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CHAPTER |
INTRODUCTION

1.1 lon Channels

lon channels are proteins embedded in the membrane of biological cells. They can
be found in all living cell. They play a fundamental role in physiological processes such
as signal transduction, transmission and regulation of nerve impulse and muscle
contraction etc [1]. Potassium and sodium (K and Na*) channels are the major ion
channels of the nervous system [2]. The important function of these ion channels is to
control the passage of the ions between the outside and the inside of the membrane in
order to maintain the membrane potential for transmitting electrical or chemical signals
along nerve cells [3].

There are many different types of ion channels which may be classified by
different properties. Two most important features used for ion channel classification are
the gating mechanism and the ion selectivity [4]. The selectivity of ion channels is related
to ion types, specifically size and charge of the ions such as K*, Na*, Ca** and CI
channels [5]. Generally, there is a part of ion channels called “the gate”. The passage of
ions is associated with the closing or opening of the gate of ion channels. lon channels
that are classified by the gating mechanisms can be defined on the basis of chemical and
physical effects on the opening and closing of the pore [6], as shown in Figure 1.1.

Voltage-gated ion channels open and close in response to changes of membrane
potential. An example of these ion channels is voltage-dependent potassium and sodium
channels [7]. Ligand-gated channels have a receptor binding site recognized by specific
ligands such acetylcholine, dopamine or serotonin etc. Upon the ligand binding, the
channel is activated and undergoes conformational changes from the closed to the open
state of the channels [8-9]. There are ion channels that can be activated by physical
stimuli for instance, mechanosensitive ion channels. This channel is activated by sensing

osmolytic stretch [10].



voltage- ligand-gated ligand-gated mechanically
gated (extracellular (intracellular gated
ligand) ligand)

-0 W o b
I
R RN

Figure 1.1 Classification of ion channels based on external stimuli. From left to right:

voltage-gated ion channels, ligand-gated (extracellular ligand) ion channels, ligand-gated

(intracellular ligand) ion channels and mechanically gated ion channels [11].

There are many diseases associated with a malfunction of ion channels, for
example prostate cancers, lung cancers, human cervical cancers, alzheimer’s disease etc.
The study of malfunctioning ion channels can provide useful information for

pharmaceutical development and medical treatment [12].



1.2 Voltage-gated ion channels

lon transmission occurs in the area of axons, of which the structure was covered
by phospholipid bilayer. The axons have membrane proteins that act as a selective pore
for specific ion passing across membrane bilayer. These membrane proteins called
voltage-gated ion channels are activated by changes in electrical potential at the
membrane [13]. Voltage-gated ion channels such as voltage-dependent potassium (Ky)
and sodium (Nay) channels are the most important ion channel in the class [14]. In
neuron, they control ion diffusion across the membrane to generate and propagate of
nerve impulse, as shown in Figure 1.2.

The superfamily of voltage-gated ion channels includes three major classes such
as sodium channels, calcium channels and potassium channels [15]. These channels are
typically a protein tetramer that forms a pore with ion permeation. The pore is specific to
a particular passage of ions such as sodium ions, calcium ions and potassium ions,

respectively as shown in Figure 1.3.

Node of Ranvier Myelin sheath

Na* P ‘rNa“’ Y
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Na* Nat
(+) Depolarization . +)
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Na \ Na*

Figure 1.2 In nervous cells, the voltage — gated sodium channels generate and propagate
of nerve impulse [16].
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Figure 1.3 The superfamily of ion channels are sodium channel, potassium channel and

calcium channel. They are specific to sodium ions, potassium ions and calcium ions,

respectively.

Voltage-gated ion channels typically form a hydrophilic hole, called pore which
permeates for specific ions to pass through membrane. The pore formed by a multimeric
assembly of transmembrane segments. They can be in the form of homo- or
heterotetramer, depending upon types of the ion channels. Homotetrameric channels are
less complicate for structural studies, and thus the most studied ion channels proteins are
from bacteria or prokaryotic cells. Each monomer contains six transmembrane segments
(S1-S6), each of which forms an a-helix conformation. Amino acid composition and
structural arrangement of voltage-gated ion channels has made two distinct functional
domains in the protein that is called pore domain (PD) and voltage sensor domain (VSD)
[14]. The PD allowing the passage of ions contains the last two segments, S5 and S6,
whilst the VSD is formed by the first four segments, S1 to S4, as shown in Figure 1.4.
The VSD do not perform a direct ion permeation function as in PD. The VSD detects and
responds changes of membrane voltage by undergoing conformational changes to

stimulate the PD to function [17]. In VSD, the S4 helix is composed of many positively



charged residues. Especially, there are four to eight arginines which are highly conserved
along the S4 helix. These conserved arginines are involved with the voltage sensing
mechanism of the VSD. Thus the movement of the S4 segment is an important and
intensive research subject for understanding the molecular basis of voltage sensing
mechanism. The opening and closing of the channel gate is relied on the functional and

conformational couplings between the voltage sensor domain and the pore domain.

Vs)ﬂagevsensordomallll'l Pore domain

Selectivity filter

NH, COOH

Closed Open
Extracellular Extracellular

----- Intracellular +++++ Intracellular

Figure 1.4 The general structure of voltage — gated ion channels. Each domain is
consisted of six transmembrane S1 — S6. The VSD (green) is a positively charged
arginines on S4 at every third position. The PD (orange) form S5 - S6 helices that is the
region for ions pass through to membrane. And c¢) when the changing membrane potential
to depolarization state, the S4 helix moves outwardly the membrane and results to the PD
open [18].



1.3 Na, channel structure

In eukaryotes, voltage-gated sodium (Nay) channel allows sodium ion flux at a
rate of > 10’ ions/s. Therefore, this rate makes Na, channels of mammalian being
important for the effective transmission of nerve impulses of neurons in the brain,
controls the heart rate, contraction of smooth muscles, transmission of various
neurotransmitters in the epithelium etc. Because of Na, channels are critical to function
of neurons, so the Na, channels are a molecular target for the treatment of various

diseases caused by abnormalities of nervous cells [19].

1.3.1 General molecular structure and transmembrane topology

Most Na, channels are homotetramer or heterotetramer. Nevertheless,
heterotetrameric Na, channels are composed of four homologous domains with a single
polypeptide chain. Each domain consists of six transmembrane segments (S1-S6) [20].
The S1-S4 transmembrane segments form a voltage-sensing domain (or VSD) and a pore
loop structure is connected with S5 and S6 helices, or called pore domain (PD) [21]. The
S4 transmembrane segment contains of positively charged amino acids, arginine or ARG,

which is shown as a voltage-sensing. As shown in Figure 1.5.

DOMAIN I DOMAIN II DOMAIN il DOMAIN IV

oo
AR AR

Figure 1.5 The structure of Na, channels are a homotetramer that composed of four

1’++

domain. Each monomer is consisted of the six transmembrane (S1 — S6) [22].



1.3.2 The Na, family

Voltage-gated sodium (Nay) channels were the member of the superfamily ion
channels which consists of voltage-gated potassium channels and voltage-gated calcium
channels. Na, channels can divided into four groups. The first group is composed of Na,
1.1, Nay 1.2, Na, 1.3 and Na, 1.7 which located on chromosome 2 in both human and
animal. The second group of the channels Na, 1.5, Na, 1.8 and Na, 1.9 are located in
human chromosome 3p21-24 and chromosome 3 in animal. The last two group are Nay
1.4 and Nay 1.6 which located on human chromosome 11 or animal chromosome 17 and
human chromosome 15 or animal chromosome 12 [23], respectively, as shown in Figure
1.6

rNa,1.6 Chromosome 15
rNa,1.2 Ti
[ ——rNa,1.1
£ Chromosome 2
— rNa, 1.3
— ——1rtNa,1.7
rNax _L
rNa,1.4 Chromosome 11
rNa,1.5
- rNa,1.8 Chromosome 3
rNa,1.9 J_
Figure 1.6

The voltage — gated sodium channels can be classified into four groups by location on

human chromosome [23].



1.3.3 Role in action potential

The voltage potential of the nervous cells is determined by the difference between
the concentration of ions inside and outside of cell membranes. At the resting state,
membrane voltage is approximately -70 mV. When the nervous cells are stimulated, the
voltage potential is changed due to the sodium channels open and sodium ions rapidly
flow inside cell membranes, so the voltage potential of nervous cells became more
positive values. This stage is called depolarization stage [24-25]. When sodium ions flow
into the membranes until the voltage potential reaches its peak, sodium channel gates are
closed and potassium channel gates open, allowing potassium ions flow out of the cells.
This changing state is called repolarization stage [26]. And when the voltage potential is
reduced to less than the resting state, this changing state is called hyperpolarization, as
shown in Figure 1.7. At this state, all Na, and K, channels are inactive and no ion flows
through these channels. After hyperpolarization, the Na-K pump returns the voltage
potential back to the resting potential again [27].

