. In an open conformation, this basic domain could create a local
concentration of positive charges, and hence lower permeation rate by electrostatically repelling
the permeant cation. Ctrl, a copper transporter whose crystal structure was recently determined,
also has a basic cavity below its selectivity filter which was suggested to play a role in its low
conductance [172]. The same could be the case for the Orai channel. Following the hydrophobic
part, the basic residues in the Orai pore might be responsible for its extremely low conductance,

which was estimated to be around 10-30 fS in 2-100 mM Ca?* [154].

There are two major ideas on how Orai channels are gated by STIM: via the pore dilation in the
basic region [11], or through helix rotation as a mechanism of hydrophobic gating [67]. The
latter is supported by various experimental studies. A recent study showed that a single mutation
in the hydrophobic part of the Orai pore (V174A) creates an open channel in the absence of
STIM [137]. Yamashita et al. concluded that STIM-mediated channel activation rotates the pore
helices and increases pore hydration involving V174 and F171 residues [67]. In addition, Dong
et al. computationally investigated ion permeation through the wild-type and V174 mutant Orai
channels and emphasized the importance of pore waters for ion permeation [58]. Finally, Gudlur
et al. used disulfide cross-linking to probe how STIM binding alters the conformation of pore
helices and concluded that the conformational rearrangement occurs at the extracellular mouth of
the Orai pore [137]. Together with these studies, our results support the idea of hydrophobic
gating. In every case we explored, there is an energy barrier within the hydrophobic part of the
pore. Especially considering the tight-packing in the hydrophobic part, a pore dilation in the
basic part might not alter the energy barrier created by the hydrophobic part even in the
structures with rotated helices. Helix rotation significantly lowers the hydrophobic energy barrier

in the hexamer and tetrameric Orai pores without altering the size of their basic domains.
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Chapter 5. Modeling the Effect of Salinity on the Cytoplasmic

C-Terminal Domain of Osmolyte Transporter ProP

5.1. Abstract

Increases in osmotic pressure threaten cells with dehydration. Osmosensing transporters prevent
this by detecting increases in osmotic pressure and respond by mediating organic solute uptake.
In Escherichia coli (E. coli), osmosensing transporter ProP activates when cellular dehydration
elevates cytoplasmic cation concentration, modulating electrostatic interactions. In our previous
work, molecular dynamics simulations have suggested that the cytoplasmic C-terminal domain
(CTD) of monomeric ProP either associates with the membrane surface, or forms an antiparallel,
homodimeric alpha-helical coiled-coil with an adjacent ProP. We then proposed that the coiled-
coil formation prevents the CTD-membrane association, and therefore locks ProP in an active
conformation. In this work, we aim to understand what drives the CTD-membrane disassociation
as salt concentration increases. We used homology modeling to create a model system of ProP
including the CTD and the Transmembrane Helix XII (TMXII). Since there was no template
available for the loop connecting the CTD to TMXII, we performed molecular dynamics
simulations combined with the adaptive biasing force method in order to examine the possible
conformations of the loop and the effect of salinity on these conformations. To investigate how
salt concentration alters the intramolecular interactions of CTD and intermolecular interaction
between CTD and lipid, we performed molecular dynamics simulations of the CTD with and
without TMXII, at different salt concentrations: 0 M KCI (only counter ions), 0.25 M KCI and
0.5 M KCI. Our data identify how salt affects the relevant interactions within ProP as well as
between ProP and the membrane; and also complement biochemical analyses of ProP sequence

variants to further develop our structural model for osmosensing.

5.2. Introduction

Changes in extracellular osmotic pressure alter the hydration of prokaryotic and eukaryotic cells
because phospholipid membranes are highly water permeable, but solute-impermeable. In
response to variations in osmotic pressure, cells maintain cellular hydration, growth and survival
through several mechanisms [173]. Channels and transporters residing in the cell membrane
constitute this osmoregulatory system. ProP of E. coli is an osmosensing transporter which

76



detects the increasing cytoplasmic cation concentration that results from cellular dehydration,
responds by pumping osmolytes into cells, and therefore forestalls dehydration [80]. It catalyzes
proton-osmolyte symport via an alternating access mechanism (see Figure 1.5). ProP activity is a
sigmoid function of the osmolality in intact cells and in proteoliposomes reconstituted with the

purified protein [80].

Membrane
Loop . Proximal Helix Membrane Distal Helix |
I 1 1 |
ProPEc 439-KETANRPLKGATPAASDIQEAKEILVEHYDNIEQKIDDIDHEIADLQ------- AKRTRLVQQHPRIDE-500
QusA KETANKPLKGATPAASDLSEAKEILQEHHDNIEHKIEDITQQIAELE------- AKRQLLVAQHPRIND
ProPAt KETANRPLYGDTPNASSRKEAKSLLAEQYQHIEKSVEEIDEELAKLEEQKKI LQTKREGLVGRHPDLT -
Conservedl Ahkkhkk *k * Kk K&k * & & * * * & * % * % * % * &

Figure 5.1. The alignment of the sequences of the cytoplasmic C-terminal domains (CTDs) of the ProP orthologues
from E. coli (ProPEc), Dickeya dadantii (OusA) and Agrobacterium tumefaciens (ProPAf) were done with
CLUSTALW [174] by using the full length sequences. These proteins function as osmoregulatory transporters
[78,91,175]. The illustrated ProPEc segment includes residues K439-E500. Experimental data show that M438 of
ProPEc is intramembrane, at the cytoplasmic end of TMXII [176]. Here, acidic residues (D, E) are red and basic
residues (H, K, R) are blue. Conserved residues are marked with asterisks (*). Residues in the membrane distal part

form the antiparallel coiled-coil [85].

