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Chapter 1

Introduction

Voltage gated potassium ion (Kv) channels regulate action potentials of the nervous sys-
tem by responding to changes in transmembrane voltage, enabling K* transport across the
membrane to restore cells to their resting potential (Hodgkin and Huxley, 1952; Long et al.,
2007). Comprised of four identical subunits, Kv channels contain four voltage sensing do-
mains arranged on the periphery of a central pore domain. Each voltage sensor is com-
prised of four transmembrane helices, numbered S1 through S4. The S4 helix, containing
four to six highly-conserved, positively-charged arginine or lysine residues, is responsible
for voltage sensitivity in Kv channels (Papazian et al., 1991; Sigworth, 1994; Bezanilla,
2000). The pore domain consists of two transmembrane helices, S5 and S6. The S5 helix

constitutes the periphery of the pore domain and is believed to be relatively immobile. The



2 CHAPTER 1. INTRODUCTION

S6 helices, lining the interior of the channel, gate the protein and regulate K* permeation
(Jiang et al., 2003; Long et al., 2005b, 2007). Because each subunit of Kv channels contains

six transmembrane helices, they are often referred to as 6TM Kv channels.

The depolarization of an action potential is initiated as sodium ions enter the cell (Hodgkin
and Huxley, 1952). At the cellular resting potential of -70 mV, potassium ion channels are
closed, and the S4 helix is in its “down” state. As the electrochemical gradient changes,
the S4 helices of Kv channels begin to reorient within the membrane. At the peak of the
action potential (roughly +20 mV), the S4 helices exist in their “up” state (Jiang et al.,
2003). This conformational transition of the S4 helix is coupled to the pore domain via the
S4-S5 linker, a short, amphipathic helix along the intracellular membrane-water interface.
By bridging the C-terminus of the voltage sensor to the N-terminus of the pore domain, the
S4-S5 linker couples the voltage sensitivity of the voltage sensor to K+ conduction in the

pore domain (Blunck and Batulan, 2012).

Because they begin opening at voltages less than O mV, all crystal structures of Kv chan-
nels contain an open pore domain (Jiang et al., 2003; Long et al., 2005b, 2007). With
no structure in the closed conformation, the mechanism of gating in Kv channels remains
unclear. Nevertheless, significant biophysical studies have revealed insights into both the

closed conformation and the gating transition itself (reviewed in Tombola et al., 2006). In



(a) (b)

Figure 1.1: The transmembrane region of the crystal structure of the Kv1.2/2.1 chimera
(PDB code 2r9r), viewed extracellularly (a) and from the side (b). The cytoplasmic domain
(not shown) is not essential for channel function.

this dissertation, I will explore questions relevant to the gating mechanism in voltage gated

potassium ion channels through fully-atomistic molecular dynamics (MD) simulations.

First, in Chapter 2, I will address the potential role of the 3¢ helical conformation found in
the C-terminal end of S4 in the crystal structures of Kv channels. Spanning eight or more
residues, these 3¢ helices are both uncharacteristically long and conserved in K* channel
crystal structures (Vieira-Pires and Morais-Cabral, 2010). By simulating the Kv1.2/2.1
chimera channel’s voltage sensor embedded in a lipid bilayer, I find that an alpha to 31,
helical interconversion of the S4 helix reproduces many experimental measurements of the

open and closed states of Kv channels.
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In Chapter 3, I perform molecular dynamics simulations of the entire Kv1.2/2.1 chimera
channel. First, I examine the impact of an alpha to 3¢ helical interconversion of the S4 he-
lix on the pore domain of the channel. Though the results are consistent with the results in
Chapter 2 (and the corresponding experimental measurements), I find that this secondary
structural modification is insufficient to influence the pore domain of the channel on the
timescale of my simulations. In the second half of Chapter 3, I use molecular dynamics
simulations to generate a closed state model of the Kv1.2/2.1 chimera from luminescence
resonance energy transfer (LRET) measurements of the closed conformation of KvAP. The
resulting structure is indeed closed, and also recapitulates a number of experimentally de-

termined measurements of the closed channel (Faure et al., 2012).

In Chapter 4, I focus on the pore domain. First, using targeted molecular dynamics simula-
tions, I generate a transition between a closed model of the KvAP linker and pore domain
to the open conformation. Then, using an umbrella sampling method, I quantify the en-
ergetics of the gating transition in KvAP and assess the physiological implications. In
agreement with experimental studies of Kv channel energetics, I find that the open pore
is roughly 2.7 kcal/mol lower in free energy than the closed conformation. The targeted
molecular dynamics and umbrella sampling simulations reveal additional insights into the

gating mechanism of KvAP.



Lastly, in Chapter 5, I use MD simulations to gain insights into the binding mechanism of
VSTx1, a Kv channel inhibitor. By using the experimentally determined neutron scattering
density profile of the VSTxI1 toxin bound to a lipid bilayer as a restraint for molecular
dynamics simulations, I recreate the experimental scattering density profile, and also offer

insight into the binding of VSTx1 to a lipid membrane.



Chapter 2

The 3¢ Helix in S4 and its Relevance to

Gating

2.1 Introduction

The primary actor in the voltage sensitive response of Kv channels is the S4 helix of
the voltage sensing domain (Bezanilla, 2000). Sequence alignment of 6TM potassium
ion channels reveals four to six highly conserved positively charged arginine and lysine

residues at every third residue along S4 (Figure 2.1). Site directed mutagenesis studies
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AILRVIRLVRVFRIFKLSRHSKGL Kvl.2
RVVWIFRIMRILRILKLARHSTGL Kv2.1
GLFRLVRLLRFLRILLIISRGSKF KvAP
DGSPDWSLYCAVWLLKPLRDSTFF MlotiKl

Figure 2.1: Sequence alignment of the S4 helix in crystal structures of potassium ion chan-
nels. Conserved, basic i—i+3 residues are in red.

have shown that these conserved basic residues are responsible for the majority of the volt-

age sensitivity in Kv channels (Seoh et al., 1996).

X-ray crystal structures of 6TM Kv channels have revealed shared structural motifs beyond
mere primary sequences. One such salient similarity is found in the voltage sensor; Kv1.2
and the Kv1.2/2.1 chimera crystal structures, both captured in the open state, contain 3
helices spanning several turns at the C-terminal end of the S4 helix (Long et al., 2005b,
2007). Mlotikl, a 6 TM cyclic nucleotide gated potassium channel, and NavAb, a 6TM
voltage gated sodium channel, are both crystalized in the closed state (Clayton et al., 2008;
Payandeh et al., 2011), but nevertheless contain 3 helices spanning the entire transmem-

brane region of S4.

With (¢, y) dihedral angles of (-49°, -26°), the 3¢ helix is characterized by hydrogen
bonds between the carbonyl of residue i to the amide hydrogen of residue i43. This unique
hydrogen bonding pattern winds the 3¢ helix more tightly than the i—i+4 hydrogen bond-

ing pattern of the more common alpha helix (Enkhbayar et al., 2006).
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() (b)

(©) (d)

Figure 2.2: A decalanine peptide in the 3¢ (a, ¢) and alpha (b, d) conformations. Viewed
down the helical axis, the 39 conformation (a) is narrower than the alpha helix (b), and in-
herently stacks the sidechains of the peptide along one of three helical faces. A 90° rotation
of the helix reveals that the 31¢ helix is roughly 30% longer than the alpha conformation.
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The structural ramifications of these differing hydrogen bonding patterns are also signifi-
cant. Canonical 3¢ helices are approximately 20-30% longer than canonical alpha helices;
the length of a 3o helix increases roughly 1.8-2.0 A per additional residue, while alpha
helices increase roughly 1.5 A per additional residue (Clayton et al., 2008). 3¢ helices
are also narrower than alpha helices; the radius (delimited by the backbone) of a 3¢ helix
is roughly 1.9 A, while the radius of an alpha helix is roughly 2.3 A. The i—i+3 bonding
pattern of the 3¢ helix aligns the sidechains of residues i and i+3 along the same helical
face, whereas the alpha helix staggers sidechains around the entire face of the helix (Figure

2.2).