+50

Action potential

Membrane potential

Resting potential

\Hyperpolarization

-100
Time

Figure 1.7 The action potential of nervous cells.



1.4 Literature reviews
1.4.1 Discovery of the first Na, channels

The first bacterial sodium channel was identified from the bacterium Bacillus
Halodurans (NaChBac). Ren and coworker [28] discovered that this channel function as
a voltage-gated ion channels. The main structure of NaChBac is the same as a
mammalian putative voltage-gated cation channel of sperm (or CatSper). The amino acid
sequence of NaChBac is similar to a voltage-gated calcium channels, especially the pore
region. Although the sequence alignments are similar between Na, and Ca, channels,
NaChBac is also highly specific for the selection of the sodium ions. Na, channels of
eukaryotes are complex proteins composed of a single polypeptide chain that form four
homologous domains. The eukaryotic voltage-gated calcium and sodium channels have
24 transmembrane helices with four homologous domains, whereas NaChBac is
homotetramer with six transmembrane helices per monomer. NaChBac is the simple Na,
channel, and therefore presents a good model for structural study to understand the

fundamental mechanism of voltage-dependent channel in mammalian.

1.4.2 Molecular basis and transmembrane topology of NaChBac

NaChBac has been one of the most well characterized Na, channel owing to their
availability for expression and functional characterization. To date there is no crystal
structure of NaChBac. NaChBac is a homotetramer, each monomer is consisted of six
transmembrane segments (S1-S6) which have been divided into two parts. The first part
contains four transmembrane segments, S1, S2, S3 and S4, called voltage-sensing domain
(VSD), and the second part consists of two transmembrane segment, S5 and S6. The
tetrameric association of these two segments forms the central pore domain (PD) [29-31],
as shown in Figure 1.8.

The S4 helix plays a key role as a voltage sensor. In NaChBac, it consists of four

positively charged arginines at every third position [32]. For the stability of the S4 in low
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dielectric membrane, these arginines must form either hydrogen bond with water or lipid
head groups or salt-bridge with negatively charged residues or both. It must move
outwardly or inwardly to respond membrane voltage changes to adjust the positively
charged residues in the hydrophobic environment under the electrical potential of

membrane [33]. The S4 motion results in changing interactions of arginine salt-bridges.
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Figure 1.8 Transmembrane topology of NaChBac [34].

1.4.3 Voltage sensor domain: the functional independent domain

In 2003, Jiang and coworker [35] have reported two crystal structures of voltage-
dependent potassium channel from Aeropyrum pernix or KvAP channel. One is the
structure of full-length KvAP channel and the other one is the separate voltage sensor
domain. They showed that the isolated VSD is structurally stable in detergent and still
functional as voltage sensor. From the structure of KvAP channel, they found that the
pore domain exhibits very few contacts with its own chain but it interacts with the VSD
of the other monomer instead. They concluded that the VSD is the functional independent

domain. Later, several reports showed evidences that support this conclusion. For
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instance, Chakrapani et al. confirmed that the isolated — VSD can be reconstituted in
membrane environment and remain monomeric without disrupting and perturbing the
three dimentional architecture [38]. In addition, the discovery of two proteins showed that
the VSD involved with enzymatic activity and ion permeation. This includes voltage—
sensitive phosphatase or Ci—VSP from Ciona intestinalis [36] and voltage—sensitive
proton (Hv) channels [37]. This finding revealed that VVSD is not exclusively belonged to
ion channels. This implies that the isolated-VSD has its own function. The study of the
isolated VSD will provide a basic model system for structural and dynamical studies to

understand the general principles of voltage sensing.

1.5 Voltage sensing mechanism: how does the voltage sensor move?

Generally, neurons in the resting state have a voltage potential about -70 mV.
which sodium channels are closed and when the urge to make a positive potential which
causes sodium channels to open and a high sodium ions concentrations on the
extracellular are rapidly flow into the cells, making the value voltage of -70 to 30 mV.,
this stage is called depolarization stage.

At the depolarization stage, the opening of the pore domain of sodium channels
are associated with changes in the conformation of VSD, especially the S4 segment.
Because of the S4 segment is composed of arginine (or lysine) four to eight residues
which is positively charged. When the S4 segment moves to outer cell membrane,
resulting in the PD open at depolarization stage, and when the S4 segment moves into the
interior of the cell membrane, the PD are also closed at the resting stage [38-40].

The motion mechanisms of the S4 segment in VSD is still controversial. There are
the three main models [41] such as (i) the paddle model, (ii) the transporter model, and
(iii) the helical screw model as shown in Figure 1.9. The helical-screw model, the S4
helix is located in the crevices within the intracellular membrane in resting stage. When
the changing the membrane potential to depolarization stage, the S4 helix is rotated and

translates along its axis toward the extracellular membrane with distance about 13 A and
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rotated about 60°. The transporter model, the S4 helix is located in the crevices contact
with the intracellular membrane at resting state. When the changing voltage membrane in
depolarization state, the S4 helix can be tilted and rotated about 2-3 A contact with the
extracellular membrane but does not across the membrane as a result reshape allow
charges across membrane. This motion model is a rotate in place and moving orifice. The
paddle model, the S4 helix forms a paddle that is moving through membranes. At resting
state, the S4 helix that is embedded in the intracellular membrane when the membrane
potential in depolarization state, the S4 helix will be repositioned to the outer membrane
and moves about 15-20 A.

Helical -screw model Transporter model Paddle model
a b c
closed closed closed
+ + + + 4+ + + + + + + +
depo | | hyper depo| | hyper depo| | hyper
open open open
+ + + + & + + + ‘/+++ ++_,/++j

Figure 1.9 The motion mechanisms of the S4 segment in VSD. From left to right, a) the

helical — screw model, b) the transporter model and c) the paddle model [42].

In 2010, Chakapani and coworker [43] studied the isolated—VSD of
NaChBac in activated (Up) state by using PADSAR and EPR techniques. They found that
the NaChBac — VSD is stable in membrane environment and closely behavior with the
KVAP, Kv1.2 and Kv1.2 — 2.1 channels. Paldi et al. [44] proposed that the motion of the
S4 helix is likely to be the helical-screw model with a rotation of ~60° and a translation



13

~45 A. As a result, the S4 arginines made changes in salt-bridge interactions in
NaChBac mutant affecting VSD conformation in the resting (Down) states. Based on the
crystal structure of voltage-gated potassium channels, they predicted that in the Down
state residue on S1 helps to stabilize positively charged on S4 by the electrostatic
coupling between negatively charged residue (E43) on S1 and positively charged residues
(R113 and/or R116) on S4. They predicted that the interaction between E43 with R116
help to stabilize the Up conformation whereas the Down conformation is associated with
a salt-bridge interaction between E43 and R113. Nevertheless, the Down state

conformation of VSD is still not known.

1.6 The objectives of this research

The main objectives of this research are as follow :

1. To build structural model of the voltage-sensing domain of NaChBac channel
in putative activated (Up) and resting (Down) states based on available experimental data
reported in the literatures..

2. To investigate structure and dynamic properties of the voltage-sensing domain
of NaChBac channel in the putative Up and Down states by using molecular dynamics

simulation.



CHAPTER 11
MATERIALS AND METHODS

2.1 Materials
2.1.1 Hardware

Personal computers and the high-performance computing cluster “Pheonix”
located at Floor 11th, Mahamakut Building, Department of Chemistry, Faculty of

Science, Chulalongkorn University were mainly used to carry out this work.

2.1.2 Software
The NAMD 2.7b program

The NAMD2.7b is a program for design biomolecular systems to molecular
dynamic (MD) simulations. For using NAMD2.7b program needs (i) Protein data bank
(or PDB) serves atomic coordination and velocities of systems which loaded the protein
data from http://www.pdb.org, (ii) Protein structure file (or PSF) serves a structural
information of the protein such as atoms, bonds, and angles, (iii) Force field parameter
files are used to describe the potential energy of molecular systems. They are CHARMM
and AMBER, and (iv) Configuration files are used to set all the options to run a
simulation with NAMD [45].

The Visual molecular dynamics (VMD)

VMD is a visualization program for biological systems and can be used to analyze
the results of MD simulations, especially MD trajectories produced by the program
NAMD.


http://www.pdb.org/
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The program SSH secure

SSH secure is a program for login, transferring a file and execute commands to
connect to any server. It is used instead of rlogin, TELNET and rsh because of security

reasons.

The program APBS

APBS is a software for calculating the molecular solvation energy in biological
systems based on solution of the Poisson — Boltzmann equation (PBE). This software is
performed to describe interactions between the structural model in membrane and
aqueous media with help of a java scripts. And the PQR file is required for this program
[46].