ProP is a 500 amino acid residue Major Facilitator Superfamily member, embedded in the
cytoplasmic membrane, with 12 transmembrane helices (TMs) and an extended, cytoplasmic C-
terminal domain (CTD) [84]. The CTDs of adjacent ProP molecules form antiparallel,
homodimeric alpha-helical coiled-coils: Zoetewey et al. [85] determined the NMR structure of
the coiled-coil using peptides corresponding to the residues 468-497 of ProP (the membrane-
distal portion of the CTD helix) and Hillar et al. [84] used chemical cross-linking to demonstrate
the antiparallel association of the CTDs in full length ProP, in vivo. No secondary structure is
predicted for residues 439-454, whereas the rest of the CTD (residues 455-500) is predicted to be
alpha-helical. In two other studies [90,91], experiments and molecular dynamics simulations
showed that a peptide corresponding to the CTD of ProP (residues 439-500) can either form a
coiled-coil dimer or associate as a monomer with the membrane surface. Culham et al. further
showed that increasing osmolality decreases the membrane fluidity in E. coli lipid liposomes
[91]. In addition, the osmolality response of ProP is modulated by the proportion of anionic

phospholipids in its host membrane [90,175]. All of these observations led us to compare (1) the
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osmolality dependence of the activities of ProP sequence variants and (2) interactions between
corresponding peptides and liposomes to propose a model for osmosensing in our previous work

(see Figure 1.5) [91].

According to this model, CTD-membrane association locks the transporter in an inactive
conformation. That association is destabilized when cytoplasmic cation concentration increases
as a result of increasing osmolality. This increase in cytoplasmic cation concentration decreases
membrane fluidity. The CTD is released, activating the transporter. Coiled-coil formation then
stabilizes the active conformation. In principle, the increase in cation concentration could result
in the folding or assembly of the CTD; an increase in local charge density on the membrane
surface; and contact of the CTD and membrane surfaces during activation [88]. Here, we aim to

test these hypotheses using molecular dynamics.

The NMR structure [85] for the homodimeric coiled-coil provides a starting point for molecular
dynamics simulations. Using the NMR structure as a template, we built a homology model of the
CTD and performed molecular dynamics simulations at different salt concentrations in order to
study the impact of increasing salinity on the peptide-peptide and peptide-membrane salt bridges.
New insights regarding the salt dependence of the CTD-membrane association emerged from the
molecular dynamics simulations of the CTD model structure that includes the external loop 6 and

the transmembrane helix XII (TMXII).
5.3. Computational Details

5.3.1. Building Model Structures of the E. coli ProP CTD

As explained in our previous work [91], a homology model of the monomeric C-terminal domain
(CTD) of ProP (residues 439-500) was generated with Modeller [97], using the NMR structure
of the coiled-coil dimer of the E. coli ProP [85] (PDB ID: 1R48) as a template. The helices A
and B from the NMR structure were used to model residues 468-497 and 454-483, respectively,
whereas there was no available template for residues 439-453. The peptide was oriented on the

membrane surface using the Positioning of Proteins in Membrane 2.0 web server (PPM) [138].

CHARMM-GUI Membrane-Builder [140] was used to generate all the simulation boxes
including a monomeric ProP CTD peptide (residues 439-500), a pre-equilibrated palmitoyl
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(16:0)/palmitoleoyl(16:1) phosphatidylethanolamine and palmitoyl(16:0)/palmitoleoyl(16:1)
phosphatidylglycerol (PEPG 80:20) membrane, water and salt (KCI). More specifically, three
simulation systems were built; one simulation box contained 0 M KCI (only counter-cations
were added to neutralize the net charge in the simulation system) and the other simulation boxes
contained 0.25 M KCI and 0.5 M KCI, respectively. The resulting hexagonal simulation boxes
(a=b=c=111A) and consisted of ~106800 atoms (see Table 5.1).

The CHARMM36 [110] force field and the TIP3P [141] water model were used. The molecular
dynamics simulations were performed using NAMD 2.9 [145]. Temperature (298.15 K) and
pressure (1 atm) were kept constant using Langevin dynamics with a coupling coefficient of
1 ps ! and using a Nosé-Hoover Langevin piston [108,109] with a piston period of 50 fs and a
piston decay of 25 fs. All bonds involving hydrogen atoms were constrained using the
SHAKE/RATTLE algorithm [142]. Nonbonded interactions were calculated using Particle Mesh
Ewald [143] and the recommended CHARMM cut-off scheme [144]. Timestep was set to 2 fs.
All simulation systems were relaxed using the six-step scheme in the NVT ensemble as

suggested by Jo et al. [140] and simulated for 100 ns in the NPT ensemble.

Table 5.1. Number of lipid molecules, salt ions, water molecules and total number of atoms in the simulation boxes

Systems NpeEupper NpPG,upper NpEJower INPGJlower Nk+ Nci- Nwater  Natoms
ProP peptide (439-500) at 0 M KCl 128 32 128 32 76 0 21862 105870
ProP peptide (439-500) at 0.25 M KCl 128 32 128 32 153 77 22115 106783
ProP peptide (439-500) at 0.5 M KCl 128 32 128 32 268 192 22115 107013
ProP peptide (412-500) at 0 M KCl 136 34 128 32 73 0 17104 92197
ProP peptide (412-500) at 0.25 M KCl 136 34 128 32 149 76 17046 92175
ProP peptide (412-500) at 0.5 M KCl 136 34 128 32 226 153 17052 92347

5.3.2. Investigating the conformational dynamics of the loop

In the simulations of ProP 439-500 systems, the loop (residues 439-450), generated without a
template in Modeller [97], often flipped back toward the CTD and moved, freely, toward the
solution. In other words, the loop structure did not experience its physiological environment

during the simulations with our initial model of the CTD helix. Since this loop (residues 439-
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450) normally connects the CTD helix with TMXII, in a complete ProP structure, it would be
constrained by TMXII and also by the membrane association of residues 454-500. In addition,

the loop can adopt different conformations as a response to changes in salt concentration.