The 3¢ helix is a rare secondary structure element, and 3¢ helices extending beyond two
turns are exceedingly uncommon (Figure 2.3). The paucity of 3¢ helices has given way to
significant discussion about their energetics (Vieira-Pires and Morais-Cabral, 2010). This
lack of solid data leads to vast differences in the dihedral energetics of 3¢ helices in differ-
ent empirically derived force fields (Patapati and Glykos, 2011). Given the recurrence of
the 319 motif in the S4 helix of 6 TM ion channels, their energetic, structural, and functional
implications must be considered. The response of S4 to transmembrane voltage has been
highly debated, and several models of voltage sensor modification in response to voltage
changes have been proposed, consisting of transmembrane translocations, tilts, and twists
(reviewed in Tombola et al., 2006). What if the conversion of S4 from an alpha to a 31

conformation were central to the voltage-gating mechanism?
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Figure 2.3: The total number of 3¢ helices (a) and long (eight or more residues) 3¢ helices
in a selection of 7909 non-redundant protein structures, sorted by length.

To address the possibility of a functional role of the 3¢ helix in S4 of Kv channels, I have
performed fully atomistic MD simulations on the Kv1.2/2.1 chimera voltage sensor with
restraints applied to the secondary structure of the S4 helix. The energetic and structural

ramifications of an alpha to 3¢ interconversion are then discussed.

2.2 Methods

Using the CHARMM-GUI web service (Jo et al., 2008), the voltage sensor of the Kv1.2/2.1
chimera (PDB code 219r, residues 153 through 315) was embedded in two different bilay-
ers: one composed of DPPC lipids, and a second composed of DLPE lipids (Figure 2.4).
These systems were then copied to create three identical systems for each lipid environment

with varying S4 structure: 3¢, alpha, and wild-type (unrestrained, hereafter abbreviated as



2.2. METHODS 11

Figure 2.4: The experimental setup for Kv1.2/2.1 chimera simulations in a DPPC mem-
brane. Residues 285 through 305 of the S4 helix, shown above in a 3¢ helix, are yellow.

WT). To induce helical secondary structure, harmonic distance restraints of 3.0 A were
applied between the carbonyl oxygen atoms of residue 1 and the amide nitrogen atoms of
residue i+3 or i+4 in the 3¢ and alpha conformations, respectively. The restraints spanned
the length of S4 (residues 285 through 305). Additionally, harmonic restraints between the
carbonyl oxygens and amide hydrogens of the aforementioned residues were applied at 2.0
A. The unrestrained system had no restraints applied to control the secondary structure of
S4. Though slightly shorter than the canonical hydrogen bond distance, the harmonic po-
tential permits small local conformational flexibility while ensuring the desired secondary

structure is maintained throughout the region of interest.
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To equilibrate the system, harmonic restraints were applied to the entire protein. These re-
straints were gradually reduced during 375 ps of equilibration. The S4 secondary structure

restraints remained constant.

Molecular dynamics simulations were performed for each of the systems for 100 ns us-
ing NAMD 2.8 (Phillips et al., 2005) with the CHARMM?27 force field for proteins and
phospholipids (MacKerell et al., 1998). Temperature was held constant at 303.15 K with
Langevin dynamics, and pressure was held constant at 1 atm with the Langevin Nosé-
Hoover method. All simulations were performed with periodic boundary conditions. Wa-
ter was represented with the TIP3P water molecule, KCI concentration was set to 150 mM,
and high frequency hydrogen vibrations were controlled using the SHAKE algorithm. An
identical simulation protocol was carried out with the unrestrained voltage sensor using

AMBER-99 force field for 20 ns (Wang et al., 2000).

2.3 Results

Distance restraints between atoms within backbone carbonyls and amide groups were suf-
ficient to induce 319 and alpha helix formation, respectively (Fig. 2.5). Because of the
more tightly-wound structure of 3¢ helices, the S4 helix is roughly 4.5 A longer in the 31

conformation than in the alpha conformation, in line with the canonical definition of a 3
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Figure 2.5: The 31 helical propensity of the S4 helix of the 3¢ , alpha, and wildtype sim-
ulations. The i—i+3 distance restraints are sufficient to induce a 3¢ helical conformation.

helix. The length of the unrestrained S4, which contains a 3¢ helix at its C-terminal end,
is intermediate to the alpha and 3y S4 lengths (Fig. 2.6a), reflecting its intermediate 3

helical content.

Similarly, the tilt angle of the S4 helix with respect to the membrane normal increases as its
310 helical content increases (Fig. 2.6b-c). The S4 helix in the shorter alpha conformation
adopts the most vertical orientation within the membrane, while the S4 helix in the 3
conformation tilts farther from the membrane normal. The unrestrained S4 helix is more
promiscuous, most frequently visiting orientations similar to the alpha and 3o helices.
This bimodal behavior of the unrestrained helix suggests that certain tilt angles within the

membrane are more favorable than others, and the secondary structure of the helix can
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promote energetically favored orientations within the membrane. The transformation from

alpha to 3¢ helix results in an increase in tilt from the membrane normal of roughly 15°.

This discrepancy in tilt angles between the alpha and 3;¢ conformations of S4 was inde-
pendent of lipid type. Identical simulations were performed with voltage sensors in both
DPPC and DLPE lipids. While the shorter DLPE lipids did increase the tilt of S4 helices
by approximately 10°, the lipid length did not affect the disparity between alpha and 319
tilt angles (roughly 15°, Fig. 2.6b-c), Thus, we can conclude that hydrophobic mismatch

drives helical tilting to varying degrees depending on the secondary structure of S4.

Salt bridge pairs within the voltage sensor proved to be robust and mostly unaffected by
the secondary structure of the S4 helix. Prominent salt bridge pairs found in the Kv1.2/2.1

chimera crystal structure endured in all simulated conformations (Figures 2.7, 2.8, 2.9).
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Figure 2.6: : The impact of restraining the S4 helix of the Kv1.2/2.1 chimera to alpha

and 3¢ helical conformations over fully atomistic 100 ns molecular dynamics simulations.
a) The length of S4 is dependent upon the secondary structure content of the helix. b-c)
The tilt angle of S4 relative to the membrane normal for the 3¢, alpha and unrestrained
conformations in DPPC (b) and DLPE (c).
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(@) (b)

Figure 2.7: a) The salt bridges between the S4 basic residues (R293, R296, R299, K302,
R305) in the 3¢ simulation that exist in at least 25% of the frames in the simulation. The
width of the line is weighted by the frequency of the interaction. b). The final configuration
of the voltage sensor in the 31¢ simulation. Orange: R293, R296, R299, K302, R305.
Yellow: E183. Green: E226. Grey: F233. Pink: E236. Magenta: D259.
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(a) (b)

Figure 2.8: a) The salt bridges between the S4 basic residues in the alpha simulation. The
width of the line is weighted by the frequency of the interaction. b). The final configuration
of the voltage sensor in the alpha simulation. Residue colors are identical to those in Fig.
2.7.
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(a) (b)

Figure 2.9: a) The salt bridges between the S4 basic residues in the wildtype simulation.
The width of the line is weighted by the frequency of the interaction. b). The final con-

figuration of the voltage sensor in the wildtype simulation. Residue colors are identical to
those in Fig. 2.7 and 2.8.
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2.4 Discussion

Could, then, the interconversion between alpha and 3¢ conformations of the S4 helix drive
the gating process of Kv channels? Within the voltage sensor, an intrinsic rotation of
residues around the axis of S4 takes place as the backbone hydrogen bonding pattern rear-
ranges from 1i—i1+4 to i—1+3, accounting for known experimental data of arginine rotation
(reviewed in Tombola et al., 2006). A 3¢ to alpha interconversion could also facilitate
structural modifications beyond the voltage sensor. Tethered to the C-terminal end of the
S4 voltage sensing helix, the S4-S5 linker lies in the membrane plane adjacent to the pore
gate. Responsible for electromechanical coupling of the voltage sensor to the pore domain,
the S4-S5 linker must move 4 A during the gating process (Haddad and Blunck, 2011;
Faure et al., 2012). The elongation and tilt of S4 as it undergoes a change from 3¢ to alpha
results in a lateral displacement of its tail by 4 to 8 A, depending on if the pivot point is in
the middle or edge of the membrane, respectively (Fig. 2.8). The range of lateral motion
created by the change in S4 tilt angle would be sufficient to move the linker its known

distance during the gating process.

