
Dynamics of the voltage-sensor domain in
voltage-gated ion channels

Studies on helical content and hydrophobic barriers within voltage-sensor domains

CHRISTINE SOPHIE SCHWAIGER

Licentiate Thesis
Stockholm, Sweden 2011



TRITA FYS 2011-29
ISSN 0280-316X
ISRN KTH/FYS/--11:29--SE
ISBN 978-91-7501-041-0

KTH School of Engineering Sciences
SE-100 44 Stockholm

SWEDEN

Akademisk avhandling som med tillstånd av Kungl Tekniska högskolan framlägges
till offentlig granskning för avläggande av licentiate examen i biologisk fysik onsdag
den 15 juni 2011 klockan 15.00 i sal FA31, AlbaNova universitetscentrum, Kungl
Tekniska högskolan, Stockholm.

© Christine Sophie Schwaiger, May 2011

Tryck: Universitetsservice US AB



iii

Abstract

Voltage-gated ion channels play fundamental roles in neural excitability
and thus dysfunctional channels can cause disease. Understanding how the
voltage-sensor of these channels activate and inactivate could potentially be
useful in future drug design of compounds targeting neuronal excitability.

The opening and closing of the pore in voltage-gated ion channels is caused
by the arginine-rich S4 helix of the voltage sensor domain (VSD) moving in
response to an external potential. Exactly how this movement is accomplished
is not yet fully known and an area of hot debate. In this thesis I study how
the opening and closing in voltage-gated potassium (Kv) channels occurs.

Recently, both experimental and computational results have pointed to the
possibility of a secondary structure transition from α- to 310-helix in S4 being
an important part of the gating. First, I show that the 310-helix structure
in the S4 helix of a Kv1.2-2.1 chimera protein is significantly more favorable
compared to the α-helix in terms of a lower free energy barrier during the
gating motion. Additional I suggest a new gating model for S4, moving as
sliding 310-helix. Interestingly, the single most conserved residue in voltage-
gated ion channels is a phenylalanine located in the hydrophobic core and
directly facing S4 causing a barrier for the gating charges.

In a second study, I address the problem of the energy barrier and show
that mutations of the phenylalanine directly alter the free energy barrier of the
open to closed transition for S4. Mutations can either facilitate the relaxation
of the voltage-sensor or increase the free energy barrier, depending on the
size of the mutant. These results are confirmed by new experimental data
that supports that a rigid, cyclic ring at the phenylalanine position is the
determining rate-limiting factor for the voltage sensor gating process.

Keywords: activation, deactivation, inactivation, voltage-sensor, VSD, Kv1.2-
2.1, F233, hydrophobic barrier, α-helix, 310-helix
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Chapter 1

Introduction

Every living organism is made up of cells. The cell is the most functional, basic
unit of all these organisms and thus also often called the building block of life [4].
Cells are enclosed with a plasma membrane build up of lipids that separates the
cell’s contents from the remaining world.

The cell contains the genetic material, the DNA. DNA carries the relevant infor-
mation and gives exact working instructions to the cell. RNA, as an intermediate
language, puts the information into usage by translating the DNA’s message into
an amino acid sequence. Finally, the amino acids are assembled into proteins. This
is the central dogma of life.

Proteins have different kind of composition, depending on their functional pur-
pose. They are the small factories of the cell, they give structure and mobility, take
care of molecular synthesis and degradation, are involved in energy metabolism and
allow the exchange of material and information between the inside and outside of
the cell.

For the cells’ survival it is crucial that water and other life essential nutrition
moves in and out of the cell. However, not everything can freely pass in and
out of the cell, and the cells allow only those nutrition to enter which they really
need to function properly. Thus, at thousands of places across the cell membrane
special membrane proteins span the bilayer and provide gates that allow particular
nutrients to be transported over the cell barriers. Examples of these proteins are
water channels responsible for the water transport and ion channels that allow the
flow of ions from one side to the other.

Ion channels are essential membrane proteins
Ion channels are pore-forming proteins (Fig. 1.1) that are immensely tiny, with their
scale near a billionth of a meter (or nanometer). Due to their size it is impossible to
see an ion channel under the microscope and that is why it is quite difficult to study
these membrane proteins. Thus their molecular mechanism is not yet understood
in detail.
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Figure 1.1: The cell membrane separates the in- from the outside of the cell. In the
cell membrane, several proteins are embedded, like ion channels transporting e.g.
potassium ions, K+, purple (adapted from [46]).

However since these complex proteins play a fundamental role in the human
body and for instance are essential to the generation of nerve impulses they are
highly interesting for the pharmaceutical industry. It is not surprising that mal-
function of these fascinating machineries can lead to serious problems for the or-
ganism. In fact, more than half of all drug targets are membrane proteins, and a
major part is made up of ion channels. Thus, deeper insight in the function of ion
channels is essential for our fundamental understanding of life and basic biology.

Ion channels open and close in respond to stimuli, other cellular factors, changes
in electrical voltage, or drugs. In case of voltage-gated ion channels, voltage is
the switch that controls how and when the channel opens. A special part of the
channel, called voltage-sensor, containing a unique, charged helix (S4 helix), is
responsible for this process. The voltage-sensor reacts to the change in voltage
with a conformational change leading to opening and closing of the pore.

What is this thesis about?
This thesis represents the main research results and conclusions of the first part of
my PhD-studies leading to a licentiate degree. All projects address the question
of how the voltage-sensor moves in order to open/close the gate for the ions. I
use the isolated voltage sensor that has been found to be a modular unit due to
the discovery of voltage-sensor-only-proteins as a simplified model. Then I apply
different techniques ranging from modelling, simulation and free energy calcula-
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tions to study these amazing proteins. The study will cover areas of biochemistry,
biophysics, neurochemistry and pharmacology.

This thesis is based on two research articles. For the first study (paper I) I
try to understand the structural motion of the voltage-sensor leading to the closing
of the channel. In particular, it deals with whether the voltage-sensor undergoes
helical transitions or not and suggests a new model for the gating mechanism.

The second study (paper II) is a closer investigation of the hydrophobic energy
barrier within the voltage-sensor that keeps the S4 helix from translating back
towards the resting state.

This thesis starts by presenting a general picture of biological membranes and the
proteins within them as well as ion channels in general (chapter 2). This is followed
by a short overview about fundamentals of neurochemistry relevant to voltage-gated
ion channels and in particular considers the voltage-sensing domain that is modular
over a wide range of species and other proteins that have only the voltage-sensor and
are different from ion channels (chapter 3). In chapter 4, I go into some detail
about the voltage-sensing mechanism of these fascinating machineries, e.g. their
gating charges, different gating states and gating models needed to understand this
work. Thereafter I discuss the methods used in this work ranging from modelling
and simulation (chapter 5) to free energy calculations (chapter 6). Finally, the
articles and work included in this thesis are summed up (chapter 7) and I also
introduce some final thoughts on the subject (chapter 8).





Chapter 2

Voltage-dependent ion channels
are membrane proteins

2.1 Biological membranes: membrane lipids and lipid
bilayers

Organisms are not isolated systems at equilibrium, but they need to take up elec-
trolytes and nutrients and produce waste. The same is true for cells within these
organisms that must exchange compounds with their environment. Examples of
such compounds include metabolites like glucose, ions as well as amino acids and
nucleotides [75]. Cells have a ’skin’ that is called a cell membrane or plasma mem-
brane that protects them from the outside environment and is formed by a double
layer of phospholipids. The most important function of the cell membrane is to
create a boundary between the inside and outside of the cell and thus control what
substances are coming in and going out. It is comprised of phospholipids, carbohy-
drates, proteins, steroids, and in eukaryotic organisms also cholesterol. The outside
is called extracellular fluid, the inside cell interior (cytosol).

The phospholipids in the bilayer contain a polar headgroup and non-polar fatty
acids. These naturally assemble in a double layer, because the hydrophobic hy-
drocarbons tails repel water and prefer to point inwards to the center of the mem-
brane, while the hydrophilic heads face the aqueous environment [75]. Together
with cholesterol and carbohydrates they make up the basic structure of the plasma
membrane. Fig. 2.1 shows a detailed picture of the cell membrane. The membrane
itself is not a rigid wall, in fact, the barrier is surprisingly flexible so that proteins
and lipids are free to move in the plane of the membrane. This organization is
usually called the fluid mosaic model [91].

5
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Figure 2.1: The cell is isolated from its surrounding through the cell membrane.
The cell membrane is composed of lipids formed of polar head groups with attached
non-polar fatty acids. Together with other components it forms the basics plasma
membrane (adapted from [31]).

2.2 Proteins and their secondary structure

Protein formation
Amino acids are the principal chemical units and building blocks of proteins. They
have a common structure based on a central carbon atom (Cα) to which a hy-
drogen atom (H), an amino group (NH2), a carboxyl group (COOH) and a side
chain (R group) are attached. The side chain is the functional group of the amino
acid. The genetic code codes for 20 different amino acids, corresponding to 20
different R groups. The amino acid side chains give the protein its specific chem-
ical and physical properties including aliphatic, hydrophobic, aromatic, positive,
charged and polar groups of atoms. They underpin many aspects of the structure
and function of proteins. Hydrophobic amino acids are for instance those residues
having side chains that do not like the aqueous environments, and for that reason
they are generally found buried in the hydrophobic core of the protein. All these
features together determine the interactions such van der Waals forces or electro-
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static attraction/repulsion between polar groups. The specific combination of these
amino acids enables the diversity of protein structure, and the number of possible
combinations is huge [20].

Proteins are elementary components of all organisms, sometimes called the
molecules of life since they are fulfilling numerous functions in almost every bio-
logical process, including enzymatic catalysis, transport, storage, regulation, DNA
replication, immune defense, and many more. Due to their variety of roles, studying
proteins structures has long been an important part of structural biology.

Proteins are linear polymers typically composed of only the 20 naturally occur-
ring amino acids which are coded for in DNA. However, in the nucleic acid alphabet
there are only four types of bases (A, G, C and T), and that is why it requires three
nucleic acids to code for one amino acid. Thus, the genetic code makes available 43

= 64 codons, whereby up to five triplets can code for one and the same amino acid.
DNA triplets code not only for amino acids but also signal the start and end of the
translation. The code in DNA is transferred to RNA and the protein synthesized
by translation in the ribosome. This genetic code is used by almost all organisms,
only mitochondria and some microorganism possess a deviating code [20]. To form
a larger molecule, individual amino acids are joined during protein synthesis. An
amide linkage is formed when the carboxyl group of one amino acid reacts with
the amino group of another. This reaction is described as a condensation, resulting
in the proction of water as a by-product of the reaction. The newly created CO-
NH bond between a pair of adjacent amino acid is called a peptide bond, and the
resulting molecule is an amide.

Polypeptide chains are formed by several peptides linked by peptide bonds. The
amino acids within the polypeptide chain are referred to as residues. The first amino
acid in the polypeptide chain is called Amino or N-terminus and the last amino
acid is called Carboxyl or C-terminus because of its free carboxyl group. These
repeating units are divided into the backbone or main chain part, which is identical
in all residues, and the side chains that are varying. The basis repeating unit along
the backbone is thus NH-CαH-C’=O.

Protein secondary structure

There are four basic levels of complexity, arranged in a kind of conceptual hierarchy.
These levels of protein structure are commonly defined as primary (1D), secondary
(2D), tertiary (3D), and quaternary (4D) structure.

The primary structure of a protein is its linear order of residues encoded by
DNA along the polypeptide chain, i.e. the sequence of amino acids, directionally
from the N-terminus to C-terminus.

Secondary structure refers to common repeating structures of the polypeptide
chain. Each amino acid is connected by peptide bonds to its preceding/succeeding
amino acid. The peptide bond is planar and rigid. Therefore only rotations around
the two axes N-Cα and Cα-C are possible in the backbone. This has important
consequences for the conformations of proteins. In fact, secondary structure is
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PROTEINS

defined by the main dihedral rotatable angles (sometimes also called torsion angles)
along the backbone. By convention, the rotation around the N-Cα axes is known as
φ (phi) angle and similar to this rotation around Cα-C is indicated with the angle
ψ (psi).

Pauling et al. [72] suggested two principal models for the conformations of the
polypeptide chain: the α-helix and the β-sheet. They were the first who predicted
this secondary structure which was then experimentally solved in myoglobin seven
years later by Kendrew et al. [50]. Today, secondary structure is usually divided
into three basic themes: helices (α, 310, π), sheets, β, (parallel, anti-parallel), turns
(beta, gamma) and random structures. Since the α- and 310-helix are crucial for
this thesis, they are described more in detail in section 2.3.

The tertiary structure refers to the spatial folding of the complete polypeptide
chain, i.e. the combination of secondary structure elements linked by turns. The
protein’s function depends on its tertiary structure. In principle the tertiary struc-
ture is determined solely by the primary structure, since the 3D structure is typically
the global free energy minimum of all interacting atoms [87]. These interactions
are for instance hydrogen bonds, salt bridges, disulphide bridges, electrostatic in-
teractions, van der Waals and the the (entropic) hydrophobic effect. There are also
important effects from the surrounding solvent.

A large number of proteins are built from multiple peptide chains that can
pack into more complex proteins and this arrangement is called quaternary struc-
ture. For some cases, multiple copies of proteins pack into larger oligomers. Each
polypeptide chain in such a protein is called a subunit. These subunits can function
independently or depend other subunits.

2.3 A common and a rare helix type: α- and 310-helix

α-helix is the most abundant secondary structure, and ideally φ=-57◦ and ψ=-47◦.
The α-helix structure is stabilized by hydrogen bonds with the carbonyl group of
residue i and the nitrogen of the amide group of residue i + 4, i.e. four positions
apart from each other, in the backbone. Right-handed helices may also appear
as 310-helix (i + 3), π-helix (i + 5) or others. Some amino acids show greater
propensity for α-helix than others, such as alanine (Ala), cysteine (Cys), leucine
(Leu), metioneine (Met) , glutamic acid (Glu), glutamine (Gln), histidine (His) and
lysine (Lys). The composition and distribution depends on the location of the helix
in the structure.

So what distinguishes an α-helix from 310 one? There are a few properties
that distinguish α- and 310-helix, and could make 310-helix more advantageous in
context of the S4 helix. The main difference between an α- and a 310-helix is how
the hydrogen bond network of the backbone is established. The hydrogen bonds
are either four or three positions apart from leading to a different helical geometry.
In case of 310 the residues i and i+3 will be directly over each other(Fig. 2.2, view
from side). This hydrogen bond pattern leads to the following characteristics: α-
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helix has 3.6 residues per turn, leading to an angle of 100◦ around the helical axis, a
helix rise of 1.5 Å and a helical pitch of 5.4 Å. In comparison 310-helix has an angle
of 120◦ between consecutive residues, a helical rise of about 2.0 Å per residue and
a helical pitch of about 5.8-6 Å. That means the 310-helix is more tightly wound,
longer and much thinner than the standard α-helix, even wtih the same number of
residues (Fig. 2.2, view from above).
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Figure 2.2: The ideal α- vs. 310-helical conformation is compared. The 310-helix is
much tighter wound with its (i, i+3) pattern in comparison to the α-helix (i, i+4).
Thus, the 310-helix gets visibly more stretched and tigther wound.

In contrast to α-helices, the 310-helix is rare in crystal structures. However,
several cases have been found where 310-contents is present. 310-helices are mostly
found in small regions of proteins, usually at the end of an α-helix or as a separate
single-turn helix [48]. In most proteins, helices are virtually always α-helical. Due
to this rareness, encountering 310-helices in proteins points to the possibility of
functional importance within the protein. One reason for the low amount of 310-
helix is that the conformation is energetically unfavorable, essentially a kinetic
intermediate along the α-helix unfolding pathway [96].
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2.4 Membrane proteins

All membrane proteins can be classified into integral membrane proteins spanning
the entire membrane and peripheral membrane proteins that are exposed only on
one side. The majority of integral proteins are made up of α-helical transmembrane
segments. As integral proteins span the entire membrane they play an important
role in transporting hydrophilic compounds across the membrane. This is a pro-
cess that reduces the energy barriers for moving the hydrophilic compound over
the hydrophobic environment of the membrane. Some of these integral proteins
contain water-filled pores through which ions can pass. These proteins are called
ion channels.

Membrane proteins are important as they are responsible for a majority of the
cell’s communication with its surroundings, including selective transport across
the membrane and functioning as receptors, which make them targets for a vast
number of drugs. Roughly 30% of known genes code for proteins associated with
membranes. It is unfortunately difficult to crystallize membrane proteins [92], and
only 2% of all proteins deposited as crystal structure in the protein data bank
(PDB) [13] are membrane proteins, most of them above 2 Å resolution. When
comparing the roughly 300 membrane proteins structures currently solved (May
2011) [105], versus the approximate 72,000 globular protein structures in the PDB
data bank [13] the progress in membrane structure determination appears to be slow
compared to other type of proteins. This is due to experimental difficulties such
as problems with the expression, purification and crystallization of those proteins.
Therefore it is often necessary to provide models to get an idea of the structure of
the protein. In particular when it comes to studying their functionally important
motions, computer simulations can be a valuable technique to understand these
machineries. Thus, computational tool have become crucial for modeling membrane
protein structure and function.