To explore how salt concentration affects the dynamics of the loop, we (1) removed the CTD
helix (residues 451-500) from our ProP model (439-500); (2) neutralized the N and C termini of
the peptide formed by the residues 439-450 (a neutral acetylated N-terminus and a neutral N-
methylamide C-terminus, respectively); and (3) solvated by adding water and 0.5 M KCI. Using
CHARMM-GUI [139], an octahedral simulation box (a = b = ¢ = 58 A) was generated. The
resulting simulation box consisted of a total of ~14000 atoms. Molecular dynamics simulations
were performed with the same parameters as explained in the previous section. Molecular
dynamics enhanced with the adaptive biasing force method (ABF) [127] was used to generate the
free energy profile as a function of the distance between the Co atoms of residues 439 and 450
(i.e. the end-to-end distance of the loop). During the ABF calculations, the lower and higher
limits to the end-to-end distance were set to 3 and 30 A, respectively. The upper and lower wall
constants were set to 10 kcal/mol/A?. The width for the end-to-end distance was set to 1 A. 500
samples of the instantaneous force acting along the end-to-end distance were collected before the
estimation of the average force. The simulation was performed for 300 ns to ensure the
convergence of the estimation of free energy. This simulation was repeated at three different salt
concentrations: 0 M (counter ions only), 0.25 M and 1 M KClI, to investigate the effect of salt on
the dynamics of the loop. Each ABF calculation, at different salt concentrations, generated an
estimation of free energy as the end-to-end distance of the loop changes. All of these calculations
showed that a hairpin-like conformation of the peptide (residues 439-450) with an end-to-end
distance of 4 A corresponded to the free energy minimum. Therefore, this conformation was
used as a template to generate a longer, more realistic model of the ProP peptide (see the Next

section).

5.3.3. Building a more realistic model of the ProP peptide

To generate a model structure of a longer ProP peptide, external loop 6 (residues 412-418) and
transmembrane helix XII (TMXII) (residues 419-438) were modeled and attached to the CTD
(residues 439-500). The protein homology/analogy recognition engine 2.0 (Phyre) server [177]
was used to generate a homology model of ProP based on the crystal structure of bacterial xylose
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transporter, XylE from E. coli (PDB ID: 4GBZ) [178]. The Phyre homology model (for the
residues 412-438), a representative conformation of the loop (residues 439-450) based on the
ABF simulation trajectories giving the lowest free energy, and the simulated structure from our
previous work [91] (for the residues 451-500) were connected together with Modeller [97] to
create a ProP peptide formed by the residues 412-500. The same simulation setup was repeated
for this peptide. Counter cations (87 K* ions) were added to this simulation box to neutralize the
system. A hexagonal box (a = b = 121 A and ¢ = 122 A) consisted of 29856 water molecules,
405 lipid molecules (PEPG (80:20)) and 1415 peptide atoms resulting in a total of 139427 atoms.
The ProP peptide (residues 412-500) was simulated for 100 ns with a harmonic constraint on the
loop; the distance between the Cq atoms of the residues 439 and 450 was kept at 5 A, with a

force constant of 2.5 kcal/mol/A?.

The atomic coordinates to the ProP peptide (residues 412-500) at the end of 100 ns were used to
set up three simulation systems: the ProP peptide (412-500) embedded into the PEPG (80:20)
membrane at 0 M (only counterions), 0.25 M and 0.5 M KCI. In these systems, the loop (residues
439 and 450) was unconstrained. The procedure as explained in Section 5.3.1 was repeated for
the simulation setup. The hexagonal simulation boxes (a = b =110 A and ¢ = 99 A) consisted of
~93000 atoms (see Table 5.1 for further details). Using NAMD 2.9 [145], unbiased molecular

dynamics simulations were performed for 100 ns.

The simulation trajectories were analyzed using different tools: Bio3D [147] was used for the
calculation of side-chain contacts, MDAnalysis [148,149] for the computation of hydrogen
bonds, and VMD [150] for the rest of the analysis. Throughout these analyses, two molecules
were assumed to be in contact (or interacting), if the distance between a pair of their non-
hydrogen atoms was shorter than or equal to 5 A. The graphs were plotted with the ggplot2
package in R [151].

5.4. Results and Discussion

5.4.1. What can Molecular Dynamics Simulations of the ProP CTD Tell Us?
The initial structure of the ProP CTD peptide (residues 439-500) was generated by Modeller as

explained in our previous work [91] (see Figure 5.2A). Molecular dynamics simulations of the
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peptide, oriented on a PEPG membrane surface using the PPM server [138], were performed at 0
M KCI (only counter ions were added to neutralize the net charge of the system), 0.25 M KClI
and 0.5 M KCI. These salt concentrations were chosen to cover the range relevant for ProP
activation which is a sigmoid function of the osmolality in proteoliposomes reconstituted with
the purified protein [89]. The alpha-helix, formed by the residues P451-Q494, remained stable
throughout these simulations. The root mean square deviation (RMSD) of all backbone atoms in
the helical part of this peptide was calculated as 2.0 A+ 0.5 A at O M KCI, 1.4 A £ 0.4 A at 0.25
M KCl, and 1.6 A £ 0.4 A at 0.5 M KCl, with respect to the initial structure.