The energetic ramifications of a 3¢ to alpha helical conversion in S4 could also contribute
to the gating process of Kv channels. Given their inherent bistable nature and propensity to
open at voltages below 0 mV (Haddad and Blunck, 2011), the open conformation may rep-

resent the global energetic minimum of Kv channels, with energy from a hyperpolarizing
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()

DPPC Membrane

<—— 5S4 Alpha: 25 A

Figure 2.10: Driven by a hydrophobic mismatch, the elongation of the S4 helix in a 3¢
conformation tilts away from the membrane normal when compared to the alpha helical
conformation. a). The Kv1.2/2.1 chimera S4 helix in alpha (blue) and 3¢ (red) confor-
mations, superposed along the transmembrane regions of the S1-S3 helices. The yellow
balls represent the membrane phosphate groups, delimiting the membrane interior from the
aqueous solvent. b) Our simulations reveal that the 3¢ helix (red) is 4.5 Angstrt‘)ms longer
than the alpha helix (blue) and tilts 15° away from the membrane normal than the alpha
conformation. With a pivot point anchored at the center of the S4 helix, an interconversion
from alpha to 3 results in a roughly 4 A translation along the XY plane, in agreement
with experimental evidence of S4-S5 linker translocation (discussed further in chapter 3).
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voltage contributing to the overall stabilization of the closed state. Given that three to four
elementary charges per voltage sensor are displaced under cell polarization (Chanda et al.,
2005), a voltage sensor would accumulate about 6 kcal/mol at a resting potential of -70 mV.
If the gate is to open without requiring a positive voltage to be applied, that energy needs
to be stored in the structure and released under cell depolarization. A 31 helix confor-
mation, which is thought to be intrinsically less stable than the alpha conformation, could
provide such energy storage (Yarov-Yarovoy et al., 2012). However, the relative paucity
of long (eight or more residues) 3¢ helices in the Protein Data Bank (Fig. 2.3) has given
way to significant discussion about their energetics. A lack of solid data has led to vast
differences in the dihedral energetics of 31 helices in different force fields (Patapati and
Glykos, 2011). Short simulations of an unrestrained Kv1.2/2.1 chimera voltage sensor with
the CHARMM27 (MacKerell et al., 1998) and AMBER-99 (Wang et al., 2000) force fields
reveals a significant disparity in the proportion of 3¢ helix found in S4 between the two
force fields (Fig. 2.9). As a result, the choice of force field used in molecular dynamics
simulations of Kv channels could result in vastly different conformational changes within
both the voltage sensor and, consequently, the pore domain. Recent ultra-long timescale
MD simulations have produced a gating transition pathway (Jensen et al., 2012) in the
Kv1.2/2.1 chimera. This work relies on the CHARMM?27 force field, which heavily favors
the alpha helix over the 3¢ helix conformation (Patapati and Glykos, 2011). Such bias for

the alpha helix is likely to manifest itself in these simulations of the Kv channel, thereby
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Figure 2.11: The force field used for molecular dynamics simulations influences the 3
helical content of the S4 helix in Kv channels. Above, a running average of 31¢ helical
content in the S4 helix of the Kv1.2/2.1 chimera is calculated from simulations using the
CHARMM?27 (green) and AMBER-99 (blue) force fields. The difference in 3¢ helical
content between the CHARMM?27 and AMBER-99 force fields amounts to roughly one
turn (3 residues) of the S4 helix.

neglecting the sampling of any pathways involving interconversion between alpha and 3¢
helical conformations of the S4 helix. Such discrepancy of the 3¢ helical content of S4

could ultimately bias the gating transition pathway sampled by molecular simulations.

Understanding the role played by 3¢ motifs within the S4 helix of voltage sensors will
require force fields that better describe the energetics of helical secondary structure. Such

empirical force fields can only arise from greater computational and experimental scrutiny
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of the 319 helix. A voltage driven modification of the secondary structure of S4 from an
alpha to 319 conformation could constitute a simple but effective solution to a complex

problem.



Chapter 3

Towards an Atomistic Model of the

Closed Conformation of the Kv1.2/2.1

Chimera

3.1 Introduction

Membrane proteins are an integral portion of the proteome in all kingdoms of living organ-
isms, housing photosynthetic reaction centers in autotrophic bacteria, coordinating nutrient

uptake and waste expulsion in plants, and maintaining ionic potentials in animals, among

24
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a wide variety of other physiological roles. In fact, membrane proteins are believed to ac-
count for roughly one quarter of all proteins in most organisms (Carpenter et al., 2008).
Given their essential role in biological processes and their superficial cellular environment,
membrane proteins comprise nearly half of all current pharmaceutical targets (Carpenter

et al., 2008).

Although membrane proteins are both ubiquitous and extremely valuable pharmaceutical
targets, relatively few structures are known. As of December 28, 2013, of the 89,521 pro-
tein structures in the Protein Data Bank (Berman et al., 2013), only 1363 structures belong
to membrane proteins (White, 2013). Situated within and often spanning both sides of the
membrane into the aqueous cellular and extracellular environments, membrane proteins
inherently present unique surface electrostatic characteristics (Fig. 3.1). While water sol-
uble proteins more readily form crystals capable of X-ray diffraction, membrane proteins
require a more nuanced approach to compensate for the protein’s native hydrophobic lipid

environment (Caffrey, 2003).

Unsurprisingly, only three structures of Kv channels have been solved (Jiang et al., 2003;
Long et al., 2005b, 2007), all of which are in the open conformation. The first crystal
structure of a Kv channel, KvAP, seemingly brought more questions to the field than an-
swers (Cohen et al., 2003). With its voltage sensors splayed between the S2 and S3 helices,

positioned along the intracellular membrane interface, and oriented away from the pore
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Figure 3.1: Surface representations of the Kv1.2/2.1 chimera channel shown from the a)
top, b) bottom, and c) side, colored according to residue type. Basic residues are shown in
blue, acidic residues are shown in red, polar residues are shown in green, and hydrophobic
residues are shown in white. The cytosolic faces of the channel (the top (a) and bottom (b))
are highly hydrophilic, reflecting the nature of the aqueous solvent. The lateral faces of the
channel, however, are highly hydrophobic as they interface with the hydrocarbon core of
the lipid bilayer.
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of the channel, both the structure and the mechanism of gating of KvAP and other Kv
channels became a highly contentious subject (Swartz, 2004). A variety of biophysical,
biochemical, and molecular biology techniques were employed to elucidate the activation
mechanism in Kv channels. Though mutagenesis studies, electrophysiology, fluorescent
resonance energy transfer, and a variety of other techniques have revealed a host of valu-
able structural and functional information about the activation of Kv channels (reviewed
in Tombola et al., 2006), these methods lack the fully atomic resolution attainable through

molecular dynamics simulations.

Molecular dynamics simulations offer unique insights into the behaviors of Kv channels.
With a gating time in the tens or hundreds of microseconds, the transition from the open
crystal structure to the closed state has been beyond the reach of current molecular dy-
namics capabilities. To overcome the limitations of the computational burden inherent
in Kv channel gating simulations, a number of computational techniques, in concert with
experimental evidence, have been used to approach the resting state of both the (S1-S4
monomeric) voltage sensor (Vargas et al., 2011) and the complete (S1-S6 tetrameric) closed

channel (Vargas et al., 2012).

While all other molecular dynamics simulations have relied on artificial forces to accel-
erate the transition between open and closed states, recent advancements in super high

performance computing have allowed researchers to sample a pathway between the open
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Kv1.2/2.1 chimera channel and a non-conducting state using only an applied hyperpolar-
izing transmembrane voltage (Jensen et al., 2012). As discussed in Chapter Two, however,

the force field used may influence the transition pathway sampled by the channel.

First, in this chapter I will use molecular dynamics to model the voltage sensor in 3¢
and alpha helical conformations and analyze the effect of a secondary structural transition
on the entire channel, including the gate of the pore domain. Then, in collaboration with
an experimental group, I will use molecular dynamics simulations to generate a model of
the Kv1.2/2.1 chimera in a closed conformation based on luminescence resonance energy
transfer (LRET) measurements. The resulting model is the first model of a Kv channel

generated from cytosolic measurements (Faure et al., 2012).
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3.2 S4 The Effects of a Secondary Structural Transition

of the S4 helix on the Kv1.2/2.1 Chimera

3.2.1 Methods

3.2.1.1 Kv1.2/2.1 Chimera Simulations

The transmembrane region (residues 153-417) of the Kv1.2/2.1 chimera channel (PDB
code 2r9r) was used for the following studies of Kv channels. To generate a unit cell
complete with protein embedded in lipid bilayer and solvent, the CHARMM-GUI web
service was used. Fully atomistic systems were built using both DPPC (Fig. 3.2) and
DLPE lipids, the TIP3P water model, and 150 mM KCI concentration. The systems were

briefly equilibrated (450 ps) using CHARMM36 force field (MacKerell et al., 1998).