2.5 Ion channels allow certain ions to cross the membrane

All cells need molecules and ions from their surrounding extracellular fluid, e.g.
oxygen. There is thus a permanent traffic of those molecules in and out the cell
through the plasma membrane. Even though the lipid bilayer is fairly permeable to
a range of small uncharged molecules such as carbon dioxide or oxygen, hydrophilic
compounds are not able to diffuse through the membrane due to the hydrophobic
character of the fatty acids in the lipid bilayer. Since the import of many of those
hydrophilic compounds is essential for the cell’s survival, cells have developed other
mechanisms to transport these components over their membranes, with the help of
transport proteins. Spontaneous diffusion of an ion cross a membrane would never
occur, and in some cases the cell even needs to transport ions against a gradient.
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Membrane transport proteins
Membrane transport proteins are involved in the transport of molecules across the
membrane. Such transport can, for instance, be accomplished through non-specific
permeation through water-filled pores, like aquaporins [2] that regulate the trans-
port of water from one side of the cell to the other side. There is also specific
transport through selective channels, like ion channels. The most relevant for this
thesis are ion channels that control the flux of ions that would ordinarily not be able
to pass the cell membrane. These pore-forming machineries belong to the group
of integral membrane proteins [39]. Ion channels are multi-subunit assemblies that
are packed around a water-filled pore used for ion conductance through the lipid
bilayer and selective for specific types of ions [76, 11].

The permeability of a lipid bilayer depends on the specific molecule types cross-
ing the membrane. Only a few molecules can cross the membrane by passive dif-
fusion, without aid of other molecules. For this process no energy is expended but
this kind of transport is also not very specific. Molecules that make use of such a
transport scheme are small hydrophobic ones like gases such as O2, CO2, N2 but
also benzene that can pretty easily cross the membrane. It is a bit harder already
for small polar molecules, e.g. H2O, urea, glycerol and ethanol. Large uncharged
polar molecules such as water soluble molecules (glucose and sucrose) or charged
molecules (such as ions, e.g. H+, Na+, K+, Ca2+, Cl−, Mg2+ or sugars and amino
acids) cannot cross the membrane [4]. For those molecules to enter the cell, special
transport proteins are required that open up passages through the membrane. One
distinguishes between three main classes of membrane transport proteins: pumps,
carrier proteins (or transporters) and channel proteins like ion channels.

Ion channels regulating the ion flow are mostly α-helical
Ion channels are passive transporters spanning the membrane with pores that can
open and close and allow ions to cross the membrane. The difference between
passive and active transport is that the passive one is driven by electrical forces
and concentration gradients and does not itself need energy for the process, while
the active transport requires energy. Ion channels are mostly α-helical, but in some
cases there are 310-helices present [103].





Chapter 3

Fundamental neurochemistry of
voltage-gated ion channels

3.1 Basic neuron physiology

Neurons are the electrically excitable cells of the nervous system. They conduct
electrochemical impulses to send messages that are called action potential [60]. It
was early recognized by Sydney Ringer [78] that ions play an important role for
the electric activity of excitable cells. Later it was proposed that the membrane of
a resting neuron is permeable to ions and that this permeability changes over the
course of excitation [15]. The remarkable work of Hodgkin and Huxley measured
the intracellular neuronal action potential [40] using giant axon of the squid as a
model and identified Na+, K+, and leak currents as main players. This Na+ and
K+ balance is fundamental to all cells. Through research with toxins and specific
blockers (e.g. by Tasaski & Hagiwara [94]; Narahashi et al. [64]; Armstrong & Bin-
stock [8]), the voltage-gated Na and K ion channels that generate these ion currents
were finally identified in the 1960s and 70s as separate units with water-filled pores.
These early achievements have been summarized e.g. by Bertil Hille [39].

All neurons have specialized projections that are called dendrites and axons.
While dendrites transport the messages to the cell body, deliver axons the infor-
mation away from the cell body. Synapses connect one neuron to another neuron.
Voltage-gated ion channels are found along the axon and at the synapse (Fig. 3.1)
and directionally propagate electrical signals. All these concepts will be further
described in the sections below.

3.2 Membrane potential

In general, cells have slightly more positive ions on the extracellular side of their
membranes, and slightly more negative ions on the inside [4]. Strictly speaking,
the concentration of Na+ is much greater outside the cell than it is inside the cell,

13
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Figure 3.1: Voltage-gated ion channels are the membrane proteins of neurons lo-
cated at the axon terminals. The most relevant channels for this thesis, the potas-
sium channels (K+), are highlighted in red.

and for K+ it is the other way around. For instance, in the case of K+ there is
about 140 mM of ions intracellularly, and there is an extracellular concentration of
5 mM. This unequal number of ions in- and outside produces a voltage across the
cell membrane and is called membrane potential [37]. The membrane potential is
the electrical potential of the inside relative to the outside of the plasma membrane.
This difference in ion concentration causes a gradient that forces ions to move across
the membrane from the high to low concentration side, i.e. from the intracellular
towards the extracellular side for Na+ [4].

When the neuron is not conducting any signals the membrane potential is at
rest (resting membrane potential). All cells have a potential across the plasma
membrane in their resting state, which is due to an ion concentration imbal-
ance established by a membrane protein called sodium-potassium pump (Na+/K+-
ATPase) [4]. The core concept is that this pump moves three Na+ out and two
K+ in, which leads to a charge difference. Under resting condition the potential is
negative, and during the action potential it becomes positive.
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3.3 Neuronal ion channels underly action potentials

All membrane potential changes that occur during nerve impulse propagation are
jointly called the action potential. An action potential is a short-lasting event in
which the membrane potential rapidly rises and falls as illustrated in Fig. 3.2.
The action potential is divided into five phases: the resting potential, threshold,
the rising phase, the falling phase and finally the recovery phase [76]. At resting
potential, when the neuron is not conducting, just a small subset of potassium
channels are open, i.e. there is only a small K+ current. When a depolarizing
stimulus arrives at the membrane, a few Na+ channels open, leading to an increase
in positive ions inside the cell that further depolarizes the membrane potential
and brings it closer to the threshold at which an action potential is generated. If
this depolarization reached the threshold potential, additional voltage-gated Na+

channels open and let Na+ rush into the cell. This causes the potential to reach
its most positive value (rising phase/depolarization). At this highest peak of the
action potential, many of the voltage-gated Na+ channels close again and voltage-
gated K+ channels open. As a result, the membrane potential is shifted back
towards the resting potential again (falling phase/re-polarization). Once the resting
potential is approached the voltage-gated K+ channels are maximally activated
and open. The membrane re-polarizes beyond the resting potential since more K+

channels are open than during the membrane’s resting state and allows more K+

ions to move to the extracellular side of the cell (recovery phase/refractory period).
Hyper-polarization takes place, which is an increase in the negativity of the resting
potential. Potassium channels that opened during the action potential now close
again. This is leading back to the starting condition of the membrane’s resting
state where only a small subset of K+ channels are normally open [76].

Ion channels are the membrane proteins of neurons

The ion channels are fundamental for the function of neurons, as they are responsi-
ble for the excitations. Gated ion channels respond to different kind of stimuli and
can be classified, for example, by their nature of gating into the following types:

1. voltage-gated channels that open and close in response to membrane potential,
e.g. potassium (Kv) channels [26],

2. ligand-gated channels that open in response to specific ligands, such as neuro-
transmitters that bind to the extracellular domain of a receptor protein, e.g.
nicotinic acetylcholine receptor,

3. mechanical-gated channels that open or close in response to physical distortion
of the membrane surface, and

4. ion channels that have other mechanisms of gating include the activation
and inactivation by second messengers, i.e. molecules such as cAMP (cyclic
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Figure 3.2: The resting potential corresponds to a non-excited neuron. The action
potential occurs when the neuron sends messages down the axon. An action po-
tential has the typical spike/impulse shape. When the potential reaches a specific
level (threshold) the neuron is said to ’fire’. Thus, either the neuron does not reach
the threshold or the full action potential is set off, called the all or none-principle.

adenosine monophosphate) that bind to receptors on the cell surface and for
instance activate G proteins on the inside of the cell.

The majority of channels fall into the first two classes.

3.4 Ion channel diseases

Ion channels are rapidly evolving as drug targets and play an important role in
therapeutic interventions for a variety of disorders. In fact, a growing number of
human diseases are known to be caused by malfunctioning of ion channels, inherited
by mutations in genes encoding these channels. These genetic disorders of ion
channels are known as channelopathies [10]. In addition to genetic mutations,
autoimmune, toxic or other mechanisms may also cause malfunction of ion channels.
Disorders can for instance be angina, cardiac arrhythmias, metabolic disorders such
as type II diabetes, hypertension, irregular heat beat, neurological disorders such
as pain, stroke, allergy, asthma, epilepsy, migraine, depression, bipolar disorder,
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autoimmune disorders and diabetes. For many of these diseases there are still no
drugs available. Ion channels are also the central targets for local anaesthetics [6]. In
particular voltage-gated channels, like Na+, K+, Ca2+, Cl− channels, are associated
with excitability in neurons, muscle cells and in synaptic transmission.

3.5 Pharmaceutical impact of ion channels

Membrane proteins account for up to 60% of all current drug targets [95], most
of them ion channels and G protein-coupled receptors (GPCRs). Terstappen et
al. [95] have classified the number of potential drug targets belonging to different
biochemical classes. Roughly 3500 targets are enzymes, followed by GPCRs (2000
targets), ion channels (1000 targets) and finally nuclear hormone receptors (more
than 150 targets). Even though ion channels are covering a slightly smaller per-
centage of drug targets compared to GPCRs they are frequently considered as the
’next GPCRs’ [47]. These channels are essential throughout the human body since
they play crucial roles in all kind of functions and physiological processes. Knowing
this, it is not surprising that these channels have high prospect as potential targets
and many new drugs target them directly.

So how is such a drug designed? First of all it is crucial to have an deep under-
standing of the macromolecular structure, properties and how the channel operates
to design an effective drug, called ligand, that will interfere with the process, e.g.
by binding efficiently to inhibit or activate the channel. The most common ligand
types are antagonists that block or dampen the agonist-mediated response after
binding to the channel [34]. The most well-known chemical that interacts with ion
channels is Tetrodotoxin (TTX) [33], which can block Na+ channels. Developing
ion channel drug targets is a difficult challenge since gating leads to a conforma-
tional change and thus the drug will have to interact with a specific state which in
turn is state- and voltage-dependent. This is another reason why knowledge about
the individual states is crucial.

3.6 Voltage-gated ion channels

Voltage-gated ion channels (VGICs) open in response to changes in the membrane
potential, and control functions such as nerve signals, heart beat, and the way
an egg closes after being fertilized by the first sperm [97]. During the open state
the channel conducts a certain type of ions. Kv channels are for instance 100x
more selective for potassium than sodium ions. When the channel is open, ions
diffuse out of the cell in the direction of their concentration gradient, established
e.g. by the Na+/K+-ATPase. The inside gradually becomes less negative, which
then leads the channel to adapt the resting state again. Voltage-gated ion channels
are not continuously open; the have gates that open or close the pore through
conformational changes induced by voltage differences.
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Voltage-gated potassium channels

A large and important family of ion channels is potassium (K) channels, which are
selective for potassium over sodium ions. When the K channel is voltage-gated, it is
abbreviated as Kv channel. The first simple potassium channel structure that was
determined (by the Roderick MacKinnon group) was the KcsA [29]. This channel,
however, is actually pH-regulated and not voltage-gated. Just a few years later
the same group crystalized KvAP [44]. MacKinnon was awarded the Nobel prize
in Chemistry 2003 for determining the spatial structure of the KvAP potassium
channel and his contributions to understand the ion flow through channels that are
opened and closed by different cellular signals.

Subsequently a eukaryotic Kv channel, Kv1.2 [58], was crystallized and then
in 2007 a higher-resolution structure at 2.4 Å (Kv1.2/2.1 paddle chimera struc-
ture) became available from the same lab. The chimera channel is a mix of the
two channels Kv1.2 and Kv2.1 in which the voltage-sensor paddle part has been
transferred from Kv2.1 to Kv1.2 and crystalized in a complex of lipids. Although
these crystal structures have been extremely important for the atomic understand-
ing of the functionality of these proteins, they are still just structures of the open
state and in many cases probably an inactivated open state. Conformations of
the voltage-sensor along the gating pathway are thus missing, in particular for the
resting (closed) state, impeding the study of the dynamics of the channel. Exper-
imental data from various other techniques, including computational approaches,
have provided many models (partly incompatible), but a recent closed state model
of the Kv channel [71] has started to bridge the discrepancies between the previous
models of gating.

All VGICs share a general structure: They are tetramers comprised of four
subunits where each subunit consists of six transmembrane segments, termed S1 to
S6, arranged into two types of domains. That Kv channels are tetramers was first
established by experiments with the pore blocking scorpion toxin, agitoxin [61].
The first four TM helices form the voltage-sensing domain (VSD) responsible for
opening and closing the gate in response to changes in the membrane potential.
The final two helices form the actual pore domain (PD) in the tetramer together
with three other subunits, i.e. the ion permeation pathway (Fig. 3.3). Ion channels
are selective for specific ions, determined by the selectivity filter formed by the four
subunits. The selectivity depends on the charge of the ion, its size and how much
water is bound to the ion. The pore has a cavity that is filled with water and
for the ions to pass the pore they need to be hydrated. The selectivity filter is
usually formed by five residues having a specific sequence pattern like TVGYG and
is located in the P loop (between S5 and S6 helix). Potassium ions are hydrated but
their hydration shell is removed when entering the selectivity filter that has four
different binding sides for the entering ions. The voltage-sensor domain is central
for this thesis and discussed more in detailed in chapter 4.
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Figure 3.3: Ribbon representation of the paddle-chimera Kv1.2/2.1 channel. The
paddle motif is colored purple, the pore domain yellow and the lipids in teal. The
charged residues of the S4 helix are shown in stick representation. (A) Entire
structure showing all four domains. (B) Side view of the VSD, responsible for
voltage-sensing, and its interface with the pore domain (adapted from [93]).

3.7 Nature designed voltage-sensing domains as modular
units

3.7.1 Voltage-sensing domains

There are several types of voltage-sensor domains, ranging from voltage sensors that
regulate the pore domain in ion channels, voltage-sensor-only-proteins, proteins
that just have an voltage-sensor, to other types of voltage-sensors that do not share
the typical S4-type structure.

The first type of voltage-sensor domain has been found in voltage-gated ion chan-
nels that consist of the S4-type voltage-sensor, i.e. they have six transmembrane
helices, where the first (S1-4) form the voltage-sensing domain. The fourth trans-
membrane segment (S4) contains between four and eight conserved basic residues
(arginines or lysines). Since these residues are all positively charged, the S4 helix
was early recognized as a possible candidate for the voltage-sensor [66]. Later sev-
eral groups, for instance Papazian et al. [68], tested the voltage sensing hypothesis,
and suggested the S4 segment was indeed the actual voltage-sensor.
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3.7.2 Structural composition of voltage-sensors

The first structure solved of a voltage-gated ion channel showed the exact structural
composition of the VSD and that charged side chains occur at every third residue
in S4 separated by two hydrophobic side chains. These charged residues are the
arginines R0, Q1 (in the Shaker channel an arginine), R2, R3, R4, lysine K5 and R6.
They are very conserved among voltage-gated ion channels (Fig. 3.4). In addition,
there are other conserved and functionally important residues in the VSD. The
most conserved residue of the whole VSD is the phenylalanine F233, located within
the hydrophobic core of the protein on the S2 helix. In the S1 helix, an important
residue is the glutamate E183, and there are two absolutely conserved negative
charges in S2 which are glutamic acids, E226 (E1) before the phenylalanine gap
and E236 (E2) after the gap. D259 (D3) after the gap on S3 is quite conserved as
well. These negatively charged residues (colored red in Fig. 3.4) make contact with
positive charges in S4. The VSD also contains deep crevices on both sides of the
channel where water can penetrate close to the center of the VSD. There is a water-
excluding portion in the middle of the VSD exactly where the hydrophobic region is
located. This is about 5 Å thick and makes a thin aperture for the voltage sensor to
move through. The voltage-sensor is also exposed to the surrounding lipid bilayer
where in particular the top and bottom arginines form hydrogen bonds with the
VSD. The voltage-sensor domain has a conserved sequence which always induces
similar structural pattern, and is interchangeable across a wide variety of species.

3.7.3 Voltage-sensor-only-proteins and other types of voltage
sensors

The voltage-sensing domain is a functional unit on its own. Recently, a special
group of structures, voltage-sensor-only-proteins (VSOPs), containing only a VSD
but lacking the pore domain, have been discovered in membranes. In june 2005,
Okamura and co-workers identified a protein, called Ci-VSP from Ciona intestinalis,
that has a TM domain homologous to the ion channel VSD, but this VSD is bound
to a phosphatase, whose activity is tuned with the membrane potential [63, 54].
Just one year later, another similar homolog was found in mouse, mVSOP or Hv1,
without any attached domain but with the ability to conduct/pump protons across
the membrane [83, 77] (for a review see [27], Fig. 3.5A). Here, the VSD seems to
contain the proton permeation pathway itself, but how is still unclear. Both these
structures lack the conductance pathway formed by the S5-S6 ion channel pore
domain. This confirms that the voltage-sensing domain is a domain on its own and
that the VSD is a functional modular unit [97, 54, 18]. Hv1 has been found to
be functional as a dimer [53, 98], having two separate, independent proton pores.
Interestingly, the TM part of the channel is functional also as a monomer [98]. In
case of Ci-VSP the native state is still unclear. Thus, nature might be re-using these
domains as a way to control activity with a membrane potential. To what extent
the voltage-sensing mechanism is conserved is not yet known. In an evolutionary
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Figure 3.4: Kv1.2/2.1 VSD crystal structure. The α-helical part of the S4 helix is
highlighted in purple, its 310-helical part colored yellow. The VSD contains seven
charged residues (Arg and Lys) called R0, Q1, R2, R3, R4, K5 and R6 shown in
stick representation: positive charged S4 residues in blue, negative in red. The
proposed hydrophobic barrier, F233, is highlighted in green. Glutamic acids are
colored in red.

perspective, the VSD function seems to be independent from ion channels and
has evolved as a functional entity by itself and later came to be coupled to other
functional domains, such as ion channels and phosphatases.