(A) (B)
o - %
- RAR RO RARSS Q’ K439 D468
/{ o —— K439 e?( “‘M"’/{" H495\3
T450 \ WV”

Figure 5.2. (A) Initial structure of the ProP CTD peptide formed by residues 439-500 (short peptide). The acidic
residues (D and E) are shown in red whereas the basic residues (H, K and R) are represented in blue. The rest of the
peptide is colored gray. The loop is formed by residues 439-450. Residues 451-467 are known as the membrane
proximal helix, whereas the residues 468-495 are the membrane distal helix, which forms the coiled-coil. The
cartoon representation of the peptide was generated with VMD [150]. (B) Initial structure of the longer ProP peptide
formed by residues 412-500 (long peptide).

Molecular dynamics simulations showed that the ProP peptide maintained stable side-chain
contacts and hydrogen bonds. Although a change in salt concentration did not significantly alter
the average number of side-chain contacts or hydrogen bonds within the peptide, more salt ions
interact with the peptide as salinity increases. More interactions with K ions are expected since
the peptide is overall anionic (see Figure 5.2A). At 0.25 M and 0.5 M KClI, the basic residues of
the peptide interacted with a few CI” ions. The total number of lipid molecules interacting with
the peptide did not significantly vary as the salinity changed. However, as salt concentration

increased, the CTD interacted less with PE lipids, and more with PG lipids (see Table 5.2).
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Table 5.2. Intra-peptide CTD contacts (side-chain contacts and hydrogen bonds) and average number of salt ions

and lipid molecules interacting with the CTD

Simulations [KCl] Nisc-contacts NHbonds Nk+ Na- Nek Nrc
oM 43 +£3 66+5 3+1 - 20+£3 6+1
450-500 from the
short peptide 0.25M 42 +4 64 +4 5+2 0+1 18+2 9+1
(439-500)
0.5M 43 +4 62+4 7+2 1+1 15+£2 10+1
oM 39+4 62+4 4+£2 - 16+3 6+2
450-500 from the
long peptide 025M 40+3 60+5 7+2 1+1 20+2 4+1
(412-500)
0.5M 40+4 60+5 8+2 2+1 17+£2 3+2

A contact (or interaction) was counted only if the distance between a pair of non-hydrogen atoms was less than 5A.
This analysis was done, using the 100 ns-long trajectories, for two different ProP systems at 0 M, 0.25 M and 0.5 M
KCIl: the short ProP peptide formed by the residues 439-500 and the long ProP peptide formed by the residues 412-
500. In both cases, only the contacts involving the CTD helix (residues 450-500) were taken into account. The
calculation of the side-chain contacts excluded the contacts within the same residue and between a residue and two

residues sequentially following that residue.

Figure 5.3 shows the fraction of simulation time each ProP residue spent forming a contact with
a lipid head group (the probability of a contact). In Figure 5.3A, these contacts are ranked
according to their probability of contact. The area under these curves represents the amount of
contacts between the peptide and lipids at each salt concentration. The peptide formed more
contacts with the lipid head groups and these contacts were maintained through the whole
simulation time (the probability of formation was 1) at 0.25 M KCI. At 0 M and 0.5 M KClI,
similar residues interacted with the lipid head groups and the probabilities of these contacts were

also comparable.
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Figure 5.3. (A, C) Contacts between a residue and a lipid head group ranked by their fraction of simulation time for
which the contact was formed. (B, D) The fraction of simulation time for a contact with the lipids per residue. A
lipid molecule and a ProP residue were considered to be in contact if the distance between any non-hydrogen atom
of the peptide and a non-hydrogen atom of the lipid was not larger than 5 A. 100 ns-long unbiased molecular
dynamics trajectories were used for the analysis. Graphs in A and B show the data for the short ProP peptide formed
by residues 439-500 whereas the ones in C and D represent the data for the same portion of the peptide (residues

439-500) from the simulations of the longer ProP peptide (formed by residues 412-500).

Since Culham et al. [88] proposed that Coulombic effects are crucial for ProP activation, it is
important to explore the nature of the intra-peptide contacts formed by the CTD. Salt bridges,
which occur between oppositely charged residues that are close enough (< 5 A) to each other,
can be analyzed to probe Coulombic effects. Figure 5.4A shows the salt bridges formed within
the short ProP peptide (439-500). At 0 M KClI, the peptide formed five salt bridges, involving
residues R444, K447, E458, E461, E465, D476 and K473, occurring at least half of the
simulation time. This number went down to three at 0.25 M and two at 0.5 M KCI. At high salt
concentrations, fewer residues were involved in forming salt bridges. With increasing salinity,
more salt ions interacted with the peptide, and therefore screened the electrostatic interactions
within the residues (see Table 5.2). In addition, most of these salt bridges were formed by the
loop residues (439-450) flipping back toward the membrane proximal helix (residues 454-468),

and therefore are unlikely to occur in the full ProP structure. In ProP, this loop would connect the
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CTD to the transmembrane helix XII (TMXII). Without TMXII, the loop becomes unnaturally
unconstrainted, forming salt bridges with the helical part in the CTD. Therefore, the short
peptide with its free loop is not likely to portray the true nature of the system. In fact, the loop
might hinder the possible interactions within the peptide and/or between the peptide and the
lipid.
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Figure 5.4. (A) Intra-peptide salt bridges calculated from the molecular dynamics simulations of the short ProP
peptides including the residues 439-500. (B) Intra-peptide salt bridges, formed by the residues (439-500), calculated
from the molecular dynamics simulations of the long ProP peptide (residues 412-500). The x axis represents the
residue pairs forming a salt bridge, whereas the y axis shows the probability of formation of each salt bridge,
calculated as the fraction of simulation time at which the distance between the atoms, forming each salt bridge, was

smaller than 5 A. The bars are colored according to the salt concentration at which the simulations were performed.