The simulations were carried out using the NAMD 2.8 software package (Phillips et al.,
2005) with the CHARMM 27 force field. All simulations were run at 303.15 K and 1 atm
with Langevin dynamics and the Langevin Nosé-Hoover method to control the temperature
and pressure, respectively. The SHAKE algorithm was used to model the high frequency

oscillations of hydrogen atoms.
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Figure 3.2: The full system used in Kv1.2/2.1 chimera simulations. Pictured above is a
DPPC membrane; identical conditions were used in simulations containing a DLPE bilayer.
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Table 3.1: Summary of simulations run to test the effect of the secondary structure of S4
on the Kv1.2/2.1 chimera.

’ SYSTEM | LIPIDS | SIMULATION TIME

3 10 DPPC 300 ns
ALPHA DPPC 300 ns
WILDTYPE | DPPC 200 ns
310 DLPE 200 ns
ALPHA DLPE 200 ns
WILDTYPE | DLPE 100 ns

Secondary structure of S4 (residues 285 through 305) was controlled in 3¢ systems with
harmonic restraints of 2.0 A between the carbonyl oxygens of residue 1 and the amide
hydrogens of residue i+3, as well as harmonic restraints of 3.0 A between the carbonyl
oxygens of residue 1 and the amide nitrogens of residue i+3. Identical restraints were

applied to residues i and i+4 to ensure alpha helicity.

The DPPC simulations were run for 200 ns, while the DLPE systems were run for 100 ns
each (Table 3.1). To further describe the differences between the alpha and 3 systems,
the 3¢ and alpha conformations in both lipids were extended for an additional 100 ns (300

ns total in DPPC, 200 ns total in DLPE).

3.2.1.2 Mlotik1 Simulations

Because the Mlotik1 channel was crystallized without its cytosolic cyclic nucleotide bind-

ing domain, the entirety of the Mlotik1 crystal structure (PDB code 3BEH) was used for
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Figure 3.3: The Mlotik1 channel, embedded in a DLPE membrane, after 100 ns of molec-
ular dynamics simulation.

molecular dynamics simulations. An identical protocol was followed as above, though the
protein was only simulated in DLPE lipids (Fig. 3.3). The naturally-occurring 319 helix
found in the Mlotik1 S4 helix was converted to an alpha helix using identical harmonic

restraints discussed above.
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3.2.2 Results

Note: given the greater sampling of the DPPC systems, for the following results and dis-

cussion sections, the DPPC simulations will be discussed unless otherwise mentioned.

The largest structural changes within the protein occurred within the first 100 ns of simu-
lation. The wildtype system, with no structural modifications imposed, shows the smallest
backbone RMSD of the three systems (roughly 3.0 A). The restraints imposed on the S4
helix did indeed create structural modifications within the protein, both showing higher

RMSD values than the unrestrained control system (Fig. 3.4).

Density along the z-axis for protein, water, lipid phosphate and lipid carbonyls were com-
puted and plotted together. These density profiles reveal lipid reorganization between the
alpha and 3¢ systems. In the 3 system, the lipid peaks are broader along the upper leaflet,
indicating membrane deformation near the region of structural rearrangement within the
protein—the N-terminal end of S4. The lower leaflet, however, produces sharper peaks in
the 31¢ system, possibly due to the stabilizing restraints on the C-terminal 3¢ helix in the
310 system. The phosphate and carbonyl peaks of both the upper and lower leaflets of the
alpha system are much closer to normal distributions than either the wildtype or the 3¢
system. The shorter alpha helical S4 may be more easily accommodated within the hydro-

carbon core of the lipid bilayer, resulting in a more planar bilayer. Given that water density
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Figure 3.4: Root mean square deviations of the 3¢, alpha, and wildtype simulations.
RMSD values were calculated along the protein backbone. The reference structures used
for the calculations were the post-equilibration coordinates, after S4 restraints had been
applied. Consequently, the RMSD differences seen in the 3y and alpha simulations should
not reflect the conformational change of the S4 helix.
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persists within the core of the bilayer in all three systems, the pores in all three systems are

hydrated (Fig. 3.5).

The presence of a pore domain does not affect the tilt angles of the S4 helices when com-
pared to the voltage sensor simulations of Chapter 2. The discrepancy between the tilt
angles of the S4 helix in the alpha and 3y systems is roughly 10°, in agreement with the

results discussed in Chapter 2.

Very little differentiation can be seen in the centers of mass of the S4 helices in the 3,
alpha, and wildtype systems (Fig. 3.7). A small shoulder on the alpha distribution at 6 A
indicates subunits with a propensity to visit configurations with slightly higher centers of

mass.

The salt bridges of the S4 basic residues are largely unaffected by the rearrangement of
the secondary structure (Figs. 3.8, 3.9, 3.10). Though the robustness of each interaction
varies from system to system, there are two main clusters in each voltage sensor: salt
bridges above the “hydrophobic plug” around residue F233, and salt bridges below the
hydrophobic plug. With no appreciable rigid body vertical translocation of S4 (Fig 3.7),

the hydrogen bond partners of the voltage-sensitive basic residues of S4 are limited.
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Figure 3.5: Density profiles of lipid (carbonyls represented in black and phosphates repre-
sented in red), water (blue) and protein (green) for the 3¢, alpha, and wildtype systems in
DPPC membrane.
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Figure 3.6: Tilt angles of the S4 helices in the Kv1.2/2.1 chimera. Driven by hydropho-
bic mismatch, the longer 3¢ and wildtype helices tilt approximately 10° further from the

membrane normal than the alpha conformation.
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Figure 3.7: The centers of mass of the S4 helices in the Kv1.2/2.1 chimera are unaffected

by conformational changes within the S4 helix.
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(a) (b)

Figure 3.8: a) The salt bridges between the S4 basic residues (R293, R296, R299, K302,
R305) in the 3y simulation. The width of the line is weighted by the frequency of the
interaction. b). The final configuration of the voltage sensor in the 319 simulation. Orange:

R293, R296, R299, K302, R305. Yellow: E183. Green: E226. Grey: F233. Pink: E236.
Magenta: D259.
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(a) (b)

Figure 3.9: a) The salt bridges between the S4 basic residues in the alpha simulation. The
width of the line is weighted by the frequency of the interaction. b). The final configuration

of the voltage sensor in the alpha simulation. Residue colors are identical to those in Fig.
3.8.
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(a) (b)

Figure 3.10: a) The salt bridges between the S4 basic residues in the wildtype simulation.
The width of the line is weighted by the frequency of the interaction. b). The final con-
figuration of the voltage sensor in the wildtype simulation. Residue colors are identical to
those in Fig. 3.8 and 3.9.
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3.3 A Molecular Mechanics Model of a Closed Voltage-
Gated Potassium Channel Generated from S4-SS

Linker LRET Measurements

3.3.1 Introduction

Existing models of the closed state of Kv channels have relied mainly on measurements
from the extracellular side of the channel (Lainé et al., 2003; Campos et al., 2007; Lin
et al., 2010) and from measurements from within the voltage sensor (Henrion et al., 2012).
Though the voltage sensor is the primary actor in the gating process, it naturally follows
that its structural modifications must somehow be transferred to the pore domain. The S4-
S5 linker, an amphipathic helix traversing the XY plane, connects the C-terminal end of the
S4 helix with the N-terminal end of the pore domain—the S5 helix (Fig. 3.11). To quantify
the conformational changes that occur on the cytosolic face of the channel, the Rickard
Blunck laboratory, our experimental collaborators at the University of Montreal, varied the
lipid composition to shift the channel equilibrium between open and closed conformations

(Xu et al., 2008). The Blunck laboratory then performed luminescence resonance energy
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Figure 3.11: The S4-S5 helix (purple), connecting the voltage sensor (yellow) to the pore
domain (black), is the site of electromechanical coupling in Kv channels.

transfer (LRET) experiments to quantify cross-pore distances of atoms along the S4-S5

linker in both the open and closed conformations.

To model the full channel in the closed conformation, the LRET recordings along the S4-
S5 linker were used as restraints from molecular dynamics simulations of the Kv1.2/2.1
chimera. The simulations reveal that, indeed, the pore of the channel is closed, and that a
small 3-4 A radial motion of the S4-S5 linker is sufficient for channel gating. In the closed
conformation, structural features agree with previously reported values (Faure et al., 2012).
In the discussion of Chapter 3, I will compare the closed model generated with the model

generated from S4 restraints alone.
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Figure 3.12: A cross-pore restraint mimicking the distance measurements recorded from
LRET experiments. The S4-S5 linker is shown in red. Here, a blue dashed line is used to
represent the harmonic distance restraint between C gamma atoms of residue 315Q.