This isolated, and quite small, structure provides a nice model system to un-
derstand how voltage-activation works. The occurrence of VSOPs and the VSD’s
modularity is very important for the modelling and simulation of ion channel gating
since it enables us to study the function of this region in a single voltage-sensor
rather than the whole complex channel.

Other types of voltage sensors
There are several other voltage-dependent membrane proteins that do not have
the S4 segment and thus use a different voltage-sensor structure, such as GPCRs,
carriers and pumps. The voltage-dependend GPCR m2r (muscarinic acetylcholine
receptor M2 or cholinergic receptor) [42], the Na-glucose co-transporter [69], and the
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Figure 3.5: The architecture of several voltage-dependent proteins. (A) Structures
that all have the typical S4-type motif. Hv1 has just three gating charges, whereas
the others have four charged residues on the S4 helix. In case of the other voltage
sensor types, (B) the voltage sensor location is unknown. The voltage-dependent
GPCR, for instance, has a loop having a specific D(E)RY motif, but this part is not
the voltage sensor itself and probably only interacts with the actual votage-sensor
(adapted from [18]).

Na+-K+ pump do not have any similarity to S4-type structures [18] (Fig. 3.5B) and
there might be even more. There is very little known about the voltage sensitivity
for GPCRs and Na-glucose co-transporters, but it has been established that the
voltage sensitivity rests in the GPCR itself [12]. To summarize, the functional
diversity among different VSOPs and other voltage sensing proteins is tremendously
large.



Chapter 4

Voltage-sensing mechanism

4.1 Voltage sensitivity is controlled by the gating charges

The voltage-sensor is directly affected by changes in membrane potential. Already
in 1952, Hodgkin and Huxely [40] predicted that the activation in voltage-dependent
channels must involve the movement of charged particles. Now we know that these
gating charges are the arginines and lysines within the S4 helix of the VSD (Fig.
3.4). These residues have been found to be capable of carrying most of the ex-
perimentally measured gating charge and contribute to voltage sensitivity [1]. The
gating charges drive the S4 helix to move in response an electric field, leading to a
conformational change in all four voltage-sensors of an ion channel and subsequently
the opening of the actual pore.

4.2 Voltage-sensors have three major states

Channel opening involves several conformational steps

In general, ion channels have two states: an open and a closed one. Most Kv chan-
nels are closed at negative voltages and activated when the membrane depolarizes.
This change in potential alters the relative VSD stability, and causes the S4 helix
to move from the down position, where the channel is closed, to an up position that
opens the pore domain (Fig. 4.1). The outward movement of the gating charges
generates a small measurable current that is called the gating current [7]. The
channel opening can be described by a very simplified scheme shown in Fig. 4.1B,
where S4 initially has to overcome several closed states, which are denoted as C.
When the point is reached that all four voltage-sensors of the whole ion channel
have overcome these closed state barriers the channel is in the activated up position,
denoted as O (open). Subsequently, a final S4 movement (C1 → O) happens that
is also called the opening step [9, 51, 84, 70]. The final transition of the voltage-
sensor induces the opening of the pore via the intracellular S4-S5 linker [62, 58] and

23
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allows the ions to pass through the pore from the intracellular to the extracellular
side. The channel opening or activation is initiated by membrane depolarization,
which is short lasting and followed by slow inactivation. In fact, prolonged expo-
sure to positive voltages shut the channel closed by slow C-type inactivation or
fast N-type inactivation (depending on the design of the channel [109, 41]). When
the membrane potential is switched to negative voltages again the channel closes
(deactivates).
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Figure 4.1: S4 movement during channel activation. (A) Schematic illustration
of the S4 movement induced by positive voltage. The S4 helix moves upward,
leading to a conformational change in the pore domain (light purple) that opens
the channel. Exactly how S4 moves is unknown. (B) A simple model for channel
activation, including 5 different states. Each state corresponds to one more arginine
crossing the hydrophobic barrier. E.g., C1 corresponds to the arginine R4 having
moved across the barrier.

S4-based voltage-sensors occupy multiple states
Unfortunately, the gating process is a bit more complex than simply open vs. closed
states. Villalba-Galea et al. [104] identified three major separate states: the resting
(R) state that corresponds to a closed channel, the active (A) state corresponding
to the normally open channel and the relaxed (AL) state in which the channel
is open-inactivated after prolonged depolarization and possibly the one present in
x-ray structures (Fig. 4.2). In this thesis the movement between the R and A
state is called activation, where we distinguish R to A (activation) and A to R
(deactivation). A to AL or AL to A is called inactivation. From experimental



4.3. THE HYDROPHOBIC BARRIER WITHIN VOLTAGE-SENSORS 25

studies it is known that the full opening and closing of the channel occurs quite
fast, within a few milliseconds. Sigg et al. [89] have reported an early component
of the gating (i.e. S4 motion) current with a time constant as short as 12 µs. The
time constant of the inactivation is however in the second range.

R A

AL

310-helix

crystal structure state?

α-helix
activation

deactivation
inactivation

Figure 4.2: Hypothetical voltage gating model. There are several different states
the VSD can adapt. Interestingly, the S4 helix has been suggested to move as
different helical types (based on [104, 19]).

4.3 The hydrophobic barrier within voltage-sensors

F233 – a residue responsible for making up the barrier?

A cluster of hydrophobic residues can be found in the central part of the VSD and
studies suggested that the free energy barrier could be attributed to this hydropho-
bic core [59]. F233 might create an energy barrier for the arginines that enables a
switch-like transition between the two conformations (open and closed) [59] (Fig.
4.3). Campos et al. investigated two other hydrophobic residues, I270 and I177,
in the Shaker channel and realized that a substitution of the I177 to Cys makes
a pore and the substitution I270C leads to a proton pore that contributes to the
hydrophobic plug in the closed state. What could make up a free energy barrier is
hotly debated [59, 21] and which residues are essential is not yet fully known. It
is at least expected that the hydrophobic core is the rate-limiting step in the S4
translation mechanism.
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R4
F233

Figure 4.3: Charges have to move across the hydrophobic barrier formed by many
hydrophobic residues (green) in the core region. Each gating charge (e.g. R4,
blue sticks) has to surmount this barrier. F233 (green sticks) is one of the obvious
candidates for the barrier since its side chain is orientated towards the center of the
cavity.

Hydrophobic barrier’s mechanism

The gating charges have to move over this hydrophobic barrier in order to translate
towards the closed state. Since the hydrophobic core is energetically unfavorable for
charged particles, it acts as a free energy barrier for the S4 gating charges between
two clearly defined conformations (relaxed-open and resting-closed state) [59, 88,
86]. In paper I, I show that this free energy barrier is quite high and that this
is the reason why it takes milliseconds to seconds for theS4 helix to translate from
one state to the other [86].

In general, hydrophobic residues are less studied than the charged ones within
the VSD. Just as the membrane builds up a barrier for ions, the hydrophobic core
within the VSD builds up a barrier for the gating charges. Passing ions through the
pore does not lead to a significant change of the conformational state of the chan-
nel. However, the S4 translation over the hydrophobic core of the VSD leads to a
conformational change within the VSD that in turn initiates one in the linker that
opens/closes the pore. Thus, a fundamental understanding of the S4 activation
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barrier and elucidating the exact details of this barrier is an important remain-
ing challenge and is approached in paper II (section 7.2) where we analyze the
functionality of the hydrophobic barrier within the VSD in further detail.

4.4 Voltage-sensor motion and its gating mechanism

Even though several different conceptual models have been proposed for the gating
motion [17, 82, 97] there is still a lack of universal molecular description of the
process, not to mention why it takes several milliseconds after the voltage change
for the gating to happen. Our limited knowledge in this area is largely due to the
lack of a closed Kv channel structure. Additionally, it is not known exactly how
the S4 motion is coupled to the pore activation or how the protein is interacting
with the membrane.

Several emerging concepts have been identified that seem to be fundamental to
the mechanism of voltage sensing: the four charge-carrying arginines (R1-R4) have
two important roles. First, they carry most of the gating charge, and are supposed
to drive conformational changes in response to a change in membrane potential [1].
This is supported by studies giving evidence that S4 actually moves [57, 108, 23,
45]. Second, the structure is stabilized by interactions of these voltage-sensing
residues (e.g. R0, R1) with lipids and formation of salt bridges with acidic residues
(Glu, Asp) located on the other three TM segments S1-S3. The charged residues
drive the S4 motion. In particular, during the translation there might be a change
in hydrogen bonding of these residues that could reveal details of the activation
pathway. Moreover, the VSD contains a water-filled permeation pathway and it
has been proposed that the charged residues move along this aqueous pathway [107,
106, 108]. F233 is located exactly in the middle of the proposed transition pathway,
separating the two negative clusters. F233 might create a barrier for the arginines
to enable a switch-like transition between two clearly defined conformations (open
and closed) [59] (Fig. 3.4).

Models for S4 motion
There are several alternative models for the closed channel structure and channel
activation, based on different sets of experimental as well as computational data.
In general the main disagreement between the models concern the magnitude of
S4 movement, whether the helix rotates or makes a transition to 310-helix (section
4.5) and whether S4 moves alone or together with the S3 helix.

There are three common models for gating. The transporter model [16] involves
a very small transmembrane movement of S4, about 2-3 Å. According to the
helical screw model, the S4 helix rotates by about 180 degrees and at the same
time translates 5-13 Å along the helical axis [36, 3, 30, 51]. Finally, in the paddle
model, S4 and the most extracellular part of S3 (S3b) form a helical hairpin, or
paddle, that moves as a single domain across the membrane. The movement in this
case is approximately 15-20 Å [82]. One of the biggest questions is which of the
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gating models is correct. Even though there is a big variability between the models,
a general consensus for the vertical S4 motion now ends up at about 8-13 Å.

In the α-helical S4 helix the arginines are shifted in a ’circle-like’ manner due
to the helical structure. All different models so far suggest that the helix has to
undergo a rotation in order to fulfill the contacts with the glutamic acids and this
requires complex helical rearrangements. In contrast, a 310-helix would enable a
very simple motion, in particular given the 3-repeat pattern for the arginines.

4.5 310-helical contents in S4 of voltage-sensors

Especially in ion channel crystal structures, the S4 segment has been thought to
be α-helical. However, the final one or two turns tend to be closer to a 310-
conformation [58, 59]. All crystal structures, including Kv1.2 [58] have been in
α-helical conformation, but the recent structure of the Kv1.2/2.1 paddle-chimera
channel [59] shows the intracellular end downstream of the third arginine (R3)
forming a 10-residue 310-helix stretch (Fig. 3.4, S4-helical part in yellow). In fact,
the fourth TM segment (S4 helix) of each subunit adopts a 310-helical conforma-
tion over an unusually long stretch of 7-11 residues [103]. This has resulted in
the hypothesis that a secondary structure alteration could be critical in the gating
transition [59].

The idea that S4 could potentially adopt a 310-helix structure is quite old and
goes back to the first sodium channel [66] and was first stated by Kosower [55].
Clayton et al. [25] also found an 11-residue 310-helix stretch in the MlotiK channel,
and Shafrir et al. [88] proposed models for open/closed NaCh-Bac that involved
secondary structure changes.

The 310-helix hypothesis is supported by experiments of Villalba-Galea et al. [104]
that a 310-helix is relevant for the gating mechanism. Based on their experiments,
including histidine scans, the authors argued that ’S4 based voltage sensors have
three major conformations’. The S4 segment would normally adopt 310-helix con-
formation in the resting (R) and activated (A) states, but could make a slow tran-
sition to α-helix in the inactivated (AL) state (Fig. 4.2). In parallel, and inde-
pendent from these kind of experiments, several molecular simulations studies –
starting from older x-ray structures available before the chimera Kv1.2/2.1 struc-
ture came out – have observed the occurrence of 310-helix in the C-terminal part
of S4 [52, 19, 85]. For instance, a multi-microsecond molecular dynamics simula-
tion by Bjelkmar et al. [19] showed that structural rearrangements such as sensor
rotation and an increase in 310-helix are induced by applying a potential. A larger
conformational change (from α to 310) should be voltage-dependent, as without the
applied electric field no 310-growth could be identified. Even though there are still
many aspects of the voltage-sensing mechanism not understood, this presence of
310-helix could provide a simplified explanation for the gating.
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Why does a 310-helix help S4’s movement during activation?
More 310-helix contents in S4 would make the helix tighter wound with three
residues per turn, instead of 3.6 (α-helix) and a tighter 310-helix in context of the
S4 helix would align the side chains pointing towards the VSD interior [104, 19].
This could be critical for stabilizing the interactions of the arginines with the glu-
tamate/aspartate residues in S2/S3 during gating [36, 22, 67]. With α-helical con-
formation, the S4 helix would need to rotate (and potentially tilt), such that the
staircase-orientated staggered arginines side chains maintain their interactions with
these glutamate/aspartic residues. However, by initially (or progressively during
gating) making a transition to 310-helix, the S4 segment would become slightly more
elongated and more tightly wound. As a consequence, the arginine side chains align
on the same side of the helix, which would enable S4 to translate almost straight
down while still maintaining its S2/S3 interactions. This would likely cause much
less distortion of the rest of the VSD, and help the arginines overcome the hydropho-
bic barrier. For VSDs, it has been suggested that the 310-helix could be stabilized
by the electric field [93] in addition to side-chain interactions. This seems to be
supported by previous simulations [19] where 310-growth in the open state was only
observed with polarization applied.

310 as a new gating model
Answering whether S4 moves as α-helix and undergoes a rotation to fulfill the
interaction with the glutamic/aspartic acids or makes a transition to 310-helix is
critical to understand gating. Additionally it is not know how much of the helix
makes a transition to 310-helix. Paper I deals with this aspect, whether a transition
from α- to 310-helix is possible – and even favorable – during gating. This paper also
suggests a new gating model for S4 translation. Additional evidence for this model
was obtained from a second simulation where applied experimental restraints in an
unbiased simulation indicates 310-transition. Further ongoing studies indicate that
S4 could move as a sliding 310-helix in different open/closed states (unpublished
data, Fig. 4.4). The ’sliding’ refers to S4 containing only a short 310-helix part
around the phenyl gap region. After the gap S4 makes a transition back to α-helix
again.
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Figure 4.4: Schematic illustration of how S4 is supposed to move during deactiva-
tion. S4 moves as a sliding-310-helix, where a small part of S4 between the residues
E226 and E236 at the phenylalanine gap makes a transition to 310-helix, i.e. the
310-helical part is sliding while S4 moves towards the down state.



Chapter 5

Modelling and simulation of ion
channels

5.1 In silicio chemistry

While in vivo experiments are done directly in the living organisms, the word in
vitro comes from the latin word ’within glass’ and refers to all experiments that are
done not in the living organism but in a controlled environment like a petri dish
or test tube. Finally, in silico is a modern similar term for experiments done via
computational approaches, like computer simulations. In silicio chemistry is grad-
ually becoming a mainstream part of chemistry, although it is actually based on
physics to a large extent. Fields like bioinformatics and computational chemistry
apply ideas from computer science and physics to solve chemical problems. Dif-
ferent computational methods make it possible to predict the behavior of complex
chemical systems and perform theoretical experiments complementing laboratory
work. Among other things, this includes computer programs to calculate structures
and properties of molecules, or a chemical reaction.

This area is particularly valuable when experiments reach the end of their reso-
lution but further insight is still needed to understand the problem. Thus, it plays a
very helpful role in supplementing wet-lab experiments, since not everything can be
studied in vitro, and computer models enable us to study proteins on the molecular
and atomic level.

5.2 Structural modelling

A model is a simplified representation of the system of interest at a particular time
or space that is used to gain a deeper understanding of the real system. Modelling
is the process of generating a model.

In this thesis I talk mostly about structural models. Protein structure prediction
is the prediction of the 3D structure of a protein from its amino acid sequence.

31
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Due to the lack of crystalized protein structures, especially for membrane proteins,
structure prediction is a valuable tool in getting an idea what the protein could look
like. Currently, the most common technique for modelling structure is comparative
modelling that relies on detectable evolutionary similarity between the sequences
of the unknown and a known protein structure.

Comparative modelling
A general procedure in creating a homology model is the following: The first step
is to identify homologous proteins of known structure (template structure). This
is an important step as the quality of the resulting model is very much dependent
on the sequence alignment quality and the template structure used. The coordi-
nates for the core residues of the target structure are calculated from the template
structure, conformations for loops in the target structure are calculated, and side-
chain conformations are built. Finally, the resulting model has to be refined and
evaluated.

A useful measure for the similarity between two structures is the root mean
square deviation (RMSD), that is given by the average distance between the back-
bone atoms of two superimposed structures.

5.3 Molecular dynamics simulation

Macromolecules undergo local motions that include atomic fluctuations, side chain
and loop motions, rigid body motions such as the movement of a helix, a domain or
a subunit, and larger motions that include transitions, dissociation or association,
as well as folding and unfolding. Biological function requires flexibility, and that is
where dynamics comes into the game.