The PDB2PQR program

The PDB2PQR is a python software which use to add hydrogen atom with assign
atomic charges and radii. The PDB2PQR is used to prepare the structural model for the
APBS calculation.

2.2 Methods
2.2.1 Modeling of NaChBac-VSD in the Up state

Although a structure model of NaChBac-VSD in the activated (Up) state was
previously done and not in this thesis framework, relevant information on how the model
was constructed is provided for comprehension [43,47], as shown in Figure 2.1. The
modeling methodology was based on a knowledge-based model building approach, and
subsequently refined using the previously developed method, Pseudoatom-Driven
Solvent Accessibility Refinement (PaDSAR). In brief, a homology model of NaChBac-
VSD was built based on the activated-state Kv1.2-2.1 chimera crystal structure and
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transmembrane prediction data. To construct the system for refining the model, the
individual Co atom was attached by one of the four spin-labeled pseudoatom types (lipid-
exposure or water-exposure, or water-lipid interface and buried site), of which each type
was selected according to the interpretation of a total of 118 EPR-derived residue
environmental data. The pseudoatom-attached model was subsequently embedded in
membrane system containing pseudoatoms of oxygen in the lipid phase and pseudoatoms
of nickel complex in the aqueous phase. In the PaDSAR structural refinement, several
cycles of energy minimizations and molecular dynamics simulations with EPR-derived
restraints were performed to generate an ensemble of structures. In addition to the
calculation of restraint potential of pseudoatoms, the CHARMM19 polar hydrogen force
field was also employed for calculating interaction between protein atoms. The model
was chosen from an ensemble of structures in a way to meet the best fit for given
accessibility data obtained from SDSL/EPR.

(EP2)

Water (NIC) -
(EP4) - |

Protein

- S
=, Water (NIC)
v ek : f R
Y : =+ 118 SL-mutants
KV1 2‘:’2 1 ) Type |Residue assignment
EP1 2627 293334406063646768 7071 74839093 96 97 100
101104 105 109 112116 119 120 123125
Homology model of
VSD (NaChBaC) EP2 2123475051535457 787983 8687 126 129132134 135
137

EP3 (22242528 313537383941424345 58596162 65666972
737576919294 959899 102103 111 113114 115117 118
121122124127 133

EP4 19204448 43525556 77 81 82 84 85 88 106 107 108 110

© PROT
EP1
®EP2

°%* Attach the
pseudo-atoms
on backbone of
protein model

PaDSAR model

Figure 2.1 Methodology flow chart for constructing structure model of NaChBac-VSD
[43,47].
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2.2.2 Modeling of NaChBac-VSD in the intermediate and down states

The resulting model in activated state was taken as initial structures for modeling
at the intermediate and down states. In this study, we prepared four models which is one
model in the intermediate and the other three models in down states. The four models of
the VSD-NaChBac have been created based on the helical-screw model. This was done
by rotating and sliding the S4 helix along its axis into the intracellular cells. For
constructing structure model of the intermediate state, or int, the S4 helix was rotated in
the direction that the guanidium group of the argininell6 (R2) side chain form salt-
bridge or hydrogen bond interaction with the carboxylate group of aspartic60 (D60) of
S2. Structure models of the down state were made the same as the intermediate state, but
the carboxylate group of D60 of S2 form salt-bridge interaction with the guanidium
group of the arginine113 (R1) side chain. The recent research reported that the salt-bridge
interaction between was formed glutamic43 (E43) of S1 with R1 of S4 in the down state.
Therefore, we used the data to build models at the down state. The first structure model in
the down state, Dwn; or Down;, R1 side chain of S4 form salt-bridge interaction with
D60 of S2 by rotating S4 helix. The second structure model in the down state, Dwn; or
Down,, the side chain R1 of S4 form salt-bridge interaction with E43 of S1 and D60 of
S2. The third structure model in down state, Dwnz or Downs, the salt-bridge interaction
was similar to the Dwn, model, but the difference between them is the amount of
movement of S1 helix. All the structure models were prepared for energy minimization

and molecular dynamic (MD) simulation to the distortion of the structures and bonds.

2.2.3 Calculating electrostatic solvation free energy

Electrostatic solvation free energy is required to transfer the voltage sensing
domain from aqueous media into the membrane bilayer [48]. Amount of the electrostatic
solvation free energy for the transferring of voltage sensing domain from aqueous media

into the membrane bilayer was obtained by substracting the electrostatic solvent energy
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of the VSD in membrane with a low dielectric on environment (AGejec,membrane) from that

in bulk water with a high dielectric environments ,

AGelec = AGeIeQmembrane— AG‘elec,water

The program adaptive Poisson — Boltzmaan solver (APBS) 1.2.1 [49] with help of
a java-based graphical user interface APBSmem for setting up input parameters were
performed for the electrostatic solvation free energy calculation of all five of NaChBac —
VSD models. Program VMD and command scripts were used for the transformation of
atomic coordinates. Adding the hydrogen atom together with assigned atomic charges
and radii were using the PDB2PQR program. The CHARMM22 parameter sets was used
for partial atomic charges and radii of three resolution maps for a solving PBE : 300 x
300 x 300 A for coarse, 200 x 200 x 200 A® for medium and 100 x 100 x 100 A2 for fine
and all
maps were used a grid point within 161 x 161 x 161. The implicit membrane slab was
introduce to model in the Cartesian xy — plane and bilayer is aligned along the z — axis.

The range of membrane bilayer (Luyem) thickness was around 30 — 40 A. The dielectric

constants for the membrane (&) and water (€,) was 2 and 80, respectively.

£,=80 e,—=80
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Figure 2.2 Model systems used to compute electrostatic free energy of protein solvation.
(A) The VSD is embedded in the membrane. The membrane region between the two blue

planes is assigned a dielectric value €, =2. Bulk water above and below the membrane is

assigned a dielectric value of €, = 80. (B) The VSD in the bulk water (€,, = 80) without

the membrane. The protein solvation energy is calculated by AGejec =AGa- AGg.

2.2.4 Molecular dynamics simulation

Molecular dynamic (MD) simulation is a computational method which describes
structure of dynamics and thermodynamics properties are used to study proteins and
biological systems, generates data at the microscopic scale [50]. The characterization of
the molecular motion and energy are directly received from the interaction between
molecules. Behavior of the molecular motion is based on the function of time and
generates configurations by using the Newton’s equation, (XF = ma), and from position
of molecules can also lead to the thermodynamic properties. The data used for MD
simulation techniques have included the chemical, ensemble, potential force field and
simulation time, resulting in a relative position of the molecules which can be used to

determine the thermodynamics properties.

Figure 2.3 The membrane proteins system, Palmitoyl oleoyl phosphatidyl Cholines are

membrane bilayer and TIP3P are force field parameter for water molecules.
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All five models were used to provide a system that consist of a membrane and
water using the Visual Molecular Dynamic (VMD) program : one model in the activated
state, one model in the intermediate state and the other three model in down state. All five
structure models were embedded in a palmitoyl oleoyl phosphatidyl cholines (POPC)
membrane bilayer and TI3P waters, example as shown in Figure 2.3. The protein systems
were neutralized by the addition of sodium ions for the negatively systems and chloride
ions for the positively systems using the VMD program.

MD simulations of all five models were carried out using the NAMD?2.7b
program. CHARMM 22 and CHARMM 27 were used as a force field parameter for
proteins and lipids, respectively. TIP3P parameter was used for waters. Molecular
modeling has a periodic cell size 78 x 78 x 81 A>. The system was run at constant
temperature of 300 K and constant pressure of 1 atm. Langevin dynamics (LD) was used
for controlling the temperature of the system and the system was controlled the pressure
by using a Nose-Hoove Langevin Piston.

To avoid any instability of the starting configuration, the system was subjected to
3 successive cycles of energy minimizations and restrained MD simulations. During the
first restrained MD run, only lipid tails were allowed to move. For the subsequent run,
harmonic restraints were imposed only on the protein, and left the rest of the system
unrestrained. The third cycle was performed by applying harmonic restraints on the
protein and forces to water molecules for not entering the membrane region. Each MD
simulation was performed for 0.5 ns with an integration time step of 2 fs. The preparation
protocol as described above was processed in order to relax the conformation, remove
bad contacts due to steric overlap, and permit a proper assembly of lipids, water, ions and
the protein. Each system was computed in the MD simulations at 50 ns. The integration

time steps of 2 fs. was used. The configurations and velocities were stored every 2 ps.
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2.2.5 Analysis of MD trajectory

Analysis of the trajectories MD simulation using VMD program includes the root-
mean square deviation, (RMSD), the root mean square fluctuation (RMSF), hydrogen

bond profile of S4 arginines, secondary structure profile and solvent density profile.