5.4.2. Residues 439-450 Form a Salt-Sensitive Loop.

The short ProP peptides analyzed so far are formed by the residues 439-500, and therefore
include this loop and the CTD helix. However, in order to examine the interactions within the
CTD and between the CTD and membrane, the loop must be modeled carefully. One step further
toward a more realistic model of the ProP CTD would be constraining the loop with a
transmembrane helix so that it behaves like in its native-like environment. Restraining the loop
with TMXII would allow a better evaluation of not only the intra-peptide salt bridges but also the
salt bridges between the peptide and lipid head groups.
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Before generating a homology model of a longer ProP peptide (residues 412-500) including the
external loop 6 and TMXII, a variety of conformations of the loop (residues 439-450) that might
be accessible to the ProP peptide (residues 412-500) were explored by molecular dynamics
simulations enhanced with the adaptive biasing force method (ABF) [127]. These simulations
were performed on the loop in solution under four different salt concentrations: 0 M, 0.25 M, 0.5
M and 1 M KCI. Figure 5.5A shows the estimated free energy of the system as a function of the
end-to-end distance of the loop (defined as the distance between the Ca atoms of the K439 and
T450 residues). Regardless of salt concentration, the free energy minimum was located at the
end-to-end distance of 4 A and corresponded to a hairpin conformation of the loop (see Figure
5.5B). Our results indicated that the loop is more resistant to extension as the salt concentration
increases. Only at 0.25 M KCl, the loop was more likely to extend up to 10 A (< 1 kcal/mol of

free energy cost).

(A) +0M+0.25M+0.5M 1M (B)

Free energy (kcal/mol)
N w EN
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End-to-end distance of the loop (A)

Figure 5.5. (A) Free energy profiles of the loop in solution under different salt concentrations: 0 M, 0.25 M, 0.5 M
and 1 M KCL. The x axis shows the end-to-end distance of the loop defined as the distance between the Ca of K439
and T450. The y axis represents the free energy estimation. The 300 ns-long ABF simulations were divided into 10
ns-long sub-trajectories. The first 150 ns of these simulations were excluded. For each system, the free energy was
calculated as the average of the free energy values coming from all sub-trajectories in the last 150 ns-long ABF
simulation. The error bars show the standard deviation of these average values. (B) A representative hairpin

conformation taken from the ABF simulation at 0.5 M KCI.
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5.4.3. The dissociation of the CTD-lipid does not require a significant

conformational change in the peptide.

We used the conformation corresponding to the free energy minimum in the ABF simulation at
0.5 M KCI and built a longer ProP peptide which includes the TMXII and the external loop 6.
This representative hairpin conformation of the loop (residues 439-450) is shown in Figure 5.5B.
The template for TMXII was a homology model of the ProP transporter, generated by the Phyre2
server [177] and was based on a crystal structure of xylose transporter XylE of E. coli [178]
(PDB 4GBZ). To assemble the TMXII and the external loop 6 with the short ProP peptide
(residues 439-500), we used Modeller. The resulting homology model of the longer ProP peptide
was from the residues 412-500 as shown in Figure 5.2B (see Methods for further details). The
TMXII part of this peptide was embedded into a pre-equilibrated PEPG membrane with the PPM
server [138]. A new set of molecular dynamics simulations was performed for 100 ns at 0 M,
0.25 M and 0.5 M KCIl. The secondary structure of the peptide was stable through these
simulations: the alpha-helical transmembrane helix (residues M418-M438) followed by the loop
(K439-T450), and then a stable alpha-helix (residues P451-Q494). The root mean square
deviation (RMSD) of all backbone atoms in the helical parts of this peptide was calculated as 2.4
A+08AatOMKCL3.7A+£1.0Aat025MKCland 2.9 A+0.9 A at 0.5 M KCI with respect
to the initial structure. In all three simulations, the end-to-end distance of the loop was

unconstrained and remained within 5.7-6.2 A.

Table 5.2 shows the average numbers of intra-peptide, peptide-salt and peptide-lipid contacts
calculated from the simulations of the long ProP peptide (412-500). In order to compare these
results with the existing data from the short peptide, the contacts were counted only when they
involved the residues 450-500, forming the helical part of the CTD. Compared to the short
peptide, the long peptide also maintained steady side-chain contacts and hydrogen bonds within
itself. Interestingly, molecular dynamics simulations of the longer peptide revealed differences in
the peptide-salt ion and peptide-lipid contacts compared to those of the short peptide. More salt
ions interacted with the peptide throughout the simulations at 0.25 M and 0.5 M KCI. The
decrease in the number of PE lipids in contact with the peptide was less pronounced for the long

peptide while the number of PG lipids interacting with the CTD decreased with increasing

87



salinity. The simulations of the peptide formed by residues 412-500 indicated that an increase in

salt concentration disrupts some of the interactions between the CTD and the lipid membrane.