3.3.2 Methods

The Kv1.2/2.1 chimera structure (Protein Data Bank (PDB) code 2R9R) was used as a
template for model generation. Using the CHARMM?27 force field for proteins (MacKerell
et al., 1998), the initial structure was placed in a generalized Born implicit solvent mem-
brane model (Im et al., 2003), minimized, and briefly simulated (50 ps) with flat-bottomed
harmonic restraints of 10 kcal/mol to mimic the experimental results of the Blunck group

(Table 3.2, Figure 3.12).

The resulting “closed” structure was then reconstituted into DPPC bilayers using the
CHARMM-GUI web service (Jo et al., 2008) and equilibrated by gradually releasing pro-

tein backbone restraints over 450 ps. A potential of —500 mV was applied to the closed
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Table 3.2: Atomic distances for the S4-S5 linker in the closed conformations (as measured
by LRET) and the Kv1.2/2.1 chimera crystal structure.

| AtomID | Closed | Kv1.2/2.1 Crystal |

G313C | 33.4+27 429
L314C | 428+09 49.8
Q315C |40.2+04 524
I316C | 30.1+£0.5 38.0
G318C | 37915 48.3
Q319C |332+1.1 39.8
K322C |359+0.3 44.4

system with NAMD 2.8 (Phillips et al., 2005) and the CHARMM?27 and CHARMM36
(Brooks et al., 2009) force fields for proteins and lipids, respectively. The system was sim-
ulated for 100 ns with harmonic restraints applied to linker atoms throughout. Temperature
was held constant at 303.15 K with Langevin dyanmics, and pressure was held constant
using the Langevin Nosé-Hoover method. Water was represented with the TIP3P water
model, and high frequency hydrogen vibrations were constrained with the SHAKE algo-
rithm. Aspartate, glutamate, and arginine residues were reparameterized to recently pub-
lished values (Jensen et al., 2012). Additional harmonic restraints between the o-carbons
of Ile-230 and Tyr-267, Ile-230 and Arg-290, and Ile-177 and Arg-290 were added to the
closed system in accordance with previously published work (Campos et al., 2007; Lin

et al., 2010).
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To create a final model of the closed state, one subunit from the closed simulation was used
to create a four-fold symmetric model. This tetramer was reinserted in a generalized born
implicit membrane and minimized with flat-bottomed harmonic restraints of 50 kcal/mol
on the linker atoms, as well as lighter harmonic restraints of 10 kcal/mol along the linker
backbone to promote helicity. The protein was again reconstituted into a DPPC bilayer,
solvated with TIP3 water molecules, and re-equilibrated with 10 kcal/mol backbone he-
lical restraints applied to the linker and the bottom of S4, as well as the aforementioned
flat-bottomed 50 kcal/mol harmonic linker restraints in accordance with our luminescence
resonance energy transfer (LRET) measurements. The resulting model was simulated for

150 ns, the results of which are reported below.

A similar simulation protocol was used for simulations of the MlotiK1 channel crystal
structure (PDB code 3BEH) embedded in a DPPC bilayer. However, no additional re-

straints were applied to the system, and no amino acid reparameterization was necessary.

3.3.3 Results

With harmonic restraints applied to sidechain carbons, the S4-S5 linker, running transverse
to and surrounding the S6 transmembrane gating helices, moves 3-4 A inward in the closed

model relative to control, in agreement with experimental results.
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The S4 helix moves significantly downward in the closed model. The center of mass of the
S4 helix, which exists at roughly 6 A in the open crystal conformation, is roughly 4-7 A
lower in the membrane (Fig. 3.13a). The S4 helix also adopts a more vertical orientation

within the membrane, tilting toward the Z-axis (Fig. 3.13b).

The S4 helix, without harmonic potentials restraining its secondary structure, is free to

evolve into its energetic minimum. The 3¢ helical propensity, P3,, is defined as:

Where P3 = 3¢ helical propensity, t = time, T = duration of simulation, b = number of
i—i+3 hydrogen bonds on the S4 helix at time t, and r = the number of total residues on
the helix. In short, the P3 can be described as the percentage of the S4 helix in a 3

conformation.

With restraints constraining the S4-S5 linker to its closed position, the S4 helix maintains its
C-terminal 3¢ helix, though it is slightly shorter than the 3 helix found in the Kv1.2/2.1
crystal (Fig. 3.14a). The 3¢ helix itself, situated lower in the membrane leaflet, distorts

slightly (Fig. 3.14b).

With its lower center of mass, the basic voltage sensing residues are able to rearrange

their salt bridge configurations. Though the alpha and 31y S4 salt bridge configurations
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Figure 3.13: The S4 helix undergoes significant rearrangement in simulations with the S4-
S5 linker restrained to its closed position. a). The center of mass of the S4 helix is roughly
6 A lower than its position in the Kv1.2/2.1 chimera crystal structure (blue dashed line).
b). The tilt angles of each subunit of the Kv1.2/2.1 chimera throughout the simulation. The
S4 helices tilt toward the pore domain when compared to the open crystal structure (blue

dashed line).
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Figure 3.14: The 3¢ helix in S4 persists with the S4-S5 linker restrained to its closed con-
formation, as determined by LRET distance measurements imposed as harmonic distance
restraints in MD simulations. a) The 3¢ helical propensity of the S4 helix over 150 ns
simulations with the linker in its closed configuration. b). The S4 helix (red), though lower
in the membrane, distorts slightly in the region of the voltage sensor “hydrophobic plug.”
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were largely similar, the closed linker configuration with voltage sensor restraints induced
a downward motion of the S4 helix. Subsequently, the basic arginines and lysine of S4
moved downward roughly one turn. R4 translated below the hydrophobic plug centered
near F233 (Lacroix and Bezanilla, 2011), interacting with E236 near the inner leaflet (Fig.

3.15).

3.4 Discussion

3.4.1 The Effect of A Secondary Structural Modification of S4 on the

Pore Domain

In Chapter 2, molecular dynamics simulations suggested that a simple secondary structure
modification of the S4 helix could rectify many seemingly disparate results from biophysi-
cal studies of the gating transition of Kv channels. How, then, does the secondary structure
of the S4 voltage sensing helix affect pore domain, and, consequently, the conduction of

K* through Kv channels?

The S6 helices comprise the inner region of the pore domain through which K* permeate
(Yifrach and MacKinnon, 2002). Believed to open and close in an iris-like motion (Labro

and Snyders, 2012), the conformational change of the pore domain must be linked to the
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Figure 3.15: The voltage sensitive basic residues of S4 move “down” in the closed linker
simulations. a). The salt bridge interactions of the S4 basic residues (R2, R3, R4, K5,
R6). The width of the line indicates the probability of the interaction, calculated from the
interaction time of the MD simulations. b). The resulting voltage sensor configuration. The
S4 basic residues are shown in red; E226 and E236 are shown in blue; F233 is shown in
white.
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voltage sensing domain to regulate the conductance of the channel. Consequently, the
radius of the pore domain can serve as a metric to demarcate the state of the channel. A
narrow pore radius signifies a closed, nonconducting channel, whereas a wider pore radius

is more likely to conduct K*.

To quantify the pore opening and closing in the aforementioned simulations, the Hole soft-
ware package was used to calculate the pore radius over the final 100 nanoseconds each
simulation (Fig. 3.16a-c). In short, a secondary structural modification of the Kv1.2/2.1
chimera S4 helix was insufficient to influence the state of the gate in the pore domain of

the channel.

Unlike the existing structures of voltage gated K* channels, the transmembrane region of
MlotiK1, a 6 TM cyclic nucleotide gated K* channel, is crystalized in the closed confor-
mation. Intriguingly, its S4 helix adopts a 3o helix spanning the entire transmembrane
region. Because the gating of MlotiK1 is triggered by the binding of a cyclic nucleotide to
an intracellular domain on the channel, the S4 helix does not contain the highly-conserved
basic residues found on voltage gated K* channels. This S4 secondary structural similarity
arising from a highly divergent primary amino acid sequence suggests a structural role for
the 3¢ helix found on S4. As in the Kv1.2/2.1 chimera simulations, the state of the gate of
the pore domain was largely unaffected by a conformational change of the S4 helix (Fig.