CHAPTER Il
RESULTS AND DISCUSSION

3.1 Primary structure and sequence alignment of NaChBac-VSD

The alignment between NaChBac-VSD and Kv-VSD sequences is shown in
Figure 3.1. This sequence alignment is used to develop the model of the activated state.
With an exception of the S4 segment, the alignment of transmembrane regions including
S1, S2 and S3 captures mostly hydrophobic residues. Only few charged residues remain
inside the transmembrane segments. For instance, D60 and E70 in S2 are found to be
conserved between NaChBac-VSD and Kv-VSD sequences. This suggests that
transmembrane voltage sensor residues are conserved within voltage-gated ion channel
superfamily.

More attention has been focused on the alignment of S4 segment because it
contains highly conserved arginines with a repeating pattern of tripeptide, (RXX),. For
NaChBac-VSD, there are four arginines, R113, R116, R119 and R122, hereafter referred
to as R1, R2, R3 and R4, respectively, located at every third position along the S4 helix.
However, the number of the positively charged residues (arginine or lysine) of the S4
segment is not equivalent between Na, and K, channels. The S4 of K, appears to contain
a repeating pattern of the conserved arginines longer than that of NaChBac. In Kv1.2-2.1
crystal structure, the repeating arginine pattern starts from Q1(=Q290), R2(=R293),
R3(=R296), R4(=R299) and R5(=R302) [51]. Since a homology model is built based on a
structure template derived from the x-ray structure of Kv1.2-2.1 chimera, the template
(Kv1.2-2.1) sequence is considered to be high priority for aligning with the NaChBac
sequence. Therefore, those four arginines of NaChBac, R113, R116, R119 and R122, are
aligned with R293, R296, R299 and R302 of Kv1.2-2.1 chimera, respectively.
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S1

Kvl.2-2.1 YIKEEERPLPENEFQROVHWLLFEYPES SGPART TATVSVMVILISIVSFCLETLPIFRDENEDMHEGGGVTFHTY 224
Kvl.2 YIKEEERPLPENEFQRQVWLLFEYPES SGPART TATVSVMVILISIVSFCLETLPIFRDENEDMHGGGVTFHTY 205
KvAP DVMEHPLVELGVSYAALLSVIVVVVEYT 28
NaChBac ——MKMEARQKONSFTSKMQKIVNHRAFTFTVIALILENALIVGIETYP S3 46
Kvl.2-2.1 SQSTIGYQQSTSFTDPFFIVETI.CIIWFSFEFLVRFFACPSKAGFFTNIMNI IDIVAT IPYYVTT——FLTESNKSV 298
Kvl.2 SNSTIGYQQSTSFTDPFFIVETLCI IWFSFEFLVRFFACPSKAGFFTNIMNI IDIVAT IPYFITLGTELAEKPEDA 281
KvAP ——————MQLSGEYLVRLYLVDLILVIILWADYAYRAYKSGDPAGYVK——KTLYEIPALVPAGLLA——— LIEGHIAG 93
NaChBac ———————RIYADHKWLFYRIDLVLLWI FTIETAMRFLASNPKSAFFRS SRNWFDFLIVAAGHT FA———— —-GAQ— 107
Kvl.2-2.1 LOFONVR————RVVQIFRIMRI LRI FKLSRHSKGLOILGQTLKASMRELG 344

Kvl.2 QQGQQAMSL——ATLRVIRLVRVERIFKLSRASKGLQILGQTLKASMRELG 329

KvAP LGLFR———————LVRLLRFLRILLIISRG 115

NaChBac —————————— FVTVLRIIRVLRVLRATS 125

Rl R2 R3 R4

Kvl.2-2.1 LLIFFLFIGVILFSSAVYFAEADERDSQFPSTIPDAFWWAVVSMTTVGYGD 394

Kvl.2 LLIFFLFIGVILFSSAVYFAEADERDSQFPSIPDAFRWAVVSMTTVGYGD 379

KvAP - SKFLSATADAADKI.VPR: 132

NaChBac VVPSLRRLVDALVMTIGSRS—————————————— 145

Figure 3.1 The sequence alignments of VSD — NaChBac are compared with Kv1.2 — 2.1,
Kv1.2 and KvAP and the S4 helix consists of arginine or lysine at every third positions.
The S1 — S3 helices have been a negatively charged residues that form salt — bridge

interactions with the positively charged residue on S4.

3.2 Structure model in the activated state

The activated or “up” state conformation of NaChBac-VSD consists of residues
starting from Q17 to S145. For an overall tertiary fold of the model, the four TM helices
are packed antiparallel in counterclockwise order as shown in Figure 3.2. Only the
guanidinium of the first arginine, R113, lines completely outside whereas that of R116
has partial contact to the environment. The side chain of the last two arginines, R119 and
R122 are in the membrane and face to the core of the VVSD bundle. The intracellular half
of the S4 helix of the up state model has a 3¢ helix character. The electrostatic potential
on the solvent accessible surface of VSD reveals global features of distribution of
hydrophobic, negative and positive charge on the molecule. The longest loop is about 15
residues long connecting between S1 and S2 in the extracellular side. The S3-S4 loop

forms a short helical hairpin structure.
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Figure 3.2 Structural model in the up state is shown in (A) cartoon model (B) surface

model with electrostatic potential

Structural model of NaChBac — VSD is similar to the activated state structure of
known 3D structures of K, channel voltage sensors, as shown in Figure 3.3. This
suggested that the VSD is conserved across voltage-gated ion channel superfamily. The

conserved-VSD also implies the intrinsic function as a voltage sensor.

X

_J
Kv1.2-2.1 KvAP
This study SB Long Nature 2007 Y. Jiang Nature 2003

Figure 3.3 Comparison of VSD structures: Na, versus K,
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During the work being carried out, the first crystal structure of voltage-gated
sodium channel from the bacterium Arcobacter butzleri (NavAb) has been published in
Nature 2011 [52]. The NavAb channel voltage sensor is in a “pre-open” state, with its
voltage sensors activated, but the pore closed. By comparing the VSD structures, an
arrangement of the four transmembrane segments of NaChBac remains quite similar to
that of the NavAb as indicated by the backbone RMSD of 2.1 A, as shown in Figure 3.4.
Comparison of transmembrane helices of the VSD between our model and NavAb crystal
structure revealed a similar length for S1, one helical-turn shorter for S2 and a longer
length for S3 and S4. A substantial difference is that only intracellular half of the S4 helix
of our model exhibits a 33 helix character, as shown in Figure 3.4, whereas the entire S4
segment of NavAb adopts 3i0-helical conformation. Based on the experimental and
theoretical studies, the presence of 335 helix contents would facilitate the S4 motion

toward a down state

Side view Extracellular view

Figure 3.4 Comparison of VSD structures: NaChBac (yellow) versus NavAb (red)
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3.3 Structure models in the down and intermediate states

The assessment of model candidates such as the salt-bridges of S4 arginines
together with the minimum free energy of membrane solvation has provided three
plausible structures (denoted as Down;, Down, and Downs) for a NaChBac-VSD down
state conformation, as shown in Figure 3.5. These model buildings showed that side
chains of the two outermost S4-arginines (R113 and R116) face toward the VSD core
which is consistent with cell complementary assays and the sulfhydryl accessibility
studies. These models captured an important feature that is a substitution of key salt-
bridge interactions associated with S4 arginines. Here distance proximity and an angle
criteria of H-donor and H-acceptor were used to indicate a potential salt-bridge
formation. In the up-state model, R119 and R122 formed respectively a salt-bridge with
D60 and E70 while R113 and R116 would most likely be surrounded by a hydrophilic
environment. A salt-bridge of R119-D60 was apparently displaced by a counter-charge
neutralization formed between either R113 or R116 and D60 to compensate for the
arginines dipping into the lipid bilayer. Especially for Down, and Down; models, a
cluster of salt-bridges interactions involving the two outermost arginines and D60 and
E43 was observed. A similar salt-bridge reformation was also observed in a simulation
study of the resting-state model of KvAP-VSD. In Down; and Downs models, it appears
that R119 can reform a salt-bridge with D93 of S3 located about one and a half helical
turn lower, with respect to the D60 position, and R122 can form a salt-bridge with E70 of
S2. Such interactions were not found in Down,. A noticeable difference between Down,
and Down; lies in the different orientation of the S1 helical phase. Apparently, E43 of S1
of Down, likely faces outside the VSD core while that of Down; lies toward the central
line of an inner crevice of VSD. Besides similar changes of the salt-bridge for the
arginine residues, the selected models revealed further structural similarity in terms of a
minimum lipid exposure of the four arginines, a small movement of S2 and S3 and an
opening cavity of the VSD core, particularly at the intracellular half of the membrane.
Particularly, the down; model showed that all four arginines participate in salt-bridges

with acidic residues of S1, S2 and S3.
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Figure 3.5 Structure models of the up, intermediate and down states of NaChBac-VSD