In order to generate a representative equilibrium ensemble of a system its phase
space must be efficiently sampled. There are two common methods to do this: First,
a biased random walk through the phase space using the Monte Carlo method, or
second by solving Newton’s equation of motion through usage of molecular dy-
namics. To get from a structure to dynamics, the most commonly used method is
molecular dynamics. Molecular dynamics (MD) is a computational methodology
that allows one to follow the time evolution of a protein or nucleic acid struc-
ture as it equilibrates at a particular temperature (for two excellent recent reviews
see [49, 101]). Strictly speaking, molecular dynamics simulates the dynamics of a
model system.

A simulation itself is the manipulation of a model that operates on time or space,
for instance how the model moves from a state A to a state B. A simulation is the
dynamics of a model, however, both the model and simulation are abstractions of
reality. Computer simulations help us understand the properties of molecules in
terms of the structure and their microscopic interactions between them. Whereas
experiments give the macroscopic quantities of the system, MD can provide the
atomic scale quantities.
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So why is dynamics important? The central idea of molecular dynamics is that
biological activity is a result of time dependent interactions between different type
of molecules of biomolecules and that this microscopic behavior can be calculated
with molecular dynamics. Proteins are complex with entropy playing an important
role, and dynamics help us explore this.

When doing MD, a starting configuration of the system of interest has to be
constructed. For membrane proteins, this typically includes embedding the pro-
tein into a phospholipid bilayer surrounded by water on both the extra- and the
intracellular side. The aim of MD simulations is to sample a statistical ensemble
of structures. One efficient way of accomplishing this is by reproducing the time-
evolution of the position of atoms of the system consisting of N interacting particles
with masses m by directly solving Newtons equation of motion:

−→
F i = m · −→a i = m · d

2−→r i
dt2i

(5.1)

for i = 1..N .
To calculate the force on atom i one has to differentiate the energy function V :

−→
F i = −∇V. (5.2)

This means −→F x = −∂V∂x ,
−→
F y = −∂V∂y and −→F z = −∂V∂z .

Numerical integration of equation 5.1 gives the positions and velocities at a later
time step (t+ ∆t) to obtain a new conformation. After each timestep the relative
positions are updated, the same calculation is done for the next timestep, and so
on. This procedure must be repeated for a very large number of timesteps. By this
repetition a trajectory, containing the motions of all atoms, is generated.

The main problem of the current atomistic MD simulations is that because of
the high computational complexity only processes at nanosecond to microsecond
time scales or faster can be studied directly. Although this covers many simple pro-
cesses, biological events such as large-scale transitions and folding frequently occur
at slower time scales and are therefore currently out of direct reach for conventional
MD simulations. For instance, the VSD’s S4 translation takes in the range of sev-
eral milliseconds (system and simulation box shown in Fig. 5.1). Several software
packages have been developed with the aim of performing MD as efficiently as pos-
sible, e.g. GROMACS [102] or NAMD [74], but to obtain information about slow
processes other strategies have to be applied.

5.4 The role of modelling and simulation in understanding
ion channels

Modelling and simulation of ion channels serve many purposes. First, modelling and
simulation provide a way to test hypotheses and confirm or falsify models. Second,
it can provide a better and different understanding of function that complements
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Figure 5.1: VSD system with simulation box. The VSD is shown in cartoon repre-
sentation, lipids in white and waters in red/white. The simulation box is indicated
in blue. Periodic boundary conditions are used to simulate this large system by
modelling a small part where the interactions with the periodic copies can be ne-
glected.

and clarifies the experimental results and can be especially helpful when studying
functional features that are not possible to study in the laboratory. For instance,
voltage-gated ion channels are mostly studied through classical electrophysiology
techniques, but such methods are limited since their atomistic mechanism remains
concealed. In-silico chemistry is providing valuable tools such as simulation tech-
niques to shed light on the atomic dynamics of these channels and so getting a
deeper insight into these complex machineries’ function, interactions, and design.
Additionally, with the prediction of better open/closed state models it is possible
to estimate the free energy variation during the transition. All these techniques
provide a better, or at least different, understanding of the mechanism and by this
complements the experimental results.

For ion channels in particular, modelling can make it possible to design artificial
channels by introducing mutants. Additionally, one or more features of the natural
channel can be captured in a simulation simplified context. With an increased un-
derstanding of the structure and channel functions, accurate and reliable modelling
can help design new drugs.
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Already in 1998, Roux stated [80] that MD simulations have reached a point
where atomistic models provide a realistic representation of complex biological sys-
tems and that simulations are perfectly suitable for studying ion channels at the
microscopic levels. One example of impressive work comes from himself, when
Roux together with Bernèche [14] simulated the ion permeation pathway of the
KcsA K+ channel. A few years later, MD simulations made it possible to explore
structure-function relationships of ion channels [81].

A study by Freites et al. [32] shows that the isolated VSD of the KvAP channel,
embedded in a lipid bilayer, has a configuration consistent with a water channel.
The water penetration pathway is located in the middle of the voltage-sensor and
this water filled region is able to conduct protons. Additionally, they explored the
interactions of the S4 helix. Another study by Tarek & Treptow [100] simulated the
whole Kv1.2 channel embedded in a lipid bilayer and showed that the channel is in
a open state. The gating charges are exposed to the solvent and the electrostatic
potential generates a electric field around the gating charges. A comparison to
experimental data suggest that the activation of the channel requires only a lateral
displacement of S4. However, both studies only produced short trajectories of less
than 10 ns and here a common problem arises in using MD, since the time scales
of the experimental dynamics involved is much longer.

A coarse-grained molecular dynamics simulation made it possible to study con-
formational changes between the open and the closed state [99]. In fact, this study
even came up with a model of the closed state that fulfills several experimental con-
straints. Finally, Khalili-Araghi et al. [52] refined active and resting state models
through MD simulations. The total gating charge was determined from a quite long
(over 0.5 µs) MD simulation. In the resting state the voltage-sensor converts to a
310-helical stretch of 10 residues orienting the arginines towards the water cavity.

All studies presented have been impressive from different points of view, but the
biggest challenge at the moment is to generate intermediate transition states. Free
energy calculation is a powerful method in this context, since free energy is the most
important thermodynamic quantity to understand how systems transform from one
state to another. The following chapter 6 covers the most relevant concepts of free
energy calculation used in this thesis.





Chapter 6

Free energy calculations applied to
voltage-sensors

6.1 Free energy definition

By definition, the free energy of a system is the amount of energy available for doing
thermodynamic work, which is minimized when the system is at equilibrium. Free
energy is a very important quantity in thermodynamics and is usually expressed
as the Gibbs function G or Helmholtz function F. The Gibbs energy (also referred
as ∆G) was introduced by the scientist Josiah Willard Gibbs who first applied the
second law of thermodynamics to relate chemical, electrical, and thermal energy
capacity for external work. ∆G is appropriate for studying system with constant
number of particles (N ), temperature (T ) and pressure (P), which is the typical
condition in chemistry.

Every reaction seeks to achieve a minimum of free energy, i.e. ∆G < 0 is
favorable, whereas ∆G > 0 is unfavorable. Hence a reaction that is associated
with a negative ∆G will occur spontaneously. This makes free energy calculation
especially useful for calculating properties like the most likely conformation of a
ligand in the protein’s hydrophobic pocket. In experimental studies, the difference
in free energy can be determined either through the relative probability of finding
the system in a given state, or from the reversible work required to transform the
system from an initial state into another. The Gibbs free energy is defined as

∆G = U − TS + pV = H − TS, (6.1)

where U is the internal energy of the system, T the absolute temperature, S the
entropy and H the enthalpy.

For a closed system, where temperature and volume stay constant, the free
energy is described as Helmholtz free energy

F = U − TS. (6.2)
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In statistical mechanics contexts, the partition function Z is used that is literarily
the sum over all possible states i

Z =
∑
i

e
− Ei
kBT (6.3)

This offers an alternative possibility to define the Helmholtz free energy as

F = −kBT lnZ, (6.4)

where kB is the Boltzmann constant.
Unfortunately it is impossible to calculate the free energy directly from a sim-

ulation since it is an ensemble property directly related to the volume in phase
space that is associated with the system, and not simply the average over phase
pass coordinates. Additionally there is no way to measure absolute free energies
experimentally since it is defined from the work one system does on another. One
way to study slow transitions in a simulation is to apply a perturbation to force the
system make a transition from one state to another, and afterwards use statistical
methods to calculate the work done to fulfill the perturbation. In the following
sections some common ways to calculate free energies are discussed.

6.2 Free energy along a reaction coordinate

Sometimes we are not only interested in the free energy difference between two end
states, but also the free energy along the path the system moves between the two
states. We define a reaction coordinate as a coordinate that represents the progress
of a system along a one dimensional reaction pathway. For instance, the reaction
coordinate of the S4 helix can be the pathway the VSD undergoes to translate from
the crystal structure state towards the resting state.

A naive approach to calculate a free energy profile along the reaction coordinate
would be to count the number of times a system is found in a different location
long this coordinate and estimate the probably of the system to be in a particular
state. To make this possible the probability as a function of position (or reaction
coordinate) is defined as P (ξ) and the free energy can be related by

F = −kBT lnP (ξ). (6.5)

The problem that is encountered by this method is that only states with low free
energies will be sampled a lot, while the probability of finding the system at higher
free energy will be quite small. With high barriers along the reaction coordinate,
the system might get stuck in one of the local minima and some parts of the
pathway will not be sampled at all. This is particular the case for many biological
processes where conformational changes are separated by high energy barriers. For
instance in the VSD the S4 helix has to overcome such a high free energy barrier
to translate towards the resting state and this is why the VSD structure does not
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move a lot away from its crystal structure state when simulating without any bias.
This means standard molecular simulation techniques are insufficient for sampling
the whole translation and can only reach the initial steps of these processes.

Additionally, the high free energy barrier causes slow kinetics, which lies in the
milliseconds or even second range. Unfortunately, one of the problems of current
molecular dynamics techniques is that these kinds of time scales are unreachable
due to the high computational effort of the algorithm. Even when making the
software highly scalable and running in parallel on many thousands of cores on a
supercomputer, the maximum timescale that can be reached are just several µs.
To overcome these difficulties several methods have been developed that try to
calculate free energies more directly.

6.3 Potential of mean force

If one is interested in how the free energy changes as a function of a reaction coor-
dinate, the potential of mean force (PMF) can be calculated [24]. The PMF of a
system is strictly speaking the potential of the average force over all configurations.
PMFs are used for instance to calculate transition probabilities or the attraction
between two molecules. In this thesis it is predominately used to understand tran-
sitions. An example of this is a one-dimensional PMF calculation of the free energy
of translating the charged S4 helix along the resting state (Fig. 6.2).

The PMF is generated in this way

F (ξ) = −kBT ln(p(ζ)), (6.6)

where ζ describes a position along a reaction coordinate.

6.4 Free energy calculations from non-equilibrium
dynamics

One very powerful technique is steered molecular dynamics (SMD) that makes it
possible to solve the time scale problem even with shorter simulations. SMD is
similar to atom force microscopy, but in silico. The basic idea behind this technique
is to accelerate conformational changes in biomolecular systems by applying an
external force to one or more atoms, called pull group, while another group called
reference group is the group on which the reaction force is put. During the course
of the simulation the pull group can surmount possible energy barriers that would
not be possible without applied force. In this way, slow natural time scales can
be overcome, conformational pathways of the system explored and the free energy
landscape of the reaction obtained. Many processes such as unbinding of ligands
or conformational changes in biomolecules can be studied with this technique.

The first step to calculated a PMF from a SMD simulation is to generate a
hypothesis for the conformational transition of the protein, i.e. the reaction coor-
dinate is guessed. For instance, in the application of studying the VSD we know
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from previous experiments that the charged residues of S4 pull the helix down-
wards towards the resting state. Doing so, these residues are supposed to reform
salt bridges with glutamic acids in S2 and S3 helix. Then external forces can be
applied to induce this hypothetical transition process on a faster time scale, e.g.
several microseconds instead of seconds. The results of the simulations are then
analyzed to measure how much work was required to surmount the barriers.

The forces can be applied in form of a harmonic potential where the reference
position is moving with constant velocity, or with constant forces where the pull
group atoms are forced in a given direction. With this type of force it is for instance
possible to simulate the translation of the S4 helix. To do so, a harmonic potential
was applied between the center of mass of the R0-R6 charged side chains and the
center of mass of the S1-S3 helices:

VSMD = k

2
[(COMS4 − COMS1−S3) · aH − d(t)]2 (6.7)

Effectively, this means the SMD force is applied to an internal distance between S4
and S1-S3. A relative high force constant k was used and the reference distance d(t)
increased linearly. The simulation time was over one µs causing the first charge,
R4, to cross the hydrophobic core.

Finally, the PMF is constructed from a time series of applied force and displace-
ment.

Jarzynski equality
The Jarzynski equality [43] is used in statistical mechanics to relate free energy
differences between two equilibrium states and non-equilibrium transitions between
them. Here, the free energy difference ∆F between two states A and B is related
to the work W done on the system through

∆F ≤W. (6.8)

The equality occurs only if one takes the system from A to B infinitely slowly
and the transformation is carried out along a reversible path. The more general
Jarzynski equation, in contrast to equation 6.8, remains valid no matter how fast
the process occurs and looks like:

e−∆F/kT =< e−W/kT > . (6.9)

The brackets denote a phase-space average but we can approximate it with the
highest-population parts in a simulation. In particular it allows us to combine mul-
tiple simulations to obtain estimates of standard errors for a PMF. This approach
is used in paper I.

6.5 Equilibrium MD simulations using umbrella sampling

There are also equilibrium methods to calculate free energies, but this requires
some knowledge of intermediate states. Since no intermediate conformations of
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voltage-gated ion channels between the open closed state are available it is a natural
choice to start with non-equilibrium techniques to generate some. Subsequently,
equilibrium techniques can be used to refine these intermediate conformations and
obtain reasonable free energy profiles out of it.

In general, low free energy states are well sampled, while high free energy ones
are not sampled at all. To fix this problem it is important to make sampling more
uniform, e.g. by modifying the potential function with a biasing potential. A
frequently used method to obtain more uniform sampling along a entire reaction
coordinate is umbrella sampling. Umbrella sampling avoids getting stuck in free
energy minima by adding a potential to the system that keeps it at a particular
coordinate. The biasing potential in this method is often a harmonic potential that
has the shape of an reversed umbrella (Fig. 6.1) which is where the method got its
name from. The harmonic potential is used to restrain the configurations within
the sampling window and the free energy difference in each window is calculated as

F = −kBT lnP (ξ) +W (ξ) (6.10)

where W (ξ) is the biasing potential.

histogram

O C

harmonical 
potential
‘umbrellas’

windows

Figure 6.1: Umbrella sampling schema for S4 translation. The S4 helix is restrained
in different intermediate positions along the S4 translation pathway from the open
(O) towards the closed state (C). An applied harmonic potential restrains the struc-
ture within the specific window. One of the results is a histogram, showing to what
extent the individual simulations overlap.
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Figure 6.2: Example of a PMF of the VSD using umbrella sampling. The free
energy barrier (blue) is highest at the phenylalanine gap (green) (data taken from
paper II).

A histogram is used to make sure the individual umbrellas overlap and is used
by the analyzing method, e.g. WHAM [56, 79], to extract the free energies. Fig. 6.3
shows a 2-dimensional PMF analyzed through WHAM of the F233 torsion angles.
The histogram shows how uniform the sampling was by visualizing the overlaps of
the individual simulations. In a final step, the biasing potential is subtracted to
obtain the actual unbiased free energy.

The advantages of this method is that the individual simulations can be run in
parallel, it is an easy-to-use and easy-to-set-up approach. However, a disadvantage
is that the value of the biasing potential and the number of windows need to be
guessed beforehand. Thus, the reaction coordinate is often split into a number
of windows with sufficient overlap to ensure convergence of the method. Then
histograms are generated and their overlapping checked. If needed, more windows
are added between already existing windows. In regions of even free energy the
spacing of the windows can be larger, while in the regions with narrow peaks, the
spacing should be more narrow to get accurate profiles. The force constant can
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Figure 6.3: 2D-PMF example of the rotation of phenylalanine F233 when R4 is
crossing the hydrophobic barrier. (A) Phenylalanine structure. (B) PMF plot
showing the relative free energy as function of torsion angles. Alan Grossfield’s 2D-
WHAM program [35] was used to generate the PMF values, and the plot created
in Matlab (adapted from papers I and II).

be window specific depending on whether it is a region of low or high relative free
energy. To compare, SMD in combination with Jarzynski is a simple analysis with
uniform sampling of the reaction coordinate, while in contrast umbrella sampling
uses coupled nonlinear equations, for instance WHAM, and a nonuniform sampling
of the reaction coordinate, given intermediate conformations. This approach is used
in paper II.

6.6 Application to ion channels

These type of calculations are well suited for problems like the permeability of
molecules through channels of different types. A striking example is the work of
Allen et al. [5] who used umbrella sampling to study the energetics of ion con-
duction through the gramicidin channel and obtained results in agreement with
experiments. Another example is the work of Petrone et al. [73] who mapped out
the entire ribosome exit tunnel free energy landscape in three dimensions.