3.17).
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Figure 3.16: An alpha to 3¢ helical interconversion of the S4 helix has little effect on the
S6 gating helices of the Kv1.2/2.1 chimera pore domain. a-c) The average pore radii of the
final 100 ns of simulation for the 3¢, alpha, and wildtype systems. d). The final configura-
tions of the pore domains of the 3 (red), alpha (blue) and wildtype (grey) simulations as
viewed from the cytosolic face of the channel.
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Figure 3.17: The pore domain of the MlotiK1 channel is unaffected by a conformational
change of the S4 helix. a) The average pore radii of the final 50 ns of simulation for the
wildtype (full 31 helical S4, red) and alpha helical S4 (blue) conformations. The pore
radius of the closed crystal structure is shown in green for reference. b). The final configu-
rations of the MlotiK1 pore domains in the wildtype (red) and alpha (blue) simulations.
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As with all molecular dynamics simulations, the time required for the conformational
change to occur may exceed the timescale attainable with current computational resources.
At the timescales sampled in the above simulations, an interconversion between alpha and
310 helical conformations of the S4 helix induces neither opening nor closing of the gate in

6 TM K* channels.

3.4.2 Modeling the Closed Kv1.2/2.1 Chimera from S4-S5 Linker

LRET Measurements

Using luminescence resonance energy transfer measurements of a closed Kv channel as
distance restraints along the S4-S5 linker brought about an inward motion of the S6 gating
helices, restricting the pore radius and effectively closing the channel in the MD simulations
(Fig. 3.18). Employing the same method as in Chapter 3.4.1 to calculate the pore radius, a

significant reduction in both the radius and volume of the pore hinders K* permeation.

As seen in Figure 3.18c, the closed linker position induces only a slight motion of the S6
helices when compared to the open pore of the crystal structure of the Kv1.2/2.1 chimera.
In order to verify that the pore of the closed model had actually closed, the number of water
molecules within the pore vestibule was calculated for the closed linker simulation and

compared to the wildtype simulation (Fig. 3.19). In the closed model, pore constriction
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Figure 3.18: a). The pore domain of the closed model is blocked by the sidechains of 1398
in the closed conformation of the channel. b). The selectivity filter of the Kv1.2/2.1 chimera
crystal structure is visible from the cytosolic face of the channel, allowing ion permeation
through the channel. ¢) A small 4 A motion of the S4-S5 linker sufficiently pushes the
S6 helix inward in the closed (red) channel from the open (blue) conformation. d). The
pore radius of the closed model is significantly more narrow than the crystal structure,
preventing K* flux through the pore domain.
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occurs at residue 1398, inhibiting solvent exchange between the cytosol and the channel
pore. Thus, a small motion of roughly 4 A of the S4-S5 linker is sufficient for gating in Kv

channels.

Interestingly, the S4 helix of the closed channel adopts a strikingly different orientation than
in the crystal structure. Moving as a rigid body, S4 translates roughly 6 A downward along
its own axis. The S1-S4 voltage sensor helical bundle, arranged roughly in an hourglass
shape, is divided near the helical constriction point by a bundle of hydrophobic residues,
often referred to as the “hydrophobic plug.” The downward motion of S4 evident in the
simulations facilitates the translocation of R299 across the hydrophobic plug of the voltage
sensor. F233, located on the S2 helix and situated within the hydrophobic plug, is believed
to be involved in the regulation of S4 translocation, though the mechanism is debated (Tao
et al., 2010; Khalili-Araghi et al., 2010; Schwaiger et al., 2013). In the closed model, the
hydrophobic plug is maintained, still demarcating the residues of the upper leaflet (R293,
R296) from those of the lower leaflet (R299, K302, R305). Though this single residue
translocation is modest in comparison with other models (Delemotte et al., 2011; Henrion
et al., 2012; Jensen et al., 2012), the overall downward motion of the S4 helix is well within
the accepted range of motion of between 6-15 A (Vargas et al., 2011; Yarov-Yarovoy et al.,

2012; Jensen et al., 2012).



3.4. DISCUSSION 57

(a) (b)

=
=

— Control |
— Closed Model —

© 2
3 3
u T
1

Number of Pore Waters
IS
3

w
S

20 4 E

()

Figure 3.19: a). An inward motion of 4 A is sufficient to restrict solvent access in the
closed model of the Kv1.2/2.1 chimera. b) The pore of the unrestrained Kv1.2/2.1 chimera
is fully hydrated throughout 150 nanoseconds of simulation. c). Solvent is excluded from
the closed model of the Kv1.2/2.1 chimera.
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The C-terminal 3¢ helix endures in the closed model, as predicted in other computational
studies of the Kv1.2/2.1 chimera (Khalili-Araghi et al., 2010). Additionally, the S4 helix
pivots at its C terminus away from the S4-S5 linker in the closed model. In the open
structure, the S4 helix and the S4-S5 linker form an acute angle of roughly 67°. In the
closed model, however, S4 tilts away from the S4-S5 linker by nearly 45°, creating an
angle of 104° between the S4 helix and the S4-S5 linker, in agreement with previously
published results predicting an increased tilt of 40° between S4 and the linker (Fig. 3.20)

(Yarov-Yarovoy et al., 2012).

But is this model of the closed channel stable? After 100 ns, all restraints on the channel
were released and the closed channel was simulated for 50 ns. Completely unrestrained, the
pore of the channel remained closed (Fig. 3.21). Thus, using LRET measurements of the
S4-S5 linker to complement molecular dynamics, we have found a closed conformation
of the Kv1.2/2.1 chimera that not only agrees with previously published data, but also

represents a stable conformation of the channel.
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Figure 3.20: The angle between the S4 helix and the S4-S5 linker increases by roughly 40°
from the open conformation (blue) and the closed model (red).
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Figure 3.21: The pore of the Kv 1.2/2.1 chimera remains closed when all restraints on
the channel are released after 100 ns. For comparison, the pore radii of the open crystal
structure (green) and the restrained channel (red) are shown along with the pore radius of
the unrestrained closed channel (black).



Chapter 4

The Energetics of Gating the KvAP

Channel Pore Domain

4.1 Introduction

To maximize the efficiency of the myriad of chemical reactions driving the cellular pro-
cesses necessary to sustain life, it is essential to control the environmental conditions
around the reaction site. In vivo, the phospholipid bilayer delineates the cytoplasm from its
surrounding environment. Composed of hydrophilic phosphate headgroups and a hydrocar-

bon core, the cell membrane is permeable only to small, nonpolar molecules. Potassium, an

61
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essential ion for many prokaryotic and eukaryotic organisms, cannot traverse the nonpolar
cell membrane. Consequently, additional cellular machinery is needed to facilitate nutrient

uptake and waste elimination across the lipid membrane.

Potassium ion channels, tetrameric proteins spanning the length of the cell membrane, en-
able potassium permeation across the cell membrane (Hodgkin and Huxley, 1952). Potas-
sium conduction occurs through the channel’s pore domain, comprised of the S5 pore-
lining helix and the S6 gating helix. In voltage gated potassium ion channels, the confor-
mation and orientation of the S6 gating helix is coupled to the conformation of the voltage
sensor. At the cellular resting potential of roughly -70 mV, the voltage sensor is in its
“down” conformation and the S6 helix is closed. As the cell depolarizes from the influx
of Na* during an action potential, Kv channel voltage sensors move towards their “up”
configuration, and the S6 helices move apart, enabling K* conductance through the pore

domain and out of the cell (Hodgkin and Huxley, 1952; Jiang et al., 2003).

Potassium ion permeation through Kv channels is highly selective. The selectivity filter,
creating the extracellular mouth of the protein, uses its backbone carbonyls to coordinate
K* permeation via a knock-on mechanism (Berneche and Roux, 2001; Zhou et al., 2001).
Access to the selectivity filter is regulated by the gate formed by the S6 helices (Fig. 4.1)

(Zhou et al., 2001; Jiang et al., 2003; Long et al., 2005b, 2007).
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Figure 4.1: The KvAP K+ channel in its open conformation (Schow et al., 2012). Ion
permeation occurs from the intracellular side of the channel, between the S6 gating helices
(magenta) and through the selectivity filter (red). The S4-S5 linker (blue), responsible
for electromechanical coupling, connects the voltage sensing domain (grey) to the pore
domain.



64 CHAPTER 4. ENERGETICS OF GATING THE KVAP PORE DOMAIN

Though the energetics of ion permeation through the selectivity filter are well understood
(Berneche and Roux, 2001; Wojtas-Niziurski et al., 2013), the energetics of gating the
pore domain remain unclear. Mutagenesis studies of the S6 helix suggest that the closed
pore domain represents an energetic minimum (Hackos et al., 2002; Yifrach and MacKin-
non, 2002), as mutations along S6 destabilize the closed conformation. Recent ultra-long
molecular dynamics simulations suggest that the S6 helices are at their energetic minimum
when packed together in the closed conformation (Jensen et al., 2012). However, recent
free energy calculations of the Kv1.2/2.1 chimera pore domain find the open conformation
of the pore domain energetically favorable to its closed configuration (Fowler and Sansom,

2013).