Furthermore, we observed a model, of which the salt bridge of R119-D60 was no
longer but it was substituted by the next gating charge arginine R116, as shown in Figure
3.5. This salt-bridge interaction between R116 and D60 may correspond to a
conformational stage at which the voltage sensor S4 transits between the up and down
state. Therefore, we consider this model as a conformational intermediate (/nf) between
the up and down states of NaChBac-VSD. Structural superposition between the
intermediate and up conformations results in RMSD of 2.4 A. In this intermediate, the
displacement of the S4 charges normal to the membrane plane is ~3A with respect to the

up model, suggesting a small movement of the gating charge.
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3.4 Electrostatic solvation free-energy by Poisson — Boltzmaan solvent continuum
method

3.4.1 Electrostatic solvation energy of NaChBac-VSD as a function of € and

membrane thickness

Electrostatic free energies of protein solvation were calculated for the voltage
sensor domain of NaChBac, KvAP, Kv1.2-2.1 and NavAb. The results show that all
protein solvation energies are positive. This indicates that for a spontaneous change the
protein needs the energy to do work. In other words, the insertion of VSD from bulk
water to the membrane needs an external driving force. As shown in Table 3.1, an
increase of membrane thickness results in an increase of the protein solvation energies.

However, the solvation energies decrease upon an increase of protein dielectric.

Table 3.1 Electrostatic solvation energies of NaChBac-VSD as a function of € and

membrane thickness (Lmem)

Eprotein Limem (A) AGgiec (kcal/mol)
2 30 136.2
2 35 195.0
2 40 296.4
4 30 91.5
4 35 134.3
4 40 201.7
10 30 48.5
10 35 72.2
10 40 114.0
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3.4.2 Solvation energies of K, and Nav voltage sensors

The solvation energies of the K, and Na, voltage sensors, as shown in Table 3.2,
follow the order: Kv1.2-2.1 < NaChBac < NavAb < KVAP. The solvation energy was
decomposed into partial contribution of each residue. Apparently, the energies were
mainly contributed from the solvation of transmembrane residues rather than that of non-
transmembrane residues, as shown in Figure 3.6. Particularly, the S4 segment of K, and

Nay contributes significantly to the solvation energy.

Table 3.2 Electrostatic solvation energies of K, and Na, voltage sensors (Eprowein = 4,

Limem= 30 A)
Type AGegiec (kcal/mol)
KVAP 231.6
Kvl.2-2.1 85.1
NavAb 150.1
NaChBac 015
S4 (KvAP) 472.2-458.9 [53]

The solvation free energies of four highly conserved arginines on the S4 segment
were shown in Table 3.3. Based on sequence alignment of voltage-gated ion channel
homolog, R1, R2, R3 and R4 are the conserved position of arginines on the S4 helix.
Arginines that contribute substantially to the solvation free energy include R1, R2 and R4
of KvAP, R2 and R3 of NavAb, and R4 of NaChBac. It appears that these arginines are
either highly exposed to the solvent environment or not form salt-bridge interactions with

the negative charge residues.



30

KvA

40- VAP 40 KVAP

351 351

204 s1 s2 s3 20

104 101 & £ - P

04 0 | -4 | . i

30 60 90 120 120 130 140 150

40, Kv1.2-2.1 407 Kki1.2.2.1

3e) 351
20 s1 s2 s3 < 207
£ 40! | | £ 101
© = . o ) 3
£ 0] S ol £ -
f 180 210 240 270 X 290 295 300 305 310
& NavAb £407 NavAb

351 g 35+

20] |s1 s2 s3 201 8

10 104 _ -4

o =
0 0
1020 1050 1080 1110 1100 1105 1110 1115

40, NaChBac 401" NachBac

351

201 s1 S2 S3

104 | |

0‘

90 120 150 140

30 60
residue number

residue number

1 4
KvAP LGLFRLVRLLRFLRILLIISRG—————— 113-134
Kvl.2-2.1 RVVQIFRIMRILRIFEKLSRHSKGLQ-——-—-— 287-311
NavAb GFEILRVLRVLRLFRLVTAVPOMRKLV- 1094-1120
NaChBac FVIVLRILRVLRVLRAIS-—————————— 108-125

Figure 3.6. Per-residue contribution to the solvation energy. (A) all residues of voltage

sensor domain, (B) residues on the S4 segment and (C) sequence alignment of the S4

segment.

Table 3.3 Electrostatic solvation energy of the S4 arginines

AGglec (kcal/mol)
Type R1 R2 R3 R4
KVAP 6.5 5 05 6.5
Kvi2-21 | 04 2 1.2 1.2
NavAb 25 11 8 0.9
NaChBac | 3.2 2 33 6
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3.4.3 Electrostatic solvation energy of activated, intermediate and open models

A comparison of the membrane insertion energy of the selected models using the
solvent continuum method was shown in Figure 3.7. The relative electrostatic free
energies of membrane solvation (AGeye) for int, Down;, Down; and Down; models were
greater than that of the up model. The positive sign of AGeje. suggested a larger energy
barrier for inserting the VSD in membrane-like environment at zero membrane voltage as
compared to that of the up model. For the int model, the membrane insertion energies
was of 30.6 kcal/mole higher than the up model. The energy barrier is indeed larger for
the conformation toward the down state. Based on a AGg. comparison, the down; model

provides the least membrane insertion energies.
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Figure 3.7 The relative electrostatic free energy of all five states is compared with the up
state.
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3.5 MD simulation of up, intermediate and down models

To further validate the reliability of the models, 50 ns MD simulations of the Up,
Int and Down;, Down, and Downs conformations were performed in explicit solvent
environments. MD simulations and the analysis of MD trajectories are described as

follows.

3.5.1 Structure and dynamic fluctuation

All of the five MD trajectories were analyzed to determine the stability of the
system models. The atomic root-mean-square-deviation (RMSD) function of simulation
time was analyzed to determine the equilibrium of the system and stability of the
structure, as shown in Figure 3.8, for 50 ns of MD simulations. The black bone RMSD is
fluctuated around 3 or 4 A with respect to the starting model. For the up and intermediate
(INT) models, the RMSD values remain stable after 30 ns of simulations. The down2 and
down3 models, the RMSD values becomes stable about 10 ns and the downl1 model, the
RMSD value increase fluctuation and stable after 40 ns of simulation time. From the
RMSD of protein backbone of all five states shows that the systems equilibration and

structure stability, so we selected the last 10 ns. configurations for property analysis.

6 Up Int Down, Down, Down,
<
?
=2+
(1 4

0_ T T T T T
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time (ns)

Figure 3.8 Backbone RMSD with respect to the starting structure of all five MD systems

as a function of simulation time.
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RMSD of the individual S1-S4 helices of NaChBac-VSD was analyzed to
evaluate structure and dynamics of the individual transmembrane segment. RMSDs of the
four helices of the up model increase and maintain between 1-3A relative to the starting
structure as shown in Figure 3.9. However, transmembrane voltage sensor in the
intermediate and down models shows different structure and dynamics behaviors within
the four transmembrane segments during the course of MD simulation. Especially for the
intermediate and down state models, distinct structure deviation is observed from larger
RMSD values of S3 and S4 helices with respect to those of S1 and S2 helices shown in
Table 3.4. Particularly, a major structure deviation of S4 can be observed with a
significant increase of RMSD. An interpretation of this result is that the S3 and S4
segments of these models might not be in a stable configuration compared to the S1 and
S2 segments. An unstable configuration could be an acceptable explanation for an
intermediate state but not for the down state. Therefore, it is essential to find further
supporting evidence of structure instability by means of root-mean square fluctuation

(RMSF) and secondary structure deformation.

Table 3.4 RMSD of the individual VSD segments averaged from the last 10-ns MD
trajectories.

Mean RMSD£SD (A)
States
S1 S2 S3 S4
Up
1.66+0.13 1.61+0.18 1.91+0.14 2.43+0.11
Int
1.04+0.13 1.38+0.12 2.56+0.08 2.90+0.11
Down;
1.27+0.13 0.99+0.11 2.43+0.10 3.89+0.15
Down,
1.03+0.12 1.19+0.17 2.47+0.10 2.85+0.32
Downj
1.24+0.13 0.89+0.10 1.52+0.11 4.60+0.37
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Figure 3.9 RMSD of individual TM segment (S1-S4) of all five MD systems as a -

function of time.
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3.5.2 Evidence of structure instability

RMSFs of all five simulations were computed by using the last 10-ns of the
trajectories to assess conformational flexibility of the VSD with respect to the average
structure. The range of RMSF magnitudes averaged over transmembrane residues was
similar for all the simulated systems, as shown in Figure 3.10. The average backbone
RMSF of S1, S2, S3 and S4 was summarized in Table 3.5. Due to helix-helix packing
and helix-lipid interactions, residues in transmembrane helices exhibited lower RMSF
values compared to those in N- and C-terminal ends, S1-S2 extracelluar linker and S2-S3
intracellular linker. Nevertheless, a larger RMSF for residues near the C-terminal end of
S3 and S4 was observed. This result is consistent with RMSD analysis and implies an

existence of structure instability of the models.