Studying the voltage-sensor with free energy methods is more difficult, but can
provide valuable insight in the thermodynamics and kinetics of channel function as
well as the controversial gating procedure of K+ channels. Free energies have always
been important, and e.g. Hessa et al. have used combinations of experiments and
statistics to study the insertion cost of charged residues into the membrane and
later the insertion of the highly charged S4 helix into a membrane [38].
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Delemotte and co-workers [28] have studied the dynamics of the VSD’s response
to a hyper-polarization potential. They generated additional intermediate struc-
tures by applying harmonic constraints on the charged residues to force the helix to
the next hydrogen bonding site after the barrier and calculate the free energy in each
conformation due to the applied potential. Their results support the sliding-helix
gating model.

Nishizawa and Nishizawa [65] have simulated both isolated S4 helices and VSDs,
applying a strong electrical field of 0.1V/nm. Their conclusion were that the energy
landscape around the movement of S4 appears relative ’ragged’ due to the hydrogen
bonding between the arginines and the glutamic acids. In this case, the overall
simulation results support the helical-screw model and not the sliding-helix model,
suggested by Delemotte et al., which shows how complex the subject still is.
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Summary of papers

7.1 The S4 α- to 310-transition is important for the gating
mechanism (paper I)

The opening and closing of the pore is caused by the movement of the S4 helix in
response to voltage. Exactly how this movement is accomplished is not fully known
and still a hot debate in the community. Some groups pointed to the possibility that
a secondary structure transition from α- to 310-helix in S4 could be essential. Even
though it is difficult or nearly impossible to model the complete gating process,
I got fascinated by the question of whether the 310-helix secondary structure is
responsible for facilitating the early stage motion from open-inactivated towards
the down state, or if it is merely present as a side effect. Thus I address this
problem in my first paper.

Through multiple microsecond steered molecular simulations we show for the
first time that the 310-helix structure in the S4 helix of a Kv1.2-2.1 chimera protein
is significantly more favorable in terms of a lower free energy barrier in comparison
to the α-helix during the gating motion. The energy barrier for the down motion of
S4 as a 310-helix is almost a factor two lower compared to α-helix due to its more
advantageous structural features. Strictly speaking, the S4 310-helical translation
perturbs the VSD less than α-helix and is thus more stable. This is a consequence
of the smaller helical radius and better side chain alignment that avoids side chain
clashing. Such a transition reduces the requirement for S4 to rotate and facilitates
salt bridges between the arginines and glutamic acids.

To understand the driving forces of the unfavorable 310-helix, we released all
restraints in the α-helical system after R4 has crossed the hydrophobic barrier. This
results in a spontaneous 310-extension between R2 and R3 caused by salt bridge
reformation of these residues with the glutamic acids of S1 and S2 helix following
the ’zipper-like’ sequential pairing. From this observation, we suggest a new model
for S4 translation, where the glutamates induce rotation of the arginines side chains
leading to a stretching of the upper part of the helix driving the 310-helix transition.
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This work also suggests that the activation barrier is made up of the hydrophobic
core, especially a preserved phenylalanine that is located at the central cavity of
the VSD (research focus of paper II), while the inactivation barrier could arise
due to the conformational change to 310-helix. The structural transition from α- to
310-helix is probably one of the key differences between the open-inactivated and
activated-states.

7.2 Phe233 modulates the deactivation energy barrier of
the voltage-sensor (paper II)

To understand the effect of individual residues on the barrier, we tested all hy-
drophobic residues in the VSD though in-silico mutagenesis, i.e. reducing their
hydrophobic character by mutating it to an alanine. While the ion conduction en-
ergy barrier in the pore has been studied a lot, the S4 de-/activation translation
barrier has received much less attention. So far, no studies have addressed the
voltage-sensor energy barrier problem.

Here, we further investigate the phenylalanine that has been identified as a
structural barrier for the arginines. In the previous study (paper I) we were able
to get an estimate for the free energy barrier for the first deactivation step, i.e.
arginine R4 crossing the hydrophobic barrier within the VSD. This study made it
possible to generate intermediate structures along the S4 deactivation transition.
For each mutant, potential of mean force curves were calculated from umbrella-
sampling molecular simulation of the S4 segment, with the first arginine residue
in different positions across the hydrophobic core. This enabled us to calculate
the free energy cost for translating the first arginine over the barrier for different
mutations in the hydrophobic core.

In fact, out of all tested hydrophobic residues, Phe233 reduces the barrier the
most which appears to confirm its role as the main residue causing the barrier.
Further mutations of the Phe itself to other residues directly alter the free energy
barrier of the open-to-closed transition of S4. Mutations of this residue to smaller
and less hydrophobic ones, like Ala, facilitate the relaxation of the voltage sensor
by reducing the free energy barrier. In the same way, the free energy barrier is
increased when Phe is substituted for a larger side chain, like Trp. In other words,
the presence of a rigid, cyclic ring at this position appears to determine the rate of
the voltage sensor gating process. We also study the dynamics of the Phe side chain
to understand why the residue is so important at this position. Indeed, the Phe
acts as the main structural barrier that keeps the arginines back from translating.
In order for the arginines to cross the barrier, the Phe ring has to rotate and each
arginine needs to flip its side chain over the Phe residue to cross the hydrophobic
zone. The energy landscape of the relative free energy as function of torsion angles
shows that the phenylalanine is most energetically favorable when the ring is in the
ring blocks the arginine from translating towards the resting state. The flipping of
the ring is less favorable. These results are confirmed by new experimental data that
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support a significantly faster process when mutating Phe to Leu. The experimental
part of this project is a collaboration with the Elinder group in Linköping, Sweden.

Through this work we show that free energy calculations, even on such a complex
channel, can reproduce experimental mutations. This is a promising result for
hypothesis-testing in-silico and incorporation of the gained knowledge to design
future experiments. The differences between the mutants have been compared and
the residues involved in the barrier identified. Several residues in a hydrophobic
zone just above the Phe are found to affect the free energy of gating by participating
in a hydrophobic lock. These investigations provide valuable insight in the effects
of different residues, and help explain the atomic details of activation.





Chapter 8

Final thoughts

Voltage-gated ion channels have been investigated for years both in academia and
the pharmaceutical industry, as they are of high pharmacological interest. They
always were and will remain a hot topic in the future. When ’the last few frames of
the voltage gating movie’ [90] really will be determined remains to be seen. Studies
on these remarkable machineries has always been a challenging task and will stay
so for a while.

There has been a large controversy in the field with regards to how the voltage
sensor moves in respond to voltage and this is still an big and ongoing discussion.
To shed more light on the mechanism of voltage-sensors there is a big need for
more structures. Many labs are working heavily on new techniques to also capture
intermediate states, and maybe one day the closed state as well. Mutations, for
instance, could ideally stabilize and trap the channel in a specific state and help
crystallize this state. Another option I see high potential in might be toxins that
bind to one of the states. The big effort of experimental groups could make us
hope that there will be more structures in a few years that either change our
thoughts of how ion channel work and/or confirm the current models. Although
experimental methods are indispensable, computational methods are gaining in
importance. Collaborations between experimental and computational work should
be able to help in solving the final mysteries of voltage-gated ion channels.
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310-Helix Conformation Facilitates the Transition of a Voltage Sensor S4
Segment toward the Down State
Christine S. Schwaiger, Pär Bjelkmar, Berk Hess, and Erik Lindahl*
Theoretical and Computational Biophysics, Department of Theoretical Physics and Swedish e-Science Research Center, Royal Institute
of Technology, Stockholm, Sweden
ABSTRACT The activation of voltage-gated ion channels is controlled by the S4 helix, with arginines every third residue. The
x-ray structures are believed to reflect an open-inactivated state, and models propose combinations of translation, rotation, and
tilt to reach the resting state. Recently, experiments and simulations have independently observed occurrence of 310-helix in S4.
This suggests S4 might make a transition from a- to 310-helix in the gating process. Here, we show 310-helix structure between
Q1 and R3 in the S4 segment of a voltage sensor appears to facilitate the early stage of the motion toward a down state. We use
multiple microsecond-steered molecular simulations to calculate the work required for translating S4 both as a-helix and trans-
formed to 310-helix. The barrier appears to be caused by salt-bridge reformation simultaneous to R4 passing the F233 hydro-
phobic lock, and it is almost a factor-two lower with 310-helix. The latter facilitates translation because R2/R3 line up to face
E183/E226, which reduces the requirement to rotate S4. This is also reflected in a lower root mean-square deviation distortion
of the rest of the voltage sensor. This supports the 310 hypothesis, and could explain some of the differences between the open-
inactivated- versus activated-states.
INTRODUCTION
Voltage-gated ion channels open in response to changes in
the voltage across the membrane, and control neuronal exci-
tations such as nerve signals and heart beats (1). All voltage-
gated ion channels are comprised of four subunits each with
six transmembrane helices (S1–S6). The first four form
a voltage-sensing domain (VSD) with the positively charged
S4 helix functioning as the voltage sensor, whereas S5 and
S6 from all four subunits jointly form the pore domain,
i.e., the ion permeation pathway.

The nature of the gating motion is vividly debated. The
positively charged residues in S4 have been shown to be
critical, and the N-terminal ones carry most of the gating
current (2,3). This is due to movement of these residues in
response to changes in the membrane electric field. The
movement is propagated to the pore, leading to a conforma-
tional change that opens or closes it. The first experimental
proof for this was gained from cysteine scanning by Horn
(4), and evidence of actual distance changes were first
observed with spectroscopy by Cha et al. (5) and Glauner
et al. (6).

VSDs have been found to occur in isolation, as voltage-
sensor-only proteins without the pore (7–9). Although
some of these are believed to form dimers, they have been
confirmed to function even as monomers (10), which
provides for a nice model system.

The VSD is shaped like an hourglass with two aqueous
crevices separated by a central hydrophobic constriction
(11,12) that has been suggested to act as an energy barrier
for gating (13). It has been proposed that the charged resi-
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dues move along this partially aqueous pathway (14) and
interact favorably with negatively charged residues in the
S1–S3 segments. These residues are located in two clusters
on each side of the central hydrophobic region, with two
glutamates (E183 and E226 with Kv1.2/2.1 numbering) on
the extracellular side, and a glutamate (E236) and aspartate
(D259) on the intracellular side.

Although the details of gating are not yet fully under-
stood, several models with different amount/ways of S4
rotation and translation have been proposed based on exper-
imental data (compare, for instance, the transporter (15),
helical screw (16–18), and paddle models (19)).

The variation of the gating models is largely due to the
lack of crystal structures of the resting and intermediate
states that would show conformations of the voltage-sensor
along the gating pathway, but recent theoretical closed-state
models of the Kv channel (20–22) have partly started to
bridge the discrepancies.

The idea of S4 potentially adopting 310-helix structure is
almost as old as the cloning of the first sodium channel (23),
and was first put forward by Kosower (24). Although the
first Kv1.2 structures had S4 in a-helical conformation,
the recent Kv1.2/2.1 chimera structure (13) shows the intra-
cellular end downstream of the third arginine (R3) forming
a 10-residue 310-helix stretch (Fig. 1 A) (13). This revived
the old idea, in particular when Clayton et al. (25) found
an 11-residue 310-helix stretch in the MlotiK channel, and
Shafrir et al. (26) proposed models for open/closed NaCh-
Bac that involved secondary structure changes.

The 310-helix hypothesis is supported by experiments of
Villalba-Galea et al. (27) that identified three separate states:
the resting (R) state would correspond to a closed channel;
the active (A) state would correspond to the normally open
doi: 10.1016/j.bpj.2011.02.003
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FIGURE 1 S4 down motion, as 310-helix requires less work than an a-helix. (A) VSD system and superimposed initial conformations of the a- and 310
helices (inset). The upper a-helical part of the x-ray S4 structure is drawn dark, while its lower 310 part is light. The 310-only helix is yellow. Charged residues

(R0–R4) are marked with a sphere for Ca, with stick representation side chain and F233 is highlighted. (B) Characteristic events for a single side chain

passing the hydrophobic zone close to F233 with S4 as a- and 310-helix, respectively. (C) Required work as a function of the pull reference displacement.

It is almost a factor-two more advantageous for S4 to make the transition as an all-310-helix (~70 kJ/mol instead of ~130 kJ/mol), although this does not

account for the potential a- to 310-helix conversion cost (see Discussion). Each work curve is a Jarzynski weighting (see Methods) from three separate

1–1.3 ms simulation trajectories with different random initial velocities. Standard errors are applied asymmetrically as this is an upper-limit estimate due

to friction and noise effects. (D) S4 backbone displacement as a function of the pull reference displacement.
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channel; and the relaxed (AL) state is an open-inactivated
channel reached after prolonged depolarization (and
possibly the one present in x-ray structures). Based on these
experiments, including histidine scans, the S4 segment
would normally adopt 310-helix conformation in the R and
A states, but make a slow transition to a-helix in the AL
state. In parallel, and independent from the experiments,
several molecular simulations studies—started from older
x-ray structures available before the chimera Kv1.2/2.1
structure—have observed the occurrence of 310-helix in
the C-terminal part of S4 (22,28,29).

An important consequence of higher 310-helix contents is
that S4 becomes tighter wound with three residues per turn,
with aligned side chains pointing toward the VSD interior
(27,28) (Fig. 2). This is critical, because the glutamate/
aspartate residues in S2/S3 can stabilize the arginines during
gating (18,30,31). With a predominant a-helix conforma-
tion in the upper part, the S4 segment would need to rotate
(and potentially tilt) so the staircase-oriented staggered argi-
nine side chains can maintain their strong interactions with
the S2/S3 residues. Alternatively, if S4 initially (or progres-
sively during gating) makes the transition to 310-helix, the
segment will become slightly elongated and more tightly
wound (Fig. 2 B). As a consequence, it will have slightly
more space to move and the arginine side chains align on
the same side of the helix, which would enable S4 to trans-
late almost straight down while still maintaining its S2/S3
interactions, and likely cause much less distortion of the
rest of the VSD (Fig. 2).

Interestingly, even early histidine scans pointed to 120�

repeats that would be well fulfilled by a 310-helix, but alter-
native explanations were sought as S4 was then assumed to
be in a-helical conformation (15). Thus, there are several
indications of 310-helix in S4, if it was not for the important
point that most of the segment is observed to be a-helical in
the x-ray structure. In contrast to a-helices, the 310-helix is
rare in crystal structures and mostly found in small regions
of proteins, usually at the termini of an a-helix or as a sepa-
rate single-turn helix (32). In membrane proteins, the trans-
membrane helices are virtually always a-helical. One
reason for the low amount of 310 is that the conformation
is energetically unstable, essentially a kinetic intermediate
Biophysical Journal 100(6) 1446–1454



FIGURE 2 310-helix geometry facilitates S4 translation. (A and B) The

arginine residues in the all-310-helix align perfectly, while they are rotated

60� around the helical axis relative to each other in the a-conformation. The

a-helix will require major rotation and side-chain rearrangement for every

arginine that passes the hydrophobic zone (C), while the 310-helix merely

has to perform a minor initial rotation, after which it is able to translate

almost straight down (D). The 120� turns in the 310-helix also place all

side chains in a close to triangular shape, which together with a smaller

radius should facilitate downward translation compared to the a-helix

(insets).

1448 Schwaiger et al.
along the a-helix unfolding pathway (33). However, for
VSDs, it has been suggested that the 310-helix could be
stabilized by the electric field (34), in addition to side-chain
interactions. This seems to be supported by previous simu-
lations (28) where 310 growth in the open state was only
observed with polarization applied.

Although it is difficult or impossible to completely model
the gating process, we now address the more specific ques-
tion of whether the 310 secondary structure is responsible for
facilitating the motion toward the down-state, or is merely
present as a secondary effect. This would help us understand
the voltage sensor movement, and potentially provide valu-
able insight about the character of the transition barrier.

Because there are no conformations available along the
gating pathway, molecular simulation techniques are an
obvious alternative to investigate the role of 310 versus
a-helix in S4. We use an isolated VSD as a model system,
but even for small systems it is not possible to reach the
multimillisecond timescales required for equilibrium transi-
tions. Here, we have instead performed long nonequilibrium
steered molecular simulations (SMD). Even this is not suffi-
cient to cover the entire transition with statistical accuracy,
but the process of consecutive side chains passing the hydro-
phobic zone appears to be similar. For this reason, we
Biophysical Journal 100(6) 1446–1454
decided to focus on the part where the first S4 arginine
(R4) crosses the hydrophobic zone, which makes it possible
to do it slowly enough that the process is not dominated by
friction, and obtain realistic intermediate conformations as
well as quantitative work curves at least for the initial part
of the process.

We have used both the x-ray structure for S4 (which we
simply call ‘‘a-helix’’ despite the mixed structure), and an
alternative conformation where we have forced an initial
transition to all-310-helix, although the significant part is
realistically limited to the region between Q1 and R3.

Both conformations were subject to multiple micro-
second-scale simulations to obtain several independent
trajectories from the initial position toward a more down-
ward state. Some caution is advised when interpreting these
results; the model only covers the initial gating, differences
in secondary structure are extreme, and we are testing inter-
actions rather than following a natural process. A steered
simulation cannot exactly reproduce the influence of the
electric field (35,36), and the simulations are short
compared to the in vivo process. However, the model is
very useful to study the specific interaction/work questions,
including the potential causes of the barriers.
METHODS

System setup

The system was generated by extracting a single voltage sensor domain

(S1–S4, residues P161–S307) from the chimera x-ray structure

(PDB 2R9R) (13). A 70 � 70 Å POPC bilayer patch oriented in the x,y

plane was built using the membrane package of VMD (37) and converted

to a hexagonal box in GROMACS. The voltage sensor was inserted into

this membrane using orientation information provided by the OPM data-

base (38). Overlapping lipids and waters were deleted, such that 49 lipids

per monolayer remained. The protein was modeled with the AMBER03

force field (39), POPC interactions were described with the Berger force-

field parameters (40), and water was used as the TIP3P model (41). After

energy minimization and equilibration of the bilayer, the system was

solvated with 6995 waters and neutralized with chloride counterions.