Figure 5.3B shows that the interactions between the lipids and the membrane distal part of the
CTD (residues 468-500) decreased progressively as salt concentration increased. Interestingly,
this decrease cannot be explained in terms of intra-peptide or peptide-lipid electrostatic
interactions. In fact, the simulations of the long peptide model not only constrained the loop with
TMXII — preventing it from forming salt bridges with the CTD — but also showed that no new
salt bridges emerged within the peptide. Therefore, the number of stable salt bridges significantly
decreased in this peptide regardless of salinity in the simulations. Figure 5.4B shows that a stable
salt bridge, formed by R497 and E500, was identified only at 0 M KCI. In this simulation as well
as the one at 0.5 M KCl, the peptide formed a second salt bridge between the adjacent residues
K460 and E461. However, this interaction occurred between a pair of adjacent residues.
Therefore, the simulations of both peptides infer that intra-peptide salt bridges are not the driving

force in the activation mechanism of ProP.
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Figure 5.6. (A) The salt bridges between the ProP peptide (412-500) and the lipid head groups. Frequency was
calculated as the fraction of the simulation time during which at least one salt bridge between a ProP residue and a
lipid molecule (or a K™ ion) was formed. Here, only the salt bridges with frequencies higher than 0.5 are shown. The
cut-off distance for a salt bridge was set to 5 A. (B) The order parameter of the lipids at 0 M, 0.25 M and 0.5 M KCI.
The calculation was performed with MEMPLUGIN [179] from the 100 ns-long molecular dynamics simulations.
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Figure 5.6A shows the frequencies with which one or more salt bridges formed with the lipid
head groups and acidic or basic residues in the peptide. The peptide formed salt bridges
dominantly with PE lipids. There were only two instances where a residue formed two
simultaneous salt bridges with PE lipids: R497 at 0.25 M KCl and R444 at 0.5 M KCI. Neither of
these residues is a part of the alpha-helix of the CTD (see Figure 5.1). At 0 M KCl, eight residues
(the first half from the membrane-proximal part of the CTD helix (D455, E458, K460 and D468)
and the second half from the membrane-distal part of the CTD helix (E471, D475, D478 and
R488)) formed salt bridges with a PE head group (see Figure 5.1). At 0.25 M, only four helical
residues from each part of the CTD helix (D455 and K460 from the membrane-proximal part and
E471 and R488 from the membrane-distal part) were involved in forming at least one stable salt
bridge with the PE head groups. One of these residues, E471, also interacted with K" ions. At 0.5
M KCl, more acidic residues interacted with K" ions (see Figure 5,6A). Among those residues
E471 formed the most frequent electrostatic interactions with PE head groups and K* ions. Even
though the peptide includes the side chains of basic residues as shown in Figure 5.2, none of the
CTD residues formed stable salt bridges with PG head groups at higher salinity. This could be a

result of the net negative charge of the peptide and/or the changes in the membrane fluidity.

Increasing salt concentration weakens the association of the peptide and the lipid. This is not due
to a conformation change in the peptide. In fact, the increase in the salt concentration causes the
disassociation of the CTD and the membrane without changing the helicity of the CTD or its
orientation with respect to the membrane surface (see Figure 5.7). Instead, the peptide-membrane
disassociation correlated with the decrease in membrane fluidity. The experimentally-observed
decrease in membrane fluidity [91] was also implied indirectly as an increase in the calculated
order parameter (-Scp) of the membrane at 0.5 M KCI (see Figure 5.6B). A less fluid membrane
might not accommodate the interactions with the anionic peptide. In this case, since ProP
functions without the help of other proteins and does not respond to the changes in the membrane
tension [78], it can be speculated that it might get activated with increasing salinity that causes a
decrease in membrane fluidity. In other words, our results suggest that the membrane can act as

an antenna that senses the osmotic upshifts, while the ProP acts as an osmoregulator.
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Figure 5.7. The position along the membrane axis of the lipid head groups and the ProP residues at (A) 0 M, (B)
0.25 M and (C) 0.5 M KCI. Here, the position of the geometric center of the non-hydrogen atoms in the lipid head
groups were calculated only if any non-hydrogen lipid atom was closer than 5 A to any non-hydrogen protein atom.
The solid horizontal lines represent the average positions of the lipid head groups along the membrane axis
calculated from the 100 ns-long molecular dynamics simulations, whereas the dashed horizontal lines show the
standard deviation of the average position. The acidic and basic residues are colored in red and blue, respectively.
The rest of the residues is colored in black. The square frame given next to each plot shows the residue number of
any residue whose average position is within the one standard deviation on either side of the average position of the

lipid head groups.
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5.5. Conclusion

TMXII was attached to the CTD with the loop in a hairpin conformation in order to build a more
realistic model of the ProP peptide (formed by residues 412-500) than the model of the peptide
without TMXII. Our results showed that the attachment of TMXII significantly changes the
frequency of interaction between the lipids and the membrane distal part of the ProP peptide, as
well as the occurrence of salt bridges (within the peptide and between the peptide and the lipid).
Probing the nature of interactions between the CTD helix and the membrane, we showed that
increasing salt concentration changes the distance of the CTD helix from the membrane without
altering intra-peptide contacts or hydrogen bonds. It also decreases the association between the
peptide and lipids. The weakening of the peptide-lipid interaction is likely to arise from the
decrease in the membrane fluidity. The membrane, as it becomes more ordered, might create
local surface charge densities and therefore cause the peptide to move away from its surface.
These results, as well as the long ProP peptide, can now be used to look at the association in
more detail; molecular dynamics simulations can be combined with molecular biology tools for
the investigation of different ProP CTD sequence variants and their capabilities for osmosensing

and/or osmoregulating.
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Chapter 6. Conclusion

This thesis focuses on the molecular modeling of the Orai calcium channel and ProP transporter.
In the first part of this work, we built a homology model of the tetrameric assembly of the Orai
protein based on the hexameric crystal structure from D. melanogaster. Since several studies in
the literature identified a tetrameric assembly of Orai proteins as the active, calcium-selective
Orai channel [42-44,50,52,53,132,133], we performed molecular dynamics simulations of
hexameric and tetrameric Orai assemblies in order to investigate the structural dynamics. The
conformational changes necessary for Orai gating by STIM are expected to be transmitted via
contacts between the transmembrane domains of the channel [67,68,128]. Therefore, we
compared these multimers in terms of contacts and pore dynamics as they are vital for channel
function. The simulations showed that the tetramer model retains most of these structural
features of the Orai hexamer, except for some differences. Notably, the number of side-chain
contacts are higher in the hexamer, while stable salt bridges are more frequent in the tetramer.
Finally, the most significant difference between these multimers is observed in their pores:
compared to the hexamer, the tetramer channel displays tighter packing in the hydrophobic part
of its pore, which contains almost no water molecules. Overall, our results suggest that the

tetramer has potential to be a functional channel.