Table 3.5 The average RMSF for backbone atoms of transmembrane segments.

<RMSF> (A)
states S1 S2 S3 S4
Up 1.44 0.53 0.59 0.66
Int, 0.60 0.60 0.77 0.83
Down; 0.85 0.76 0.95 0.88
Down; 0.73 0.92 0.76 0.97
Down; 0.63 0.61 0.65 1.12
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Figure 3.10 Backbone RMSF values as a function of residue number of NaChBac-VSD
computed using the last 10-ns of simulations. The transmembrane regions are indicated

by stripped background.
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Stability secondary structure was analyzed by using the DSSP algorithm [54].
Overall profiles of secondary structure pattern show a major stability of a-helical
conformation , as shown in Figure 3.11. The S1, S2 and S3 are relatively stable compared
to S4 which partially loses helicity for the C-terminal half of the segment. From the
simulations, the transition from a-helix to random coil was observed for the intracellular
half of S4. There are a number of factors that affect structure instability of the model
during the MD simulation. This includes types of phospholipids, position of protein in the
membrane and quality of model itself. Nevertheless, an external force due to difference
of membrane voltage also becomes a potentially important issue for the simulation of the
resting state conformation of voltage-gated ion channel. At membrane potential = 0 mV,
the voltage sensor domain is stabilized at the activated state whereas it undergoes
conformational changes to the resting state at a negative membrane potential (about -
70mV). In this study, the MD simulation of the intermediate and down states was
performed in the absence of membrane voltage which is equivalent to 0 mV. This might
be the case for the observation of secondary structure deformation of transmembrane

voltage sensor.
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Figure 3.11 Stability of secondary structure helices of the four TM segments as a
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3.5.3 Salt bridge interactions

Although the S4 helix shows a partial deformation of secondary structure, useful
information can be extracted from the MD simulations. Validity of the models was
assessed by an analysis of salt bridge interactions involved with the S4 arginines. The
interhelical salt bridges or hydrogen bonds involved with the four arginines of the voltage
sensing segment were monitored from the simulations. The salt bridges, shown in Figure
3.12, comprises the interactions of R113 with E43 and D60, of R116 with D60, of R119
with D60 and D93, and the interactions of R122 with E70, D93 and S125 (BB stands for
backbone atoms). From the simulation of the Up conformation, the salt bridges of R119
with D60 and of R122 with D93 were observed as shown in Figure 3.12. The R119-D60
interaction is in agreement with the experimental cross-link study. Analogous
electrostatic interactions between S2, S3, and S4 have been proposed in Shaker K"
channel. Further, the MD results showed that a hydrogen bond between the backbone of
R122 and the hydroxyl group of S125 was being formed for the first 35 ns of the
simulation, and then begun to disappear throughout the last 15 ns. This intrahelical
hydrogen bond might play a role in the stability of secondary structure. In the /nf model,
the salt bridge of R119-D60 observed in the Up model was shifted to the pair between the
second arginine R116 and D60, but that of R122-D93 was lost. In addition to the salt
bridges, the intrahelical hydrogen bond of R122-S125 became more apparent in the /nt
model. It should be noted that a salt bridge between R119 and D93 was detected during
the last 5 ns of simulation of the /nf model.

Our MD simulations showed that all the three approximate models of the down
configuration captured the important feature for the arginine-aspartic salt bridges. In the
simulations, we monitored a putative salt bridge network involving E43, D60, R113 and
R116. In all the down models, the pairs of charged residues R113-D60 form persistent
salt bridge during the 50 ns time course of the simulations as shown in Figure 3.12. This
suggested that the theoretical models satisfied the salt bridge interactions. An important
difference between the models is the salt bridges of R116-D60 and R113-E43. The

interactions between R113 and E43 were not observed in the simulation of Down;. For
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Down,, the salt bridges of R116-D60 and R113-E43 were not retained throughout the 50
ns simulation. Only the simulation of Down3 showed stable salt bridge network of the
two outermost arginines with E43 of S1 and D60 of S2. The other two ariginines, R119
and R122, of Down; and Down; form stable salt bridge interactions with D93 and E70,
respectively, whilst those interactions were not present in Down,. Nevertheless, the
backbone and positive charged sidechain of R122 in Down, were stabilized by hydrogen
bond interaction with S125. The R122-S125 interactions were also detected for almost

45-ns of simulation of Downs.



41

R1228B-5125 VIS
R122-S125
R122-E70
R122-D93
R119-D93

R119-D60
R116-D60
R113-D60
R113-E43

R122BB-S125
R122-8125
R122-E70

R113-E43

R122BB-S125
R122-8125
R122-E70
R122-D93

R113-D60
R113-E43

R122BB-S125 [/ 2ElH
R122-S125
R122-E70
R122-D93
R119-D93
R119-D60
R116-D60
R113-D60
R113-E43

R122BB-S125

R122-S125
R122-E70
R122-D93
R119-D93
R119-D60
R116-D60
R113-D60
R113-E43

N W A OO0 O N ON W & O O N ON W & O O N ON W & O O N ON W & O O N

10 20 30 40 50
time (ns)

Figure 3.12 The values of distances that represent key interactions in the four arginines
of S4 of NaChBac-VSD. The distances are plotted on a color scale from blue (less than or
equal to 2 A) to red (greater than or equal to 8 A).
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3.5.4 Water-filled crevices in the VSD core

Deep crevices of both sides of the VSD cavity to which water can enter have been
reported from the crystal structure of K, channels. In addition, the presence of water-
filled crevices in the VSD core was confirmed by accessibility measurement of sulfhydryl
reagents to cysteine mutants of the channels [55]. From the simulations, the water density
plot suggests that water molecules have diffused into the empty crevices of the VSD from
both sides of the membrane bilayer. As illustrated in Figure 3.13 and 3.14, the
transmmembrane voltage sensor creates the hourglass shape water-filled crevices to
house the gating charge-carrying arginines in the hydrophobic environment. However,
water molecule cannot penetrate throughout the VSD pore. This was mainly due to the
salt bridges which narrow the pathway and disrupted the passage of water. In the Up
conformation, the salt bridge interactions between R119-D60 and R122-D93 prevent
water molecules penetrating throughout the voltage sensor pore. Structure analysis of the
MD trajectories indicated that R113 and R116 sidechains are near membrane interface
and interact with waters and lipid head-groups whilst R119 and R122 sidechains are in
hydrophobic region of the bilayer and interact with the negatively charged residues D60
and D93, as shown in Figure 3.12A. In the Int model, R113 and R122 sidechains interact
with waters and lipid phosphate groups whereas R116 slips down toward the membrane.
Hydrogen-bond networks of D60-R116-waters and D93-R119-waters were observed
from the MD trajectory which therefore focuses the electric field to stabilize the
positively charged S4 residues in a hydrophobic environment and reduces the energetic
barrier to the S4 movement.

For the down states, R116 and R119 are distributed in the hydrophobic core
where R113 and R122 are more accessible to lipid head groups and water. In particular,
the most hydration of S1-S4 is observed for Down3. From the simulation, the four
transmembrane segments are partially hydrated and water molecules associated with the
protein in the bilayer. The hydrophobic thickness of the membrane is reduced by the
protein hydration. It is expected that the water-filled crevices in the NaChBac-VSD focus

the membrane electric field, which is in agreement with experimental and theoretical



43

studies. The insertion of water molecules have also been seen in the VSD of KvAP and
Kv1.2 [56,57]. Consideration of the observed average water distributions in the presence
of S1-S4 domains indicates that the membrane electric field drops over a distance of no
more than about 25A, the hydrophobic thickness of the bilayer in the presence of the
voltage-sensing domain. Hydration of these critical residues will raise the local dielectric
within the bilayer, ensuring that the arginine residues remain charged and thereby move

in response to changes in membrane voltage.
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3.5.5 Proposed transition model