All simulations were carried out with a development version of the GRO-

MACS (42) package using 2-fs time steps. Bond lengths were constrained

with the LINCS algorithm (43) and SETTLE (44) was used for water mole-

cules. Electrostatic interactions were evaluated using particle-mesh Ewald

summation every step. A 1.2-nm cutoff was used both for electrostatics and

van der Waals interactions, with neighborlists updated every 10 steps.

Simulations were performed at 300 K by using a Bussi thermostat (45).

Semiisotropic pressure coupling was used during equilibration, but then

turned off to avoid system fluctuations. The final configuration comprises

a bit over 28,000 atoms, and was equilibrated for another 50 ns before

production runs were performed.
Steered molecular simulations of S4

The pathway and work required for translation of S4 in both conformations

was calculated from SMD. The reaction coordinate should be chosen such

as to minimize the effect of the biasing force on the sampling. Because the

strongest interactions here are believed to be between the S4 arginine side

chains and other residues, the biasing force was set to act on them.

To achieve a single reaction coordinate, we used the center-of-mass of
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the side chains of the arginines. Another alternative could have been

a charge-weighted center, which would have caused a <1 Å shift. To trans-

late the helix, a harmonic potential was applied between the center-of-mass

of the R0–R6 charged side chains and the center-of-mass of the helices

S1–S3:

VSMD ¼ k

2
½ðCOMS4 � COMS1�S3Þ$aH � dðtÞ�2: (1)

Effectively, this means the SMD force is applied to an internal distance

between S4 and S1–S3. Due to the shape of the water cavities around S4

and the related electrostatic field focusing (36), the SMD potential was

applied along the local S4 helix axis aH defined from residues 287 to 307

in S4, which makes angle of 12� with the membrane normal. The charged

side chains of R0–R6 (on which the steering force acts) lie along the same

axis. This has a <2% effect on the downward force, but avoids pulling S4

away from the rest of the protein. The force constant k was

10,000 kJ/mol/nm2 and the reference distance d(t) increased linearly with

a speed of 6.1 Å/ms. Additional simulations were also performed with

a higher speed of 24.4 Å/ms.

Not compensating for torque would lead to a large rotation of the entire

protein, as this is energetically less costly than the transition barrier. To

counteract this, rotation of the center-of-mass of helices S1–S3 was

removed at every step. By only applying it to the reaction group, we avoid

influencing the work profiles for S4. The average net motion of S1–S3 rela-

tive to the bilayer center-of-mass was�0.25 0.6 Å and 0.15 0.8 Å for the

a- and 310-helix runs, respectively. The work is determined by integrating

the SMD force over the displacement of the reference distance d. In the

limit of slow simulations, it will converge to the free energy along the reac-

tion coordinate. To reduce distortion and lock the secondary structures, Ca

distance restraints of 1000 kJ/mol/nm2 to the next turn residue were applied

in S4. To increase the chance of finding a low work path and obtain standard

errors based on sampling of different trajectories, three separate full micro-

second simulations with different initial velocities were performed for each

S4 conformation, leading to an aggregated simulation time of almost 8 ms.

By using the Jarzynski relation (46), we estimate the final potential of mean

force as the Boltzmann-weighted average of the three work samples, and

error bars from their standard deviation. Due to the Jarzynski relation the

standard error is asymmetric, i.e., the free energy could be significantly

lower, but only ~kBT higher. This is further strengthened in that the

310-helix transition is only roughly one standard error above DG ¼ 0 after

the R4 transition. The resulting work profile mainly shows the effect of

a-versus 310-helix in the Q1–R3 region of S4, because the R3–R6 region

is already a 310-helix structure in the x-ray structure.
FIGURE 3 F233 is a structural obstruction for S4 arginines. The phenyl

ring acts as a physical obstruction for arginines in the hydrophobic zone.

For each arginine crossing this zone, the ring rotates away to open a passage

in the hydrophobic zone, followed by a flip of the arginine side chain across

the lock, and finally the ring rotates back to the original state. Interestingly,

the rotation is upwards, which could indicate different kinetics for activa-

tion versus relaxation.
RESULTS

S4 310-helix facilitates downward motion
compared to a-helix

Although it was not possible to pull slowly enough to derive
statistically accurate work profiles for an entire downward
transition for Q1–R4, results from initial simulations taking
128–512 ns for the entire motion indicate that the mecha-
nism for each arginine side chain passing the hydrophobic
zone appears to be superficially similar, which agrees well
with the repeating arginine sequence pattern (see Fig. S1
in the Supporting Material). For this reason, we decided to
focus on the very initial stage where R4 passes the hydro-
phobic zone, and extend this part to microsecond simula-
tions. Three such simulations were performed for each of
the 310- and a-helix conformations of the S4 segment
(start/end conformations shown in Fig. S2), and the SMD
force was integrated to obtain the average work and standard
errors from Jarzynski weighting (see Methods).

Plotting the work against the pull reference position
(Fig. 1 C) reveals an increase in slope roughly at the same
time as the arginine enters the hydrophobic zone. Because
this causes the virtual pull spring to extend, we also sepa-
rately plot the actual S4 segment backbone displacement
as a function of the reference position, and Fig. S3 shows
it as a function of the S4 backbone displacement.

The actual barrier is a collective effect; for a charged side
chain to move across the hydrophobic zone the entire S4
segment has to move with it, and this appears to require
rearrangement of the salt bridges both for the a- and 310-
helix structures. However, the barrier is almost a factor-
two lower for 310-helix (~70 kJ/mol) compared to a-helix
(~130 kJ/mol). After this peak, the total work for the
all-310-helix decreases to ~20 kJ/mol again, which supports
that the SMD simulation is slow enough for the main effect
to be free energy differences rather than friction. One impor-
tant reason for this difference appears to be that the 310
conformation facilitates contacts between E183 and R2,
because the latter side chain is rotated more toward the
direction of the glutamates. When R2 interacts with E183,
R3 starts competing with R4 for salt bridges with E226. In
contrast, when the upper part of S4 is a-helix, R2 primarily
interacts with water and lipids, R3 only with E183, and R4
with E226. Forcing S4 down requires the segment to rotate
and transiently break these interactions, rather than the
cascading swaps possible for the 310 conformation (Fig. S4).

The motion of charged side chains across the hydrophobic
zone appears to be coupled to conformational changes of
F233. For each arginine passing, this phenyl ring flips aside-
and-back to create an efficient hydrophobic lock (Fig. 3). The
flipping is very pronounced and local for the 310-helix, whereas
thea-helix rather distorts the entire hydrophobic zone.Because
these interactions are local, F233 by itself cannot explain the
difference between a- and 310-helix (it seems to be caused by
the salt bridges above), but it might be central to accomplish
Biophysical Journal 100(6) 1446–1454



FIGURE 4 S4 translation as 310-helix perturbs the VSD less than a-helix.

(A) Ca-RMSD for segments S1–S3 during 1 ms of pulling of S4 across the

first barrier as a- (purple) versus 310-helix (yellow). RMSD was calculated

relative to the initial conformation after a least-squares fitting of S1–S3, and

shown with a 1-ns running average. The main difference occurs when R4

crosses the hydrophobic zone, which induces more distortion when S4 is

in a-helix conformation. (Insets) Conformations before (B and C) and after

(D and E) crossing the barrier, where the a-helix loses contact with E236.
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well-defined separate metastable states. This observed mecha-
nism agrees well with recent mutation studies that show the
importance of the ring structure to achieve a lock (47). Directly
after passing the hydrophobic zone, the R4 side chain of the
a-helix forms hydrogen bondswith D259, while it is stabilized
by both E236 and D259 in the 310-helix, due to the side-chain
orientation. Based on the shorter simulations, the subsequent
arginine side chains (R3 and R2) likely cross the barrier in at
least a qualitatively similar way.

Although this can be interpreted as support for a transition
to increased 310-helix contents, possibly when moving from
an open-inactivated (AL) to an open-active (A) state, it is
important to remember that it does not take the cost of
310-helix formation into account. As covered in depth in the
Discussion, this could cost ~2.4 kJ/mol per residue in
a protein, but because spontaneous 310-helix growth has
been observed in simulations with applied potential
(22,28,29) it is possible that the total 310-contents in S4 is
roughly the same in the up- and down-states, which could
largely cancel the cost.

With a membrane potential of ~130 mV, the energy for
translating a single charged side chain across the membrane
is 12.5 kJ/mol. Because the field is focused inside the VSD
even a small downward move of S4 can effectively subject
a side chain to 80–100% of the full potential drop (22).
Although the a- and 310-helix systems have very different
initial conformations, it is interesting to consider the
displacement charge during the downward motion, similar
to Khalili-Araghi et al. (22). As shown in Fig. S5, for the
a-helix there is a continuous change which involves both
R4 passing the hydrophobic zone and breaking of other
salt bridges, whereas the 310-helix system in contrast
exhibits a virtually constant displacement charge until R4
passes the hydrophobic zone and contributes 0.83e, close
to the value 0.81e calculated for the overall R4 contribution
between open/closed states by Khalili-Araghi et al. (22).
Our work difference when the first residue has passed the
barrier for S4 in 310-helix conformation is 20 kJ/mol, which
is within a factor-two of explaining the relative stability of
the different states with the applied potential. The remaining
difference could be due to friction in the simulation, but it is
also possible that the model here does not capture all effects
of a real potential caused by ion concentration differences.
The fact that the VSD rarely seems to adopt intermediate
states in vitro also suggests that the initial barrier dominates
the process, with a larger fraction of the total gating charge
(48). In contrast to this, stabilizing the a-helix after the
barrier would require an energy several times higher than
what can be explained from physiological potentials.
A 310-helix perturbs the VSD structure less than
an a-helix

The distortion of the protein can be assessed by calculating
the root mean-square deviation (RMSD) of segments S1–S3
Biophysical Journal 100(6) 1446–1454
as a function of the S4 pull reference position. As evident
from Fig. 4, the 310-helix conformation of S4 results in
significantly lower perturbation of the rest of the VSD
compared to an a-helix. The reason for this appears to be
that the side-chain conformations of the 310-helix only
requires F233’s ring to flip aside for each arginine whereas
S4 translates down, and there is a cascade of salt-bridge
swapping with higher arginines. In contrast, the a-helix
conformation requires a rotation of S4 for each arginine
that in turn will cause clashes with other parts of the
VSD, and transiently broken salt bridges. In addition, the
smaller radius of the 310-helix (compare panels C and D
of Fig. 2) and the fact that all side chains line up in a trian-
gular geometry seems to be more advantageous in the
densely packed environment of the S4 translation pathway.
This is supported by the RMSD behavior, where there is
a first separation when R4 approaches the hydrophobic
zone (Fig. 2, C and D). The distance between R4 and
S1–S3 increases at this stage, with a clearly larger displace-
ment for the a-helix compared to 310. When R4 has entirely
passed the barrier, ~5.5 Å of S4 helix displacement (corre-
sponding to a spring displacement of 8 Å), the difference
between the structures, increases further. Whereas the 310-
helix tends to converge at ~3.5 Å RMSD, the a-helix
continues up to 4.5–5Å RMSD. One reason for this is that
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R4 in the 310-helix shares hydrogen bonds with both E236
and D259 due to the induced rotation, whereas the same
residue in the a-helix only interacts with D259.

The final polar glutamine (Q1) behaves roughly the same
for both S4 conformations; due to the presence of both
hydrogen bond donors and acceptors in this side chain, it
will interact both with the glutamates (e.g., E183, Fig. 4
E) as well as the next arginine (R2) in the S4 helix. None
of this rules out the S4 a-helix alternative, but it is clear
that it requires larger conformational changes in the rest
of the VSD, which is a likely contributing factor to the larger
work required.
Hydrogen bond rearrangement is facilitated
with 310-helix

Part of the conformation differences can be explained from
differences in salt-bridge formation patterns. Before
crossing the hydrophobic zone, the arginine side chains
R4, R3, and R2 interact first with E183 and then E226.
For both of these, there appears to be a common pattern
for how the arginines do a hand-over of the hydrogen bonds.
The arginine side chains can form hydrogen bonds with
either N3 or the two Nh as donors, and at equilibrium it is
mainly the Nh that interact with the protein and lipids.
As the side chains are forced down (mimicking an applied
potential), the N3 donor forms a new hydrogen bond with
a glutamate (first E183, later E226), after which the arginine
side chain rotates around its own axis and the main Nh

hydrogen bonds move to the glutamate (Fig. S6). The
process is virtually identical for the hand-over from lipids
to E183 as for the hand-over E183 to E226. Interestingly,
the number of hydrogen bonds before the barrier is roughly
the same for S4 in both conformations, but the a-helix
makes more hydrogen bonds to lipids that need to be broken
before a downward motion is possible.

A similar pattern is observed after crossing the barrier,
where the a-helix forms several hydrogen bonds with lipids
(possibly related to the structural distortion). The 310-helix
both maintains its existing hydrogen bonds longer and
rapidly forms new ones with the acidic residues E236 and
D259 when R4 passes the hydrophobic zone (Fig. S7).
Compared to the tighter 310 structure, this loss of hydrogen
bonds, and resulting looser VSD structure, appears to be one
reason for the higher work required for the a-helix down-
ward motion.
Glutamates induce rotation, and might drive 310
transition

To maintain hydrogen bonds with E183 and E226 as dis-
cussed above, the charged side chains in S4 are forced to
rotate above F233 because the acidic residues are arranged
in a circlelike geometry leading to the cavity (Fig. S8).
This rotation does not continue below it due to the geometry
of the hydrogen bond acceptors. This gives rise to a cumula-
tive effect where the higher-located side chains (Q1, R2)
rotate significantly (~100�). Below the hydrophobic zone,
where the helix is already in 310 conformation, K5/R4
largely maintain their side-chain direction (Fig. S8). R3
rotates slightly up to the point where it is passing F233,
roughly to the same relative orientation as R4 was previ-
ously. This difference in orientation will lead to a tightening
of the helix, which is likely to stabilize a 310 conformation
over a-helix as S4 translates down, which agrees well with
observations of spontaneous 310 formation in previous
simulations (22,28,29). Although the backbone secondary
structure restraints prevent this from happening in the
nonequilibrium simulations, removing the restraints after
R4 has crossed the barrier might lead to spontaneous exten-
sion of the 310-helix part. In contrast, when S4 is entirely in
310 conformation, there is just a slight initial rotation of the
side chains to let them interact with the acidic residues, and
hydrogen bonds are predominantly formed with the
Nh1þNh2 donors.

Additional residues compete for hydrogen bonds with the
glutamates. R3/R4 both interact with E226 (Fig. S5 A) and
when R4 starts crossing the barrier it loses the hydrogen
bond to E226 (green area, Fig. S5 B). Simultaneously,
both R3 and R2 reorient and swap their N3 hydrogen bonds
with E226/E183 to have Nh1þNh2 as new donors (Fig. S5).
Throughout the process, there appear to be two typical
conformations: metastable states where each acceptor gluta-
mate has a single donor arginine, and transition states where
two arginines interact with one glutamine (or vice versa).
Spontaneous a-to-310 transition after barrier
crossing

Based on the observed side-chain rotations, it is an obvious
control to see what happens to an unrestrained helix after the
barrier. Starting from an a-helix conformation where R4 has
just crossed the hydrophobic zone and the work is
decreasing, the system was run for 100 ns without any back-
bone restraints. Within 10 ns, the 310-helix is extended by
one turn between R3 and R2, and remains stable for the
100-ns simulation. Exactly the same behavior is observed
when the process is repeated for a snapshot when R3 has
just crossed the barrier—in this case the 310-helix is
extended from R2 to R1, and again stable for 100 ns (Fig. 5).

It is striking that the 310-helix in the x-ray structure
extends to exactly this position between E183 and E226,
which in the open state occurs between R4 and R3 (R4 in-
teracting with E226 and R3 with E183). This suggests
a possible gating model from the AL state where S4 has
to make a turn-by-turn stepwise transition to 310-helix at
the glutamates (Fig. 5 D), which could explain why this
process is relatively slow. It is also possible for the segment
below the barrier to convert back into a-helix. Simulations
of closed state models do not entirely agree here (22,29),
Biophysical Journal 100(6) 1446–1454



FIGURE 5 Spontaneous 310 extension after forced barrier crossing. Pull-

ing the crystal structure (A) with backbone restraints until R4 passes the

hydrophobic zone (B) and then releasing restraints leads to formation of

another 310-helix turn (C). R2 changes interaction partner from E226 to

E183, which stretches/rotates the upper part of the helix and extends the

310 region. The x-ray structure state is superimposed in shading. This

confirms the large post-barrier free energy difference between a and 310
predicted in Fig. 1. (D) Hypothetical model of gating when started from

the AL state. Based on these and previous simulations (28), the applied

polarization extends the 310-helix, which translates down with each arginine

passing F233, and then the events are repeated. It is possible that S4 could

go back to a-helix below the barrier (dashed), but because the 310-helix is

seen in closed-state-model simulations (22,29) it is more likely that S4 is

dominated by 310-helix in the normal open and relaxed states.
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but we believe it would be advantageous for S4 to maintain
310 structure all the way up to Q1 (and possibly R0). This
could explain how the rapid normal activation/relaxation
is different from slow inactivation, which might then be
caused by the relaxation to a-helix in the upper part.
DISCUSSION

The potential cost of converting the upper part of S4 from
a-helix into 310 conformation is obviously a critical ques-
tion. Unfortunately it is not yet possible to accurately calcu-
late this inside the VSD structure, as the standard errors are
much larger than the difference. There are also some argu-
ments why this might not be a net cost.