Gating of a Kv channel requires two steps: first, the voltage sensors on the protein’s periph-
ery reorganize in response to a change in the transmembrane potential. This reorganization
influences the location of the S4-S5 linker, which delimits the width of the pore domain.
Once all four voltage sensors have transitioned into their “up” conformation, the pore is be-
lieved to open in a concerted, iris-like manner (Yifrach and MacKinnon, 2002; Labro et al.,
2003). Voltage sensors of Kv channels have been found to be “portable” between Kv chan-
nels, suggesting that voltage sensitivity is independent from the gating of the pore domain
(Alabi et al., 2007). Additionally, proteins homologous to the Kv voltage sensor have been
found without a pore domain, giving further support to the notion that the voltage sensor

and pore domain operate independently (Sasaki et al., 2006). Thus, the energetics of gating
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the pore domain of Kv channels could reveal insights into the overall mechanism of gating
in Kv channels. In this chapter, I will use targeted molecular dynamics (TMD) to generate
a transition between the pore domains of the open crystal structure and a closed model of
KvVAP. Then, using intermediate configurations from the TMD simulations as initial con-
formations for umbrella sampling simulations, I will calculate the energetics of gating the

KvAP pore domain.

4.2 Methods

The pore domain and S4-S5 linker of KvAP (PDB code 10RQ), a 6-TM Kv channel, was
used (residues 135 to 240) for the following simulations. The crystal structure, which exists
in the open conformation, was used as the “open” conformation. The “closed” state was

extracted from recent simulations modeling the closed state of KvAP (Schow et al., 2012).

Using the CHARMM-GUI web service, the protein was embedded in a POPC lipid bilayer
(Joetal., 2008). The system was solvated with the TIP3P water molecule and 150 mM KClI,
totaling 60,781 atoms (Fig. 4.2). All simulations were carried out at a constant temperature
of 303.15 K with Langevin dynamics and at 1 atm with the Langevin Nosé-Hoover method.

The SHAKE algorithm was used to model high frequency hydrogen atom oscillations. All
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Figure 4.2: The simulation system used for TMD and umbrella sampling simulations. The
KVAP crystal structure (PDB code 10RQ) served as a template for the open protein struc-
ture. The protein consisted of residues 135 through 240.

simulations were run with the NAMD2.9 (Phillips et al., 2005)software package with the

CHARMMZ36 force field (Best et al., 2012).

To delimit the width of the pore domain in the open and closed conformations, cross-pore
harmonic restraints were applied to mimic LRET measurements of the S4-S5 linker in both
the open and closed conformations of the KvAP channel (Faure et al., 2012). However, the
sequence of the KvAP S4-S5 linker allowed for one fewer restraint in the open conforma-

tion than the simulations in Chapter 3. Additionally, the 1414C mutant did not yield reliable
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Table 4.1: Atomic distances for the S4-S5 linker in the closed conformations and open
conformations of KvAP, as measured by LRET (and discussed in Chapter 3).

Atom ID | Closed KvAP | Open KVAP |
FI137C | 33427 | 422+03
L138C | 42.8+09 [ 46.7+0.6
SI139C | 402+04 | 443x0.1
1141C N/A 41.9+0.1
D143C | 379+15 [ 424+0.09
D146C | 33211 | 41.9%06

measurements in the closed conformation and, consequently, no restraints were applied to

this residue in the closed simulations (Table 4.1).

Preliminary simulations (data not presented) suggested refinement of the closed structure
was needed to maximize structural integrity of the protein. To that end, a four-fold sym-
metric tetramer was created by rotating each subunit about the membrane normal, creating
an averaged monomer, and re-rotating each subunit about the membrane normal. Harmonic
symmetry restraints were applied to the backbone of the resulting tetrameric structure. Ad-
ditional restraints were applied to the carbonyls of the selectivity filter to maintain structural
integrity during equilibration. To equilibrate the models, the systems were minimized, and
backbone restraints were applied to the protein and gradually released. Each model (closed

and open) was then simulated for 100 ns.

The resulting structures were used as end states for TMD simulations. TMD simulations

were run from the open structure to the closed model, as well as from the closed model to
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the open structure (thereby closing and opening the channel, respectively). TMD simula-
tions were run for 200 ns each. Intermediate states from the TMD simulations were culled

to be used as initial configurations for umbrella sampling simulations.

Umbrella sampling was used to generate statistics along the reaction coordinate to deter-
mine the energetic landscape of pore gating. The reaction coordinate for the gating transi-

tion was relative RMSD (rRMSD), defined as:

rRMSD = RMSDclosed - RMSD(’Pe”

RMSD,joseq represents the RMSD of the protein to the closed, equilibrated target structure,
while RMSDpen represents the RMSD of the protein to the open, equilibrated target struc-
ture. To promote greater conformational flexibility of the protein while tracking the gating
process across the most physically relevant region of the protein, the residues included in
the reaction coordinate were restricted to a carbons of the S4-S5 linkers, the interior of the

S5 helix, and the interior of the S6 helix (residues 136-145, 150-167, 210-237, Fig. 4.3).

Windows were spaced 0.2 A apart. Because each window was directly copied from a con-
figuration in the TMD simulation, the systems have an identical composition to the TMD
setup. Each window was simulated at 303.15 K with Langevin dynamics and at 1 atm with

the Langevin Nosé-Hoover method. As in the TMD simulations, the SHAKE algorithm
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Figure 4.3: To localize the motions of KvAP relevant to the gating mechanism, the rRMSD
reaction coordinate was calculated from the positions of the residues represented with a
thick ribbon.
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was used to represent hydrogen atom oscillations. All simulations were carried out with
the NAMD?2.9 software package with the CHARMM?36 force field. Each window was sim-
ulated for 50 ns, with a harmonic restraint of 100 kcal/mol/A2. The free energy landscape
was calculated using “WHAM: the weighted histogram analysis method”, version 2.0.9

(Grossfield, 2014).

4.3 Results

Prior to the TMD simulations, well-equilibrated open and closed conformations were re-
quired to serve as target structures. In addition to the harmonic cross-pore restraints applied
to the S4-S5 linker to induce open and closed S6 helices, harmonic symmetry restraints
were applied to the backbone atoms to reduce minor local deformations of the protein struc-
ture. Additionally, cross-pore harmonic restraints applied to the carbonyls of the selectivity
filter ensured that each selectivity filter maintained its activated conformation. After 100
ns of simulation of both the open and closed structures, the RMSD of each structure had
plateaued (Fig. 4.4), suggesting a stable conformation suitable for beginning and end states

of the subsequent TMD simulations (Fig. 4.5).

Most importantly, the S6 helix bundle crossings through which K* permeates were drasti-

cally different. The calculated radii of the pores of each structure reflect these drastically
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Figure 4.4: RMSDs of the open and closed target structures suggest well equilibrated struc-
tures after 100 ns simulations.
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(b)

Figure 4.5: The open (blue) and closed (red) target structures used for targeted molecular
dynamics simulations. a) The S4-S5 linker adopts different orientations in the open and
closed conformation. b) The ion permeation pathway is constricted by the S6 helix bundle
crossing in the closed conformation.

different conformations; the radius of the pore in the open structure reduces until a constric-
tion point along the selectivity filter, where K* is believed to be dehydrated before being
coordinated through by the backbone carbonyls. In the closed structure, however, access
to the selectivity filter is blocked by a sharp constriction point at residue 236Q, creating a
barrier impermeable to a solvated K* (Fig. 4.6a). These calculated pore radii are used as a

standard for subsequent definitions of “open” and “closed” pore conformations (Fig 4.6b).

The RMSD between the endpoints was 4.35 A. Consequently, the rRMSD reaction coor-

dinate must be sampled from -4.35 (closed) to 4.35 (open). In order to generate initial
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Figure 4.6: The S6 gating helices create a constriction of the ion permeation pathway in the
closed conformation. a) 236Q occludes the pore in the closed (red) conformation, hindering
K* from passing through the channel. In the open conformation, 236Q is orientated away
from the ion permeation pathway. b). In the open conformation, K* ions are funneled
towards the selectivity filter. In the closed conformation, the restriction point around 236Q
prevents solvated K* from permeating through the vestibule.
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Figure 4.7: Targeted molecular dynamics simulations of the KvAP S4-S5 linker and pore
domain sampled configurations across the entire rRMSD reaction coordinate to be used in
umbrella sampling simulations.

configurations for umbrella sampling, it is essential that the TMD simulation spans the en-
tire reaction coordinate. The calculated rRMSD for the 200 ns TMD simulation of the pore

opening was indeed sufficient to sample across this reaction coordinate (Fig. 4.7).