Analysis of the MD results enables us to propose the putative transition models of
gating charge arginines on the basis of changes in salt-bridge interactions as shown in
Figure 3.15. In the up state, the R119 and R122 side chains form salt-bridge interactions
with D60 of S2 and D93 of S3, respectively whereas R1 and R2 are surrounded by lipid
phosphate head groups and water molecules. Upon membrane depolarization, the salt-
bridges breaks and the S4 rotates and translates inward the bilayer. With a slight
rearrangement of S1 during the S4 movement, salt bridges between positively charged
residues on S4 and negatively charged residues on S1-S3 reform. One of a possibility is
that because of the VSD motion a change of salt-bridge interactions from R119-D60 to
R116-D60 is taken place as an intermediate. At the resting membrane potential, the S4 is
continue to move until changes of salt-bridge interactions between the two outer most
arginines with E43 of S1 and D60 of S2 are formed to stabilize the voltage sensor.
Furthermore, R119 and R122 would involve the stability of the voltage sensor in the
down state by salt-bridge formations with E70 and D93, respectively. The results

observed from the MD simulations are in good agreement with structural and functional

studies.
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Figure 3.15 The proposed transmition of “up”, “int” and “down” states of NaChBac —

VSD



CHAPTER IV
CONCLUSION

In the present study, putative activated (Up) and resting (Down) conformations of
transmembrane voltage sensor domain from NaChBac channel were developed based on
biophysical and biochemical data. The structure and dynamic properties were extracted
from the 50ns MD simulations of the Up, the intermediate and the three Down models in
the presence of hydrated phospholipid bilayer. From the MD results, the transmembrane
structure of the Up state is more stable than that of the intermediate and Down states. The
observed structure instability, especially the S4 segment, is likely to be associated with
the protein-membrane system simulated without incorporating the negative membrane
potential which has shown to stimulate the closed channel with the VSD in the Down
state. Nevertheless, the results of the simulations provide useful information for a general
motion of the voltage sensing segment in a context of helical screw mechanism. This was
demonstrated by the Up and Down models showing a counter charge exchange of the S4
arginines. In the Up model, the salt—bridge interactions between R3 and D60 are stable
during the course of MD simulation whilst the R1 and R2 face outside the VSD core,
making its sidechain exposed to water and lipid phosphate groups. However, all the
putative Down and intermediate models show changes of R1, R2 and R3’s surrounding
environment where R1 and R2’s sidechains potentially form salt-bridges with E43 of S1
and D60 of S2. A tendency of R3’s sidechain forming a counter charge interaction with
D93 was observed in the Down state model. The results are in good agreement with
electrophysiology data of NaChBac mutants. An estimated distance of the S4 movement
from the Up to the Down models is about 3-5 A which is equivalent to one helical turn.
As the S4 moves downward, structure rearrangement of transmembrane S1, S2 and S3
segments were observed. As a result, the water-filled crevice expands, allowing water
molecules more accessible to the inner cavity of VSD core. The results supported the
predicted changes of sulfhydryl accessibility to the voltage sensor domain of the

NaChBac channel in the resting state.
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However, there are questions that remained unanswered from the present study.
This includes the number of gating charge, the effect of the increased hydrophilicity in
the VSD inner cavity or free energy of conformational transition etc. It is important to
note that all the interpretations of the study are relied on the model developed based on
the crystal structure of Kv channels. Although structure comparison between NaChBac-
VSD and the new x-ray NavAb-VSD revealed closed similarity of overall transmembrane

orientation, a remodeling of NaChBac-VSD structures will give useful information and
confident interpretation.
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APPENDIX



Programming A.1 Analysis script backbone RMSD.

set initmol

[mol load psf .././02membrane/nabach_dwn_popcwi.psf

..I../02membrane/nabach_dwn_popcwi.pdb]

set outfile [open rmsd_alpha01-16.dat w]

set frame0 [atomselect $initmol "protein and alpha and noh" frame 0]

set

trajmol

[mol load psf

..Idcd/dcd/nabach_popcwi-01-relaxtail.dcd]

mol addfile .
mol addfile .
mol addfile .
mol addfile .
mol addfile .
mol addfile
mol addfile .
mol addfile
mol addfile .
mol addfile .
mol addfile .
mol addfile .
mol addfile .
mol addfile .

mol addfile .

Jdcd/dcd/nabach_popcwi-02-fixprot.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-03eq.dcd type dcd first 0 last -1 waitfor all

Jdcd/dcd/nabach_popcwi-04.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-05.dcd type ded first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-06.dcd type dcd first O last -1 waitfor all
..Idcd/dcd/nabach_popcwi-07.dcd type ded first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-08.dcd type dcd first O last -1 waitfor all
..Idcd/dcd/nabach_popcwi-09.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-10.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-11.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-12.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-13.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-14.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-15.dcd type dcd first O last -1 waitfor all
Jdcd/dcd/nabach_popcwi-16.dcd type dcd first O last -1 waitfor all

set nf [molinfo $trajmol get numframes]

set sel [atomselect $trajmol "protein and alpha and noh"]

# rmsd calculation loop
for {seti1} {$i<$nf} {incri}{
$sel frame $i

..[../02membrane/nabach_dwn_popcwi.psf
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$sel move [measure fit $sel $frame0]
set time [expr ($i * 2.) / (1000.) ]
# puts "$time [measure rmsd $sel $frame0]"
puts $outfile "$time [measure rmsd $sel $frame0] $i"
# puts Soutfile "$i [measure rmsd $sel $frame0]"
}
close $outfile

exit

Programming A.2 Analysis script RMSF of individual TM segment

mol load psf ../../../../[02membrane/nabach_dwn_popcwi.psf dcd ../nabach_popcwi-12.dcd
foreachno {1314 1516 } {
mol addfile ../nabach_popcwi-$no.dcd type dcd first O last -1 waitfor all

ky

set reference [atomselect top "protein and backbone™ frame 0]
set compare [atomselect top "protein and backbone"]

set all [atomselect top "all"']

set num_steps [molinfo top get numframes]

puts $num_steps

for {set frame 0} {$frame < $num_steps} {incr frame} {
$compare frame $frame

set trans_mat [measure fit $compare $reference]

$all frame $frame

$all move $trans_mat

¥

set outfile [open rmsf_modell.dat w]

set nf [molinfo top get numframes]



set sel [atomselect top "name CA"]
set rmsf [measure rmsf $sel first 1 last [expr {$nf-1}] step 1]

for {set i 0} {$i < [$sel num]} {incr i} {
puts $outfile "[expr {$i+17}] [lindex $rmsf $i]"

ks

exit
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Abstract: Electrostatic forces play an important role in
protein stability, solvation, folding and function. Voltage
sensor domain (VSD) of voltage-dependent ion channels
has shown to be a functional independence module in a
variety of voltage-activated ion channels and enzymes.
VSD consisting of four transmembrane segments, of
which the 5S4 segment containing many positively
charged arginines is crucial for the voltage sensitivity. In
this study, we examined the energy required to transfer
the transmembrane voltage sensor from high dielectric
aqueous-like media into low dielectric membrane-like
solvent. Poisson-Boltzmann continuum electrostatic
method was employed to compute electrostatic solvation
energy of the VSD in KvAP, Kv1.2-2.1, NavAb, and
NaChBac. The results showed the solvation energy
follow the order Kv1.2-2.1 < NaChBac < NavAb <
EKvAP . Per residue decomposition energy analysis
revealed that the charged arginines on 5S4 exhibit typical
high value of electrostatic solvation free energy which are
common to all Na, and K..

1. Introduction

Voltage-gated sodium (Na,)and potassium (K,)
channels are integral membrane proteins that control.
an influx of sodium ions and an effux of potassium
ions through plasma membrane [1-4]. respectively.
They are responsible for generation and propagation of
action potential in neurons and other excitable cells.
Both Na, and K, open and close the channel gate in
response to changes of membrane voltage. Generally.
Na, and K, are composed of four homologous domains
with membrane spanning o-helices. Each domain
consists of six transmembrane segments (S1-S6). The
Na, and K, voltage sensors are composed of the first
four transmembrane  helices. S1-S4, packed
counterclockwise and formed voltage sensor domain
(VSD). In particular, the S4 acts as the voltage-sensing
segment as it contains four to eight positively charged
and highly conserved arginine residues.

Considerable efforts have been made to understand
the structure basis associated with the woltage-
dependent mechanism of VSD by both experimental
and computational studies [5-8] because it has shown
to be a functional independence module in a variety of
voltage-activated ion channels and enzymes. From our
previous study [8]. a structural model of the VSD from
Bacillus halodurans Na channel (NaChBac) in the
activated or “up” state conformation has been derived

from site-directed spin-labeling and EPR solvent
accessibility data.

In this study. we wanted to further explore the
energetic aspects of our model embedded in membrane
environments. Especially. we computed the energetic
cost associated with an insertion of VSD in lipid
bilayer. Although the transmembrane segments of the
VSD are largely composed of hydrophobic residues,
the S4 segment is rich of positively charged residues.
The unfavorable solvation energy associated with the
exposure of the S4 segment to the membrane is the
issue of basis fundamental interest. The implicit
solvent with continnum Poisson-Boltzmann (PB)
based approach was employed to calculate the
electrostatic components of free energy of solvation
required to transfer the transmembrane voltage sensor
from aqueous media into membrane bilayer. For
comparison. the electrostatic solvation energy
calculations were carried out for the voltage sensor of
KvAP, Kv1.2-2.1 and NavAb whose the 3D x-ray
structures are available [9-11].