First, previous simulations indicate S4 exhibits sponta-
neous 310-helix growth with applied potential or in the
down state (without forcing any transition) (22,28,29).
Biophysical Journal 100(6) 1446–1454
Second, even if there is a cost associated with this S4 tran-
sition, the model above suggests it would only be incurred
when starting from the AL state—in the normal activa-
tion/relaxation cycle the helix could maintain its secondary
structure to reduce this cost. Regardless of this, it is inter-
esting to estimate the free energy difference.

Smythe et al. (49) calculated the cost of converting an
entire decapeptide from a- to 310-helix in a proteinlike envi-
ronment to roughly 24 kJ/mol, or 2.4 kJ/mol per residue (and
the gas phase difference is another factor-two lower). Even if
the entire upper half of S4 has to convert to 310, the cost is
lower than thework differencewe observe for the full S4 tran-
sition (Fig. 1 C). Thus, even if the 310-helix part did not grow
spontaneously after applying polarization, it would be advan-
tageous to make the conversion before S4 translation, rather
than remaining as ana-helix. Interestingly, Smythe et al. (49)
actually suggest already in their 1995 article that the low cost
could make a- to 310-helix conversion important for some
biological processes. The barrier for the backward transition
is very low from the same studies (below 0.1 kJ/mol per
residue), which suggests S4 could readily go back to a-helix.
Becausewe do not observe this for residues that have crossed
the barrier we believe it is a further indication that S4 might
indeed stay as 310-helix in the relaxed and open-active states,
but makes a transition to a-helix in the open-inactive state as
it is reflected in the x-ray structure. This could potentially re-
move the otherwise hidden a- to 310-helix conversion cost
entirely from the normal transition barrier, but further studies
are required to confirm this. If the S4 segment stays largely as
310-helix during normal opening/closing, the conversion cost
would only be incurred during the much slower open-active
to open-inactive transition. Interestingly, this might also
provide an explanation for the difference between normal
activation and relaxation versus the transition to/from the
inactive state.

It is a highly interesting question to what extent S4 might
go back from 310- to a-helix after passing the barrier. Schow
et al. (29) have recently derived a new higher-resolution
down-state model of the related KvAP voltage sensor based
on biotin-avidin accessibility and salt-bridge data, where
they see S4 adopting a-helical conformation from down-
stream of R1–R4 in the relaxed state, i.e., the C-terminal
end. Independently, Khalili-Araghi et al. (22) performed
microsecond-scale refinement of the earlier Pathak model
(20) and also observe spontaneous 310 conversion for 10
residues in the extracellular half of S4.

A more realistic model for the actual gating could thus
have the 310 region moving roughly two turns along S4,
and the residues facing the hydrophobic barrier would
always be in 310 conformation, which would work equally
well thermodynamically in the sense that it avoids any net
conversion cost for the entire S4 segment. Both Khalili-Ara-
ghi et al. (22) and Schow et al. (29) also point out the role of
salt bridges and the intracellular aqueous crevice opening
for stabilizing 310 structure.
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It is not obvious to explain how the S4 transition to the
inactive state is different from normal relaxation-activation
if the secondary structure always changes (in contrast to
staying as 310-helix), but it is possible that the process could
be different in different regions of S4. In this respect, the all-
310-helix used as a simplified model in this work is obvi-
ously an extreme case because it is rare to find 310-stretches
above 12 residues in proteins (50), but we cannot a priori
calculate which residues would be most favorable to have
in 310-helix. However, the secondary structure conformation
at the terminal parts of the helix is not likely to affect the
transition barrier significantly, as those parts are largely in
the aqueous cavities rather than tightly packed in the protein
interior. If anything, if it is clearly advantageous (in terms of
free energy) for some parts of S4 to remain a-helix, it would
simply reinforce the work difference reported here.

An important point is that even if these simulations
sample multiple pathway trajectories, they are merely
samples and obviously not the optimal minimum free
energy pathway. Other pathways could provide even lower
free energy, and playing the Devil’s advocate, one could
ask whether all those trajectories merely represent improb-
able pathways. However, there are also lower bounds on
the expected free energy barrier that are useful to consider
here. After the arginine has passed the hydrophobic barrier,
the estimated free energy for the 310-helix goes down to at
least ~20 kJ/mol (it is in fact still decreasing when the a-
helix levels out).

In comparison, the free energy difference for a single
charge moving across a 130 mV potential change should
be ~12 kJ/mol, which is within the standard error bars. In
other words, the 310-helix trajectories represent possible
pathways that are compatible with the experimental results
and within ~10 kJ/mol of a real pathway, because gating
requires ~100 mV to occur. Together with spontaneous
310-helix formation, these pathways at least cannot be
extremely improbable. In contrast, none of the a-helix path-
ways even come close to be compatible with a 10–20 kJ/mol
barrier. Further, the rapid spontaneous 310-helix conversion
after the barrier when the structure restraints are removed
from the a-helix both indicates they sample neighboring
regions of phase space, and that the 310 helix indeed has
lower free energy in this conformation. The observed profile
for the 310-helix is compatible with a model where the
membrane polarization changes the resting state to be
more stable than the activated one, although there is still
a significant—but surmountable—barrier between them.

Although the actual free energy barrier is a complex
collective process related to S4 rotation and salt bridges,
F233 appears to have a prominent role in the hydrophobic
lock zone. It is also the only residue in this zone that exhibits
direct dynamics correlated with the S4 and arginine side-
chain translation. In contrast, I230 is almost equally bulky
and located just one turn above F233, and the I230H muta-
tion has been shown to generate a proton pore in the closed
state (51). However, although this residue clearly helps to
form the lock and interacts with F233, it does not appear
to move much itself. The exact details of the barrier that
prevents S4 from moving back to the resting state are still
unknown, but mutations on residues such as F233, I230,
and I177 are important future projects that might be possible
to address with equilibrium methods by starting from the
steered pathways for the wild-type protein.

In summary, we believe there is increasingly strong qual-
itative as well as quantitative evidence from simulations that
an altered 310-helix segment in S4 is a core component in
the transition and that it significantly reduces the work
required to pass the barrier. This could help reconcile differ-
ences between the conceptual models, and potentially
provides a very natural explanation for the separate much
slower transition to the AL state.
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Abstract

The gating of voltage-gated ion channels is caused by the arginine-rich S4
helix of the voltage sensor moving in response to an external potential.
Exactly how this is accomplished is not yet fully known, but several studies
now indicate S4 transiently adopts 310-conformation to facilitate the process.
Here, we combine modeling of intermediate states based on experimental
constraints with systematic in silico mutagenesis and free energy calculations
to identify metastable states and characterize the energetics when moving
between them. We show that states very close to the X-ray structure can
be obtained with steered simulations starting from the intermediate state,
and that several residues in the narrow hydrophobic band in the middle
of the voltage sensor contribute to the free energy between the activated
and intermediate states. The single most important is the structural barrier
caused by the aromatic ring of F233. Substitution for smaller amino acids
reduces the translation cost significantly, while introduction of a larger ring
increases it, both confirming experimental activation shift results. In fact,
the rigid ring appears to determine the barrier for the voltage sensor gating
process, with a close interaction between the ring rotation and the arginine
barrier crossing.
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1 INTRODUCTION

Voltage-gated ion channels (VGIC) are membrane proteins that conduct
ions, regulated by the electrostatic potential across the membrane. These
channels play fundamental roles e.g. in the generation and propagation of
nerve impulses and in cell homeostasis. VGICs are made up of four ho-
mologous domains, each of which contains six transmembrane helices. The
first four make up a voltage-sensing domain (VSD), with the helices labeled
S1 through S4. The final two helices (S5, S6) line the ion conducting pore
together with the same helices from the other three subunits.

Within the VSD, the S4 helix in remarkably atypical for a transmem-
brane helix since it contains several charged side chains, primarily arginine
but also lysine and occasionally polar substituents. As the electrostatic po-
tential across the membrane is changed, these charges will be subject to large
forces that cause S4 to move in the voltage sensor, which in turn initiates
a conformation change in the pore domain that opens or closes the channel
to control the flow of K+ ions from the intracellular to the extracellular
side (1–6).

Significant progress has been made in understanding the structure and
function of voltage-gated ion channels since the early days when it was not
even clear that S4 was a transmembrane helix. In particular the X-ray
structure of Kv1.2 (7) and later a higher-resolution structure of a Kv1.2/2.1
chimera (KvChim) (8) have been instrumental in this process. However,
both these structures are for open states of the channel (possibly even open-
inactivated), and without knowledge of the resting state as well as inter-
mediate states, the gating mechanism remains controversial. How are the
S4 gating charges stabilized as they effectively move from one side of the
bilayer to another, and what is the character of the free energy barrier in
this process? What is know is that the gating charges bias the protein to
flip between different functional states as a function of the applied voltage.
Experimental studies have suggested at least three different functional and
conformational states of the voltage sensor (9); the resting (R) state corre-
sponding to a closed channel when the membrane is polarized, the active
(A) state where the channel is open due to depolarization, and the relaxed
(AL) state which is an open-inactivated channel reached after prolonged de-
polarization, which then can require higher and/or longer hyperpolarization
to get back to the A and R states. These individual states are separated
by free energy barriers, and by applying an external potential the relative
free energy of the states change, which causes the voltage sensor to make a
transition to a different state (10).
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In practice, this motion occurs when the additional force on the arginines
in S4 cause them to cross the hydrophobic core of the voltage sensor, break-
ing the salt bridges of the extracellular cluster (with E183/E226), and re-
form them with side chains of intracellular cluster, D259 & E236. (8). Dur-
ing this process, each arginine must surmount the free energy barrier that
comes from transiently losing the salt bridges, and potentially rotating or
distorting the S4 structure (11).

As a consequence, the activation gating currents can have kinetics in the
millisecond to second range kinetics. Functionally, one typically separates
between deactivation (A to R), activation (R to A) and inactivation (A
to AL). Since the kinetics of these steps differ, there could be important
differences either in the barrier, or at least properties related to the direction
in which the free energy barrier has to be surmounted. The activation
(and deactivation) barrier is likely to be caused by the arginines crossing
the hydrophobic core of the VSD, while the inactivation barrier could also
have components related to conformational change (e.g. α- to 310-helix
transition (9, 11–13)) in the S4 helix.

The number of charged residues that effectively move across the mem-
brane is unclear since the results of different studies are not consistent. A
computational study by Khalili-Araghi et al. (12) found the highest-located
arginine (R1) in S4 to interact with E183 and E226 in the resting state (i.e.,
above the barrier), while Tao et al. (14) state that R1 passes the barrier
during deactivation since it binds at a position where K5 (further down in
S4) is interacting in the open state.

However, since there are at least three arginines that cross, there should
be intermediate states in the process, with S4 moving down in multiple steps
towards the resting state. Tao et al. (14) suggested a simple model with five
different voltage-sensor states. This would mean that each state indicating
one charged residue passing the barrier, i.e. four separate energy barrier
steps to overcome. These intermediate states have not yet been determined
experimentally, but modeling and simulations are potentially powerful tools
to study them.

The mixture of conserved positive charges in S4 and a hydrophobic region
in the center of the VSD supports a switch-like transition between clearly
defined arginine interactions above and below the hydrophobic zone (8, 15),
which we were able to show quantitatively in recent simulations, as well as
suggesting it is easier for S4 to make this transition as a 310-helix (11).

While there are several residues in the core of the VSD that might af-
fect the barrier (Fig. 1), Long et al. suggested the main candidate to be
F233 (F290 in Shaker) in the S2 helix, which is almost universally con-
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served in voltage-gated potassium channels (8). Tao et al. have conducted
experiments on F233 mutations (14). Only F233Y and F233W produced
similar results to wildtype Shaker, but they were also able to get functional
channels with a non-aromatic cyclohexylalanine side-chain, which suggests
a rigid ring is important, but not aromaticity. This appears to be confirmed
by our recent simulations that found F233 to act as a structural lock (11).
In contrast, Upadhyay et al. (16) found F233L to behave almost similar to
the wild-type, while it produced a shift of 40-50mV in the hands of Tao et
al.. Campos and co-workers (17) found I230C to form a proton pore, which
indicates this residue too contributes to the hydrophobic plug.

To characterize the transition between states, we have created and equi-
librated structural models of the first intermediate state during deactivation
(one-down; referred to as closed-1 or C1) of a voltage sensor based on ex-
perimental constraints, and used steered molecular dynamics simulations to
slowly force it back across the barrier. This gives us a reaction coordinate
from which we have been able to carry out potential of mean force free en-
ergy calculations for systematic in silico mutations in the hydrophobic core
of the voltage sensor, directly estimate how much mutations affect the free
energy barrier, and not least study the molecular role of F233.

2 METHODS

2.1 Simulation model of a voltage sensor domain

Helices S1 through S4 from the Kv1.2/2.1 chimera (PDB ID 2R9R) (8) were
used to model an isolated voltage sensor, since this is presently the highest-
resolution voltage-gated ion channel available. Many experimental studies
on voltage-gated channels (18–22) have instead been carried out on the
Shaker K+ channel, primarily since it can be highly expressed in Xenopus
occytes, but the two have very high sequence similarity and their voltage
sensors should be functionally equivalent. The simulation system was set up
as previously described (11), with the modification of the Amber99SB-ILDN
force field being used to model the protein (23) (Fig. 1). All simulations
were carried out with Gromacs 4.5.3 (24) using 5 fs time steps with virtual
interaction sites for hydrogens.

2.2 Modeling the intermediate closed-1 state & transitions

To overcome the lack of structural intermediates, a model of the state
where S4 has translated one step down was built using Rosetta and ex-
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perimental constraints applied to the chimera VSD structure. The residues
starting from S275 at the end of S3 through S307 at the end of S4 were
rebuilt using the loop modeling protocol followed by all-atom refinement
in Rosetta-membrane (25). A cadmium-linker constraint between sulphurs
of C268 in S3 and C289 in S4 (residues 325 and 361 in Shaker, Henrion
et al., manuscript) was applied in the form of a harmonic constraint cen-
tered at 6 Å. The backbone for the remodeled residues and all side-chains
were allowed to move during optimization, while the backbone for the non-
remodeled residues was kept fixed. Additional constraints were used to en-
sure R3-E183 and R4-E226 were kept within salt bridge distance. No other
constraints were applied, but the ones present force the arginines R3/R4 to
stretch, and induces a stretch of 310-helix in this region of S4 between E183
and E226 where F233 is located. Roughly 10,000 different models were gen-
erated with Rosetta, they were clustered on the membrane region, and the
lowest-energy model of the largest cluster selected. This structure was sub-
ject to 100 ns of unconstrained molecular dynamics equilibration. Steered
molecular dynamics (SMD) was used to generate a trajectories between the
two states by applying a harmonic potential to the center-of-mass of the
R0-R6 charged side chains and the center of mass of S1-S3 helices as de-
scribed in (11), without constraining any parts of the S4 helix. The steered
simulations were started from the closed-1 state, pulling upwards in the di-
rection along the helix, which makes it possible to assess to what extend
the end state of the SMD simulation coincides with the the original VSD
X-ray structure. Additionally, the closed-1 state was also pulled downwards
to obtain conformations both above and below the potentially metastable
intermediate state.

2.3 In-silico mutagenesis & potential of mean force calcula-
tions

To investigate the barrier, frames spaced 0.02 nm apart were selected from
the wild-type SMD trajectories, and each hydrophobic residues in the core
region of S1 through S3 (S4 is the moving part) mutated to alanine. F233
was additionally mutated to a number of other residues to assess the influ-
ence of the phenyl ring and shed light on differences between experiments.
All single-point mutations were introduced with PyMol (26) using the mu-
tagenesis plugin. Each mutated system was then energy minimized for 1.000
steps with steepest descent to resolve steric clashes.

Potential of mean force (PMF) curves were calculated by using umbrella
sampling on the relative distance between the charged side chains in S4
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(R0-R6) and the reference group formed by helices S1-S3. The umbrella
harmonic force constant was set to 10.000 kJ/mol/nm, and the reference
distance in each window was kept constant during the run. Each umbrella
point was sampled for 50 ns, with the first 20 ns (40%) being reserved for
relaxation and the remaining 30 ns used for production. Standard errors
were estimated by splitting the data into three parts and using jack-knife
statistics. PMF curves were calculated from the ensemble of simulations us-
ing the Gromacs g_wham program (27) based on the Kumar et al. Weighted
Histogram Analysis Method (28).

2.4 2D free energy profile of the phenyl ring rotation

The conformations of the F233 phenyl ring and its interactions with argi-
nine side chains during S4 translation was investigated through 2D umbrella
sampling on the side chain torsions in F233. This was performed for two
different S4 positions, first with the R4 arginine located above F233, and
second when directly opposing F233, which corresponds to the peak in the
PMF curves. The umbrella term was introduced by modifying parameters
of side chain torsions χ1 (N-Cα-Cβ-Cγ), χ2 (Cα-Cβ-Cγ-CD1) to force the
phenyl ring into different conformations. The biasing potential was set to
100 kJ/mol/rad. For χ1, sampling was performed in the range [-180◦,180◦]
with a spacing of 10◦, while χ2 was limited to [0,180◦] because of the ring
symmetry. Each umbrella simulation was relaxed for 100 ps followed by 1 ns
of production. 2D PMF profiles were computed from the simulations using
Alan Grossfield’s 2D-WHAM program (29).