Recent studies hypothesized that the binding of STIM opens the Orai pore via a rotation of its
pore-forming helices [67,68]. To test this idea, we built model structures of both assemblies with
rotated pore-forming helices and performed molecular dynamics simulations. Although both
structures can sustain the conformational changes due to the helix rotation and remain stable,
their responses are different. When opened, the hexamer loses several contacts, whereas the
tetramer gains contacts. Also, while helix rotation causes an increase in pore hydration for both

multimers, the degree of this change is much higher in the tetrameric pore.

Next, we performed molecular dynamics simulations enhanced with umbrella sampling to
examine ion permeation through the pores of Orai channels in their closed and open
conformations. The closed Orai channels bind to Ca®" at their selectivity filter better than they
bind to Na* or K*, but create high energy barriers against ion permeation. When Orai multimers
open, the permeation of a fully-hydrated Ca®>" ion becomes possible. The results clearly

demonstrate that helix rotation significantly lowers the energy cost of translocating a hydrated
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ion along the Orai pore. These observations are independent of the stoichiometry of the Orai
channel. What depends on stoichiometry is the Ca** versus Na* selectivity. The effect of channel
opening on Na'" permeability is much more pronounced for the tetramer than for the hexamer.
Conversely, the effect of helix rotation on Ca*" permeation is more significant for the hexamer
than the tetramer. Especially in the entrance of its hydrophobic part, the open tetrameric pore
becomes too narrow to effectively mediate the permeation of a solvated Ca®" ion. Therefore, the
the energy barrier posed by the tetramer is higher compared to that of the hexamer. It indicates
that the hexameric Orai pore creates a more suitable environment for the permeation of a fully-
hydrated Ca®" ion. Along the rest of the pore, our results might not be accurate since they involve
the permeation of a Ca®>" ion solvated by 6 and 7 water molecules, preventing the possibility of
any favorable interaction between the permeant ion and CI™ ions residing in the basic part of the
pore. Nevertheless, our results do not show any weakness either in the structural integrity or pore
dynamics of the tetramer, consistent with the tetramer being suggested as the functional Orai
channel in several studies [42-50]. All these results underline that the tetramer could be

functional, and therefore should be further studied experimentally.

We also demonstrated that the Orai pores form an unusual environment for permeant ions. The
selectivity filter can directly coordinate permeant ions as long as it is not forming a salt bridge
with K270 residues. Along the rest of the pore, the backbone oxygen atoms do not contribute to
ion permeation. The pore is too wide for the direct coordination of the backbone atoms and
considering the hydrophobic and basic parts of the pore, there are no candidates among the side
chain atoms that could coordinate any permeant ion. This environment is very different when
compared with other ion channels such as Na* and K channels along which it is more common
to find a permeant ion partially coordinated by the protein atoms [17]. Especially in most of
canonical potassium channels —that are in general tetrameric— the TVGYG motif is responsible
for coordinating K* ions preferentially over Na“ ions [2,180]. As observed in Cay channels
[2,181], Ca®" selectivity seems to originate from an interplay between local negative charge
density created by a ring of glutamate residues at the extracellular entrance of Orai pores and the
concentration gradient of Ca®" ions. Our results suggest that Orai channels provide a unique
permeation pathway to Ca®" ions along which they can permeate while being fully hydrated, in
contrast to being directly coordinated by protein atoms as in other ion channels. Recently, the

permeation of a nearly fully-hydrated Ca?" ion was also observed through the ryanodine
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receptors [182]. Combined together, these two studies form the first set of examples showing the

permeation of fully-hydrated Ca** ions through channel proteins.

Calcium coordination with proteins is challenging to simulate using conventional protein force
fields, since Ca*" ions, due to their high charge density, polarize their environments more
compared to monovalent ions such as Na" and K* [167]. The current Ca>" force field does not
accurately represent the binding affinity of the ion to one or more glutamate side chains
[157,158,168,182]. Therefore, an improved Ca*" force field can provide a better estimation of the
ion selectivity of channel proteins. Fortunately, our simulations suggest that the details of
coordination with protein side chains might not be important, since the pores of both Orai
multimers sustain the permeation of a Ca®" ion with its complete hydration shell. Otherwise, an
improved Ca?" force field would be absolutely necessary. Two other factors are worthwhile to
consider: (1) the transmembrane potential, since divalent ions feel its effect more strongly, and
(2) the presence of anions larger than Cl™ ions, since they are expected to be found within the

basic region, stabilizing the closed conformation of the Orai pore [11].