2. Methods

The electrostatic calculation in this study is on the
basis of solving the PB equation. The Poisson equation
representing the reversible work of charging the solute
can be given as

V-e(F)VO(r) = —p(7),

where ¢ is the dielectric constant, & is the electrostatic
potential. and p is the charge density, i.e. all atomic
charges within the solute. All three wvariables are
position-dependent functions represented by the
position vector . By considering the solute dissolved
in electrolyte solution, the Poisson-Boltzmann
equation (PBE) was used instead of the Poisson
equation

where g=e®/kgT is the reduced electrostatic potential.

—V-[e(FV@()]+ &’ (7F)sinh[¢(7)] = —

. &* is the Debye-Hiickel screening parameter. which
accounts for ionic shielding. For a given protein
configuration and dielectric constants of solute
environment. @ can be obtained and the total

e

PURE AND APPLIED CHEMISTRY INTERNATIONAL CONFERENCE 2012(PACCON 2012) 1688

Amp(r),



electrostatic energy is determined the sum over all
charges in the system

AG&’:{ = Z(I)(F)p(F)S

To examine the electrostatic free energy accounting
for the insertion of transmembrane segments to lipid
bilayer, AGg,., was computed for K, and Na, voltage
sensors immersed implicitly in different solvents (Fig.
1). The electrostatic solvation free energy of the
voltage sensors in bulk water, AGeec water, Was obtained
by employing a continuum solvent model treating with
high dielectric aqueous-like media. For calculating the
solvation energy of the voltage sensors in membrane
environments. AGeiec membrane. @ planar low-dielectric
slab was introduced to PB method as water
inaccessible region. The energy change upon
transferring the VSD from bulk water to membrane
bilayer was obtained by subtracting the solvation
energy of the protein in lipid from that in bulk water as
follow:

AGe!ec :AGe?er,mmbmne - AGe!e(,wa{er

The calculations were performed by using the
program Adaptive Poisson-Boltzmann Solver (APBS)
1.2.1 [12] with help of a java-based graphical user
interface APBSmem for sefting up input parameters
[13]. 3D structure coordinates of VSD of KvAP
(10RS), Kv1.2-2.1 (2R9R) and NavAb (3RVY) were
taken Protein Data Bank, whereas NaChBac-VSD was
obtained from our previous study [8]. To construct the
model systems, the Kv1.2-2.1 channel was oriented to
align the pore along the z-axis to give a proper
orientation of the voltage sensor with respect to the
bilayer normal. Then we selected only one chain of the
oriented VSD and performed a translation on the xy-
plane to move the center of mass of the VSD to the z-
axis. The orientation of KvAP, NavAb and NaChBac
voltage sensor in the membrane were a result of
superimposition method using sequence and structure
alignment of the conserved S1 and S2 segments of the
oriented VSD of Kv1.2-2.1. Transformation of atomic
coordinates were done using VMD and command
scripts[13]. The program PDB2PQR was used to add
hydrogen atoms together with assign atomic charges
and radii [12]. Partial atomic charges and radii of the
protein were taken from the CHARMM22 parameter
sets. The sequential focusing multigrid algorithm in
solving PBE consists of three resolution maps:
300x300=300 A® for coarse, 200x200x200 A® for
medium. and 100x100x100 A® for fine resolutions.
Grid points of 161x161x161 were employed to all
maps. The implicit membrane slab was introduced
such that its plane is in the Cartesian xy-plane and the
bilayer normal is aligned along the z-axis. A thickness
of membrane bilayer (Lyem) Was evaluated between
30-40 A. The dielectric constants for the membrane
(em) and water (g,) was 2 and 80, respectively. The
dielectric constant of protein was varied between 2, 4
and 10. Tonic strength was 0.1 M with coulomb charge
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+1 and -1, and radius 2.0 A. Water probe radius was
14 A

A
£,~80
B
£,~80
Figure 1. Model systems used to compute

electrostatic free energy of protein solvation. (A) The
VSD is embedded in the membrane. The membrane
region between the two blue planes is assigned a
dielectric value ¢, =2. Bulk water above and below
the membrane is assigned a dielectric value of &, =
80. (B) The VSD in the bulk water (g, = 80) without
the membrane. The protein solvation energy is
calculated by AGap.. =AGa- AGs.

3. Results and Discussion

3.1 Electrostatic solvation energy of NaChBac-VSD as
a function of ¢ and membrane thickness

Electrostatic free energies of protein solvation
were calculated for the voltage sensor domain of
NaChBac, KvAP, Kv1.2-2.1 and NavAb. The results
show that all protein solvation energies are positive.
This indicates that for a spontaneous change the
protein needs the energy to do work. In other words,
the insertion of VSD from bulk water to the membrane
needs an external driving force. As shown in Table 1,
an increase of membrane thickness results in an
increase of the profein solvation energies. However,
the solvation energies decreases upon an increase of
protein dielectric
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Table 1. Electrostatic solvation energies of NaChBac-
VSD as a function of & and membrane thickness (Lyem)

Eprotein Lpem (A) AG .. (kcal/mol)
2 30 136.2
2 35 195.0
2 40 296.4
4 30 91.5
4 35 134.3
4 40 201.7
10 30 48.5
10 35 72.2
10 40 114.0

3.2 Solvation energies of K, and Na, voltage sensors

The solvation energies of the K, and Na, voltage
sensors (Table 2) follow the order: Kvl1.2-2.1 <
NaChBac < NavAb < KvAP. The solvation energy
was decomposed into partial contribution of each
residue.  Apparently, the energies were mainly
contributed from the solvation of transmembrane
residues rather than that of non-transmembrane
residues (Fig.2). Particularly, the S4 segment of K,
and Na, contributes significantly to the solvation
energy.

Table 2. Electrostatic solvation energies of K, and Na,
voltage sensors (€pprein = 4. Lyen= 30 A)

Type AGgpec (keal/mol)
KvAP 231.6
Kvl.2-2.1 85.1
NavAb 150.1
NaChBac 91.5
$4 (KvAP) 472.2-458.9 [14]

The solvation free energies of four highly conserved
arginines on the S4 segment were shown in Table 3.
Based on sequence alignment of voltage-gated ion
channel homolog. R1. R2, R3 and R4 are used to
define the sequential position of arginines on the S4
segment. Arginines that contribute substantially to the
solvation free energy include R1, R2 and R4 of KvAP,
R2 and R3 of NavAb, and R4 of NaChBac. It appears
that these arginines are either highly exposed to the
solvent environment or not form salt-bridge
interactions with the negative charge residues.

KwAP
Evl.2-2.1
NavAb
NaChBac

AG,_(Kcalimol]

G,..(Kealmol)

LGLFRLVRLLRFLRILLIISRG-
RVVQIFRIMRILRIFELSRHSKGLQ

2 3 4

113-134
287-311

GFEILRVLEVLRLFRLVTAVPOMRELV- 1094-1120

NavAb

T2i0 240 2r0 300

20] [s1 sz 53 54
10
o
1020 1050 1080 1110
40 NaChBac
35
201 81 82 83 sS4
10
o]
L] 20 120 150
residug numbar
40, 4
sy P
20
0 g &
ol 2
120 130 140 150
401 Kur22.1
35
20
10
o & B B .luL
290 295 300 308 310
407 Navab
35,
20 |
10 2
oL & 1 S .48
1100 1105 110 115
401 NachBac
35
20
. = M2 &
ol
10 120 140 150

130
residue number

108-125

Figure 2. Per-residue contribution to the solvation
energy (A) sequence alignment of the S4 segment. (B)
residues on the S4 segment and (C) all residues of

voltage sensor domain.

Table 3. Electrostatic solvation energies of the S4

arginines
Type AGe. (kcal/mol)
R1 R2 R3 R4
KvAP 6.5 5 0.5 6.5
Kvl.2-2.1 0.4 2 1.2 1.2
NavAb 25 11 8 0.9
NaChBac 32 2 33 6
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4. Conclusions

We evalulated the electrostatic free energy of
solvation of the known 3D structures of Na, and K,
voltage sensor in membrane using Poisson-Boltzmann
continuum dielectric models. The results showed the
external driving force is needed to transfer the voltage
sensor domain from bulk water into the membrane.
The solvation energy of KvAP appears to be the
greatest. Per-residue decomposition energy analysis
revealed that most of the charged arginines on S4
contribute significantly to the solvation energy.
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