3 RESULTS

3.1 A reaction coordinate for R4 crossing the hydrophobic
core

The conformation of the S4 intermediate closed-1 structure after free relax-
ation for 100 ns is shown in Fig. 2A. Helices S1-S3 are virtually identical to
the X-ray VSD structure, while S4 has been translated one step down, i.e.
the R4 arginine side chain is located below F233 instead of above it. No
restraints were applied during simulation, but the S4 helix spontaneously
adopts 310-helix structure between residues R3 and R4, exactly where F233
is located, further up in the structure compared to the X-ray VSD. Limited-
range umbrella sampling in both directions confirmed this initial model is
very close to the local free energy minimum structure. The steered molec-
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ular dynamics simulation forces S4 to move up, which in turn forces R4 to
cross the hydrophobic core and instead adopt a position above F233. In
conjunction with this, there is a spontaneous change of secondary structure
in S4, with the 310-helix region sliding to be most pronounced between R4
and K5. At the end of the upward steered simulation, both the side chain
positions and 310-helix location correspond exceptionally well to the features
observed in the X-ray structure of the VSD, as illustrated in Fig. 2B. The
final simulation conformation (after starting from the closed-1 and pulling
upwards) has an RMSD of 3.0 Å from the crystal structure. This strength-
ens our confidence in the quality of the obtained reaction coordinate, and
indicates the distortion during the SMD simulation is at least not excessive.
In addition, it appears to support the idea of conformational shifts between
α-helix and 310-helix, but that this shift occurs through gradual sliding of a
constant-length 310-region, rather than a net growth of either structure. In
the simulation, the 310-helix region is always located roughly opposite E226
and E236, at the same height as the F233 phenyl ring.

3.2 F233 is the main contributor to the free energy barrier

We have previously observed significant free energy barriers to S4 transla-
tion (11) at the point where charged side chains enter the hydrophobic core,
but this alone is not sufficient to uniquely identify the source of the free en-
ergy cost. To enable this, single-point mutations to alanine were introduced
at all 21 residues within 1 nm (Fig. 1) of the hydrophobic core (V170, M171,
V172, I173, L174, I175, I177, V178, F180, V225, C229, I230, I231, W232,
F233, I260, V261, I263, I264, Y267, V268), and PMF curves calculated as
described in the methods. The relative difference in the peak free energy
value along the PMF for each residue compared to that of the wild-type is
listed in Tab. 4, and illustrated in Fig. 3 for a subset of positions. Most of
the positions (15 out of 21) have little or no effect on the free energy barrier,
and there are only two positions where there is a significant decrease when
the side chain is mutated to alanine: F180 and F233. The shift for F233 is
over 10 kJ/mol, more than twice as high as for F180. Both of these phenyl
rings face the inside of the cavity, with F233 from helix S2 directly blocking
the narrowest part of the VSD pore. In contrast, F180 is located in helix
S1 above R4 (Fig. 1). The barrier effect on this residue is more probably to
come from changes in its interaction with R3, which has to rotate when the
S4 helix translates down and changes secondary structure. F180 is not as
conserved in voltage sensors as F233 is; this position can also contain other
hydrophobic residues such as valine or leucine (Fig. 1A). There could be
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additional contributions from positions such as I230, but these effects are
significantly smaller than for the two phenylalanines.

3.3 Effects of additional mutations on F233

Given the clear influence on the free energy barrier when the F233 side
chain is removed, it is highly interesting to consider the effect of introducing
other amino acids in this position. Fig. 4 displays the PMF profiles for the
other available aromatic side chains, tyrosine and tryptophan, compared to
the wild-type (WT). Neither of these mutations have any significant struc-
tural effect on the voltage sensor. Both F233Y and F233W exhibit higher
free energy barriers, with in particular tryptophan making S4 motion sig-
nificantly harder. Judging from the simulations, the main reason for this
barrier is again simple steric hindrance, where all rigid rings provide obsta-
cles, but the double ring of the tryptophan one is particularly difficult to
rotate away. This would in particular make it harder to deactivate the chan-
nel, which supports the experimental results of Tao et al. (14) (in contrast
to Upadhyay (16)), who found that F233W requires larger negative voltage
to close the channel. The polar groups present both in tyrosine and trypto-
phane do not appear to play any significant role for their interactions with
arginine. On the contrary, despite phenylalanine being more hydrophobic,
the fundamental process for all three side chains is still that the rings have
to rotate away, which agrees very well with the observation that a rigid ring
at the F233 position is important, but not its aromaticity.

In the steric obstacle model for the barrier, mutations of F233 to smaller
residues should have the opposite effect of the large aromatic chains. This is
confirmed not only by the F233A mutation, but also by F233L that replaces
the phenyl with the most hydrophobic non-ring side chain. As shown in
Fig. 5), the leucine mutation reduces the free energy barrier by roughly
10 kJ/mol, almost as much as the mutation to alanine. Thus, here too
the main effect appears to be the bulkiness of the side chain rather than
its hydrophobicity. There is in fact one voltage sensor (KvAP) that has a
leucine instead of a phenylalanine in the position corresponding to F233,
but for virtually all others the phenylalanine appears to be conserved. This
could have important implications for gating kinetics, but the relationship
between KvAP other Kv channels is not entirely certain (36).
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3.4 Conformations of the F233 phenyl ring during S4 trans-
lation

Based on the simulations, the phenyl ring appears to alter between two pre-
ferred positions; it either has a largely horizontal orientation (with respect to
the membrane frame-of-reference) where it effectively blocks the narrowest
part of the voltage sensor cavity completely, or it rotates away to a largely
vertical orientation when the R4 arginine side chain needs to pass it. From
our earlier simulations where the S4 helix was pulled down slowly from the
X-ray structure on microsecond scale (11) it is possible to characterize the
phenyl ring conformations in terms of the F233 side chain torsions χ1 and
χ2 as a function of time (Fig. 6). With the arginine side chain entering from
above (the arginine moves further down to the right in the plot), the ring is
initially pushed even harder into a blocked position by R4 (the first 1-1.5 Å
of translation), but after a while this lock opens by making a jump in the
χ2 torsion. The χ1 torsion exhibits an initial fluctuation to enable the ring
to rotate around χ2 and adopt a largely vertical orientation, but most of
the change is observed in χ2. Once R4 has translated down, both χ1 and
χ2 go back to their initial values, and in particular for χ2 this is a very
rapid, switch-like, process. This flipping behavior appears similar to that
observed in other studies of aromatic ring motion (30–34) that supports the
observation that a phenylalanine primarily tends to rotate around the χ2

axis. For phenylalanine and tyrosine rings, these motions typically consist
of restricted rotational diffusion in χ1 and χ2 degrees of freedom, combined
with 180◦ ring flips around the symmetry axis in χ2 (35).

To further study the dynamics of the phenyl ring we performed 2D PMF
calculations (see methods) to obtain the relative free energies of its confor-
mations when the R4 side chain is either above or directly opposite the F233
residue. As illustrated in Fig. 7A, the ring initially has relatively large free
energy minima corresponding to the pore-blocking conformations where it
has favorable hydrophobic interactions with the VSD core (χ1 ∼-70◦ , χ2

∼20◦, conformation A3 in Fig. 7A). The phenyl ring is pushed by R4 moving
down into even a more blocked orientation, that is the same kind of energet-
ically favorable than the rings crystal structure conformation. This effect
has been characterized already Fig. 6 (initial fluctuations). From these con-
formations the phenyl ring can rotate away, but this motion is not favorable.
As the R4 arginine side chain is forced down and relocated opposite F233
(Fig. 7B), steric clashes between R4 and the phenyl ring (Fig. 7B, configura-
tion B1) increase the free energy of the pore-blocking state, and eventually
make this conformation disadvantageous, at which point the phenyl ring
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rotates by 100-120◦ to the vertical open state (χ1 ∼-70◦, χ2 ∼150-170◦,
conformation B2 in Fig. 7B). This is followed by a flip-like motion of the
arginine across the hydrophobic zone, after which the phenyl ring can rotate
back into the lower free energy pore-blocking conformation.

4 DISCUSSION

There is now increasing evidence - both from experiments and simulation -
that the voltage sensor activation/deactivation process is closely coupled to
secondary structure alterations in the S4 helix (9, 11–13) rather than merely
rotation, translation and tilting of a rigid element, but this far it has been an
open question exactly to what extent, and during what phase of the gating,
these changes occur. Studies of intermediate states is an important step to
resolving this, since it helps us understand the fundamental reaction step in
the gating process. As presented above, it is not only possible to construct a
stable model of the closed-1 state, but by using steered molecular dynamics
to merely force an unconstrained S4 helix upwards from this state we are
able to retrieve a state exceptionally close to the X-ray structure of the
chimera voltage sensor, both in terms of side chain interactions, reasonably
low RMSD, and most important 310-helix contents. In relation to our earlier
studies comparing barriers for α-helix vs. 310-helix translation, this confirms
the advantage of 310-helix structure close to the F233 lock, but additionally
suggests that the secondary structure transition occurs as a sliding region
in the S4 helix, largely maintaining the total fraction of each secondary
structure type.

Our potential of mean force calculations provide strong support for the
experimental results of Tao (14) rather than Upadhyay (16). Based on the
simulations, it is quite clear that F233 is the functionally single most im-
portant residue in the hydrophobic core and provides the main part of the
R4 translation barrier. It also suggests it is primarily a steric barrier for
the arginine side chains in the most narrow part of the VSD cavity rather
than general hydrophobic effect. Larger aromatic rings increase the bar-
rier despite containing some polar groups, while smaller but almost equally
hydrophobic side chains decrease it. The present PMF-based free energy
barriers are also lower than the previous estimates, which makes sense since
the S4 helix now is completely unconstrainted and allowed to adopt whatever
structure is most advantageous.

It is highly interesting that all the potential of mean force curves indicate
a significantly lower free energy in the open (X-ray) structure to the left in
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the figures, while the intermediate closed-1 state is located clearly higher.
Since the present results are based on equilibrium free energy calculations
this is unlikely to be an hysteresis effect, and even loss so considering we de-
liberately constructed the reaction coordinate starting from the intermediate
state further down; if there were hysteresis effects, we would expect them to
overestimate - not underestimate - the free energy in the final conformation.
These results indicate that a hypothetical model for the complete gating
process could have a larger step for the first open to closed-1 transition,
followed by smaller barriers for the remaining steps, as illustrated in Fig. 8.
Not only would this be necessary to have a low enough free energy difference
between the two end states that it is possible to alter it with the externally
applied membrane potential, but it is likely also important to avoid having
multiple deep minima, where the voltage sensor could otherwise be trapped.

It remains a very important challenge to obtain experimental results
for the kinetics of the voltage sensor activation, and start adressing the
questions whether the activation and deactivation processes are mirrors of
each other, or have important differences. Similarly, a better knowledge of
the energetics of the multiple steps should eventually help us understand the
important differences between the open vs. open-inactivated conformations
observed experimentally (9).
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2 Structure of the VSD before and after steered molec-
ular dynamics. (A) Structure of the intermediate closed-1
conformation after free relaxation. The R4 arginine side chain
is located below F233, and there is a 310-helix region between
residues R3 and R4. The crystal structure is superimposed in
gray with arginines in transparent blue. (B) After forcing S4
upwards along the helix axis, the R4 arginine is located above
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3 F233A causes the largest reduction in the free energy
barrier. Relative difference in the peak value of the free
energy barrier during R4 transition for selected hydrophobic
residues mutated to alanine, compared to WT. Error bars
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standard error in the calculation for the WT (values for all
mutants available in Tab. 4). The difference is statistically
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4 A rigid ring is essential for slow channel deactivation.
Both tyrosine and tryptophane increase the cost the S4 tran-
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gion by rotation away the aromatic ring in position 233. The
open (O) and closed-1 (C1) states are indicated. . . . . . . . 21
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While leucine is still a large hydrophobic side chain, it is
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7 Relative free energy of F233 phenyl ring orientations.
2D PMF plots of relative free energy as a function of side
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(A) and opposite (B) F233 (green). E226 is shown in red.
There appears to be two possible pathways for F233 to rotate
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8 Hypothetical model for multiple energy barriers caused
by arginines R4-R2, and possibly R1, moving across the hy-
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Figure 1: The hydrophobic core of the VSD. (A) Sequence alignment
of voltage sensors, visualized with JalView. Residues are colored according
to Kyte & Doolittle (37) with blue being hydrophobic and red hydrophilic.
Conserved residues (above 30 %) are highlighted, and the 10 Å hydropho-
bic core marked in green overlay. (B) Complete simulation system of the
open state of the Kv1.2/2.1 chimera, with VSD hydrophobic residues shown
in green. (C) The hydrophobic core observed from the extracellular side
without lipids and water; F233 points into the cavity and might block it.
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Figure 2: Structure of the VSD before and after steered molecular
dynamics. (A) Structure of the intermediate closed-1 conformation after
free relaxation. The R4 arginine side chain is located below F233, and there
is a 310-helix region between residues R3 and R4. The crystal structure is
superimposed in gray with arginines in transparent blue. (B) After forcing
S4 upwards along the helix axis, the R4 arginine is located above F233, and
the 310-helix has slided to be located between R4 and K5. This coincides
remarkably well with the X-ray VSD structure, and the structures are within
3.0 Å RMSD of each other. Only the R0 side chain has a slightly different
conformation, which is due to interactions with a lipid.
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Figure 3: F233A causes the largest reduction in the free energy
barrier. Relative difference in the peak value of the free energy barrier
during R4 transition for selected hydrophobic residues mutated to alanine,
compared to WT. Error bars indicate the standard error of the difference,
and the absolute standard error in the calculation for the WT (values for all
mutants available in Tab. 4). The difference is statistically significant both
for F180 in the S1 helix and F233 in S2, with the latter showing the greatest
shift.
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Figure 4: A rigid ring is essential for slow channel deactivation. Both
tyrosine and tryptophane increase the cost the S4 transition. The increased
bulkiness of these residues makes it harder to move the R4 arginine side
chain across the core region by rotation away the aromatic ring in position
233. The open (O) and closed-1 (C1) states are indicated.
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Figure 5: Smaller side chains decrease the deactivation energy.
While leucine is still a large hydrophobic side chain, it is significantly more
flexible than an aromatic ring, which facilitates the translation of R4 across
the hydrophobic zone (between O and C1 state).
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Figure 6: Phenyl ring conformations during transition. The R4 argi-
nine side chain motion across the VSD core primarily causes the F233 side
chain to rotate around χ2 in order to open the steric lock formed by the
phenyl ring. After passage, the side chain torsions move back to their initial
values (compare Fig. 7).
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Figure 7: Relative free energy of F233 phenyl ring orientations. 2D
PMF plots of relative free energy as a function of side chain torsions χ1 and
χ2, with the R4 arginine (blue) above (A) and opposite (B) F233 (green).
E226 is shown in red. There appears to be two possible pathways for F233
to rotate away and open the lock, the first involving a switch-like transition
in χ1, and the second only rotating around χ2. The lowest-barrier path is
shown in a bold dashed line. As R4 is located opposite of F233 (B1), the
ring’s conformational space is restricted by steric clashes (red circle), and it
can only rotate around χ2 until the arginine has moved further down.
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Figure 8: Hypothetical model for multiple energy barriers caused
by arginines R4-R2, and possibly R1, moving across the hydrophobic lock.
Having one barrier of greater magnitude is likely necessary to avoid trapping
the S4 helix in intermediate states. It would also work well with ideas that
the VSD X-ray structure (overlayed in grey) could be an open-inactive state
caused by prolonged depolarization. The nature of the R3 & R2 barriers
is not yet known, and there are still different opinions whether R1 really
moves below F233.
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List of Tables

1 Relative difference in the peak value of the free en-
ergy barrier during R4 transition for all hydrophobic core
residues mutated to alanine, compared to the value for WT.
The standard error for the WT is the absolute standard error.
Compare to Fig. 3. . . . . . . . . . . . . . . . . . . . . . . . . 27



TABLES 27

Mutation ∆G to WT (kJ/mol) Effect
F233A (S2) -12.5±7.5 decrease
F180A (S1) -6.5±4 decrease
I230A (S2) -1±10 minor decrease
Y267A (S3) 0±2 no
WT 0±3 -
I231A (S2) 0.5±1.5 no
I264A (S3) 0.5±4 no
V170A (S1) 1±2.5 minor increase
I173A (S1) 2±1.5 minor increase
I263A (S3) 2±5.5 minor increase
V178A (S1) 2.5±5 minor increase
V268A (S3) 3±4.5 minor increase
V225A (S2) 3.5±2 minor increase
W232A (S2) 3.5±5.5 minor increase
I175A (S1) 4±4 minor increase
C229A (S2) 4±7 minor increase
L174A (S1) 4.5±6 minor increase
V172A (S1) 4.5±7 minor increase
V261A (S3) 5.5±4.5 increase
I260A (S3) 9.5±2 increase
M171A (S1) 10.5±4.5 increase
I177A (S1) 11±6.5 increase

Table 1: Relative difference in the peak value of the free energy
barrier during R4 transition for all hydrophobic core residues mutated to
alanine, compared to the value for WT. The standard error for the WT is
the absolute standard error. Compare to Fig. 3.
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