Further understanding of Orai gating at atomistic detail requires the crystal structure of Orai
channels in an open conformation and/or the crystal structure of the Orai-STIM assembly. A
structure of the Orai-STIM assembly could provide more insight into how STIM binding alters
the ion selectivity of the Orai channel. It might even resolve the debate on the multimeric state of
the active Orai channel: if E178 and K270 residues in the tetramer form several salt bridges in
the presence of STIM proteins (i.e. in an open state), then the channel would be less selective
toward Ca’" since these salt bridges would reduce the binding affinity to Ca>" ions. Even though
the free energy calculations presented in this thesis support the idea of the Orai hexamer being
the calcium-selective Orai channel, it would be worthwhile to further investigate the possibility
of the tetramer being functional, since our results indicate that, in the closed conformation, it
retains most of the structural features of the hexamer and gains more contacts upon helix rotation.
In the literature, the physiologically relevant oligomeric state of other ion channels was a matter
of debate. For example, Hoogenboom et al. [183] showed a multitude of oligomeric states the
voltage-dependent anion channels at a native-like environment by the use of AFM. The studies
on the mechanosensitive channels of large conductance (MscL) led to different multimeric states:

tetramer [184] and pentamer [185,186]. The debate on the multimeric state of the functional
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MscL channel gained more interest after the resolution of two different crystal structures of
MscL channel by X-ray crystallography and was resolved by Dorwart et al. who demonstrated
that the detergent used in the X-ray study of the MscL tetramer can alter the stoichiometry of

membrane proteins in vitro [186].

The last chapter in this thesis aimed to computationally investigate the role of the cytoplasmic C-
terminal domain (CTD) of the ProP transporter in osmosensing. We studied interactions of the
cytoplasmic CTD with the membrane in three parts. First, molecular dynamics simulations of the
CTD helix were performed at different salt concentrations, showing that the CTD of the
monomeric ProP either associates with the membrane surface or forms an antiparallel,
homodimeric alpha-helical coiled-coil with an adjacent ProP. Second, we performed free energy
calculations on the loop part of the CTD and showed that the loop is salt-sensitive. Finally, we
built a homology model of the ProP peptide, including the transmembrane helix XII, the loop
and the CTD and performed molecular dynamics simulations. The simulations showed that the
CTD-membrane dissociation does not result from a salinity-dependent rearrangement of salt
bridges. Instead, the weakening of the CTD-membrane interaction correlates with a decrease in
membrane fluidity. This raises the possibility of ProP responding the changes in membrane.
With increasing osmolality, and therefore cytosolic K concentration, a decrease in membrane
fluidity is computationally and experimentally observed [91]. As the membrane becomes less
fluid, the osmotically induced cation concentration may neutralize the membrane surface charge.
These changes in the membrane might be responsible for the CTD-lipid dissociation. Other
studies also showed the interaction between the membrane and a helical peptide to be coupled to
the physical properties of the membrane. For instance, helix induction and membrane association
of the intrinsically disordered protein a-synuclein were reported to be affected by membrane
fluidity [187,188]. In the case of the a-helical antimicrobial peptides, an increase in membrane

fluidity altered the membrane association of the peptides [189,190].

In this ongoing project, our next step would be to use molecular biology tools combined with
molecular dynamics simulations to carefully investigate different ProP CTD sequence variants
and their capabilities for osmosensing and/or osmoregulating. Therefore, our results, presented in
Chapter 5, should be thought of as complementary to the vast experimental work being done in

Dr. Wood’s laboratory [77]. A detailed molecular modeling study of the complete ProP
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transporter would require crystal structures of the transporter in its closed and open
conformations. Fortunately, this requirement started to become more achievable especially due

to the cryo-EM breakthrough in structural biology [191].

On a wider scope, this thesis demonstrates that molecular modeling is versatile to examine the
relationship between the structures and functions of transport proteins in a high temporal and
spatial resolution that is not achievable with experimental techniques. However, molecular
modeling should be complemented by experiments, and often does require experimental input,
including the structure of a protein as a starting point. This requirement becomes less and less
problematic due to the cryo-EM revolution in structural biology. Cryo-electron microscopy
(cryo-EM) has provided near-atomic resolution for a variety of proteins including several
transport proteins. However, while these techniques generate data to be used in future
computational studies, they can also spark more questions. For example, the recent cryo-EM
structures of TRPV3 channels revealed differences in the closed and ligand-bound conformations
of the channel [192,193]. Molecular dynamics simulations of ion channels can be used for
investigating why these channels adopt different conformations in different environments (in
lipid nanodiscs vs in detergent micelles) and validate the applicability of the experimental

procedures on transport proteins.

Present challenges have yet to be addressed, particularly for molecular modeling of transport
proteins. One of the most crucial fields in need of improvement is the development of force field
parameters for the description of complex configurations involving divalent ions. Conventional
protein force field parameters do not implement polarization and charge transfer effects that are
vital for the modeling of divalent ions. Computational studies of ion selectivity and permeation
in complex channels, such as the Orai calcium channel, can provide more precise details if the
description of ions in different environments (water, protein, other biomolecules etc.) is better
represented. This also applies to modeling the environment of transport proteins. Since transport
proteins are a class of membrane proteins, they are affected by the treatment of surrounding
lipids. The accuracy of simulations involving transport proteins can only be achieved if the
simulated membranes are also treated correctly. The known issues with the geometrical and
dynamical properties of membranes are associated with poor force field parameters [26].

Another important challenge is the high computational cost. All relevant states of a biomolecular
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system must be sampled for a meaningful characterization of the system of interest. Fortunately,
with advances in computational technology, larger biomolecular systems with longer time scales
will be achieved, allowing us to study more complex phenomena. As long as simulation results
are interpreted carefully by considering the shortcomings of the force field or the sampling
technique, molecular modeling can provide atomistic level details into the fascinating world of
transport proteins. As the technology advances, molecular modeling will continue to not only
deepen scientific understanding of membrane proteins and cellular interactions as a whole but

also develop potential therapeutics for channelopathies.
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