The transition between the closed and open conformations of the pore domain required the
movement of two regions of the protein: the S4-S5 linker, positioned along the lateral face
of the intracellular region of the protein, and the S6 gating helix, forming the constriction
point along the ion permeation pathway at the protein’s interior. The S4-S5 linker was re-

strained by identical cross-pore distances to those discussed in Chapter 3. Consequently,
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the 4 A radial outward motion of the S4-S5 linker discussed in Chapter 3 was inherently
imposed as a required motion in the transition pathway between the open and closed con-

formations of KvAP.

Unlike in the simulations from Chapter 3, the S4-S5 linker was untethered (and also unre-
strained) at its N-terminus. Without a voltage sensor acting as payload, the S4-S5 linker was
highly mobile. The S4-S5 linker adopted starkly different tilt angles in the open and closed
conformations. In the open structure, the S4-S5 linker is tilted downward, creating a 135°
angle from the membrane normal. The S4-S5 linker of the closed conformation, however,
is nearly perpendicular to the membrane normal, sitting flush along the membrane-water
interface (Fig. 4.5a). During the TMD simulation, the tilt angles of the S4-S5 linker of each
subunit fluctuate, ultimately converging at the final 135° angle of the open conformation

(Fig. 4.8).

To confirm that the reaction coordinate was accurately sampling a transition of the pore
domain from conducting to non-conducting conformations, the pore radius was calculated
for every fifth window along the reaction coordinate (Fig. 4.9). The radius of the pore
increases as the reaction coordinate progresses from -4.0 to 4.0, indicating that the reaction
coordinate selected is sufficient to capture a relevant transition between the closed and open

states.
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Figure 4.8: The S4-S5 linker tilts roughly 45° during the transition between the closed and
open pore conformations. Beginning nearly perpendicular to the membrane normal, the
S4-S5 linker pivots at its C-terminal end (near the S5 pore-lining helix), ultimately forming
a roughly 135° angle to the Z-axis in the open conformation.
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Figure 4.9: The rRMSD reaction coordinate is sufficient to describe the incremental open-
ing of the KvAP pore domain. Here, the constriction of the pore domain decreases as the
reaction coordinate increases from -4.0 (closed) to 4.0 (open).
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The free energy profile of the opening of the KvAP pore domain was calculated using
the weighted histogram analysis method (Grossfield, 2014). 40 ns/window was allowed for
equilibration of the system; the final 10 ns were sampled to construct the free energy profile.
Convergence of the free energy profile was verified by overlaying the free energy profiles
of the final 10 ns, the final 5 ns, and the final 3 ns of the simulations. The histograms of
each window indicate adequate sampling was obtained along the reaction coordinate (Fig.

4.10 a-c).

The free energy profile of the opening of the KvAP pore domain contains three minima: one
around -3.0, one near 1.8, and one near -1.2 (Fig. 4.11). Pore radius calculations indicate
that the minimum found near -3.0 reflects a closed, non-conducting conformation, while
the minimum near 1.8 is an open, conducting conformation (Fig. 4.12). The minimum
at -3.0 (“closed”), is approximately 2.7 kcal/mol higher in energy than the minimum at
1.8 (“open”). The minimum around rRMSD=-1.2 is an intermediate configuration with a

partially opened pore (Fig. 4.12).
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Figure 4.10: Histograms of the sampling for each window across the rRMSD reaction co-
ordinate over the final a) 10 ns, b) 5 ns, and c) 3 ns of 50 ns umbrella sampling simulations.
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Figure 4.11: The free energy profile of KvAP pore domain opening.

4.4 Discussion

With the release of the first Kv channel x-ray crystal structures, hypotheses of the gating
mechanism reached the atomic scale. The pore domain, which regulates both ion conduc-
tion and ion selectivity, is voltage insensitive. How, then, do the energetics of the pore

domain contribute to the overall gating mechanism in Kv channels?

Though it is not without controversy, the general model of voltage sensitive gating in Kv
channels states that, at the cellular resting potential, the voltage sensor is in its “down”

conformation, depressed by the -70 mV transmembrane potential. As the cell depolarizes,
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the voltage sensors undergo a transition into the “up” conformation. In this configuration,
the S4-S5 linker is drawn outward, away from the S6 gating helices, inducing an opening
of the channel as the S6 helices move away from one another. During repolarization, the
voltage sensors are propelled back downward, pushing the S4-S5 linker downward and
inward, sealing off the S6 helix bundle crossing and preventing ion permeation through the

channel (Long et al., 2005a; Vargas et al., 2012).

Recent advances in supercomputing have finally allowed computational biophysicists to
simulate the transition between an open Kv channel and its closed state. These simula-
tions, however, suggested a different mechanism of deactivation: membrane depolarization
drives the voltage sensor upward, forcing the linker outward and opening the pore. During
deactivation, the pore domain undergoes a dewetting process, inducing a collapse of the S6
helices, closing the channel. The voltage sensors ultimately settle back in their down state

(Jensen et al., 2012).

The energetic landscape presented here provides insight into the thermodynamics of the
pore domain. The free energy profile shows three minima: closed, open, and an intermedi-
ate state. As with all umbrella sampling simulations, the energetic landscape is a function
of the pathway taken along the reaction coordinate. Here, the targeted molecular dynamics
simulation used to generate this pathway does not necessarily reflect the minimum free en-

ergy pathway between the closed and open conformations. TMD, a brute force method to
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connect two endpoints, drives the system toward its endpoint with strong force constants
and restraints that bias the system directly towards its predetermined endpoint, regardless
of the energetics of the actual pathway. As a result, detailed energetic information of the

physiological transition may be obfuscated.

The free energy profile presented here does contain features that reflect a canonical one-
dimensional energy profile: an energetic minimum at the closed state, a second energetic
minimum at the open state, and a small energetic barrier separating the two. Surprisingly,

the global minimum along the free energy profile is at IRMSD=-1.2.

The configurations sampled at -1.2 reflect a partial opening of the pore domain. In this con-
formation, one subunit of the KvAP pore domain resembles the open conformation, while
the other three subunits are closed (Fig. 4.12a). This partial outward motion of one subunit
from the closed conformation partially opens the pore domain (Fig. 4.12b). For K* per-
meation to occur, the ions must be dehydrated before passing through the selectivity filter
(Berneche and Roux, 2001). In the open conformation, ions are free to permeate through
the cytosolic mouth of the channel and approach the selectivity filter unhindered. The se-
lectivity filter, composed of backbone carbonyls, precisely coordinates the dehydrated K*
ion through the filter, out of the channel, and into the extracellular solvent. The S6 helix
bundle crossing cannot coordinate dehydrated K* ions, and, consequently, potassium ion

permeation requires a pore radius wide enough to accommodate a solvated K*. Though
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the pathway sampled in the TMD simulations must be treated with skepticism, this min-
imum at -1.2 raises interesting questions: could the pore domain of Kv channels have an

energetically favorable intermediate conformation?

The voltage sensors of Kv channels are well-documented to behave independently of one
another (Gagnon and Bezanilla, 2009; Yeheskel et al., 2010). As the membrane depolarizes,
the voltage sensors of Kv channels transition into their up state independently, ultimately
transitioning into a “permissive” state in which all four voltage sensors have arrived at
their up conformation. From this permissive state, the pore domain is free to open in a
concerted, cooperative, iris-like motion (Zagotta et al., 1994; Schoppa and Sigworth, 1998;
?). This pore opening converts the pore from a conformation in which all four S6 helices
are closed into one in which all four are open. The energetic minimum at rRMSD=-1.2 is
an interesting intermediate point. Recent free energy calculations considered the energetic
barrier of ion permeation across the S6 helix bundle crossing as a function of pore radius.
Intuitively, the energetic barrier to K* permeation decreased exponentially as pore radius
increased (Fowler and Sansom, 2013). The rRMSD=-1.2 conformation could represent a
non-conductive or minimally conductive intermediate in the gating process. Such a state
suggests a pre-open configuration, in which one subunit of the pore domain has transitioned
into its open state, presumably in response to the activation of the voltage sensor. By
neutralizing the gating charges carried on three of the four S4 helices in Shaker (termed

Iwt/3mut), it has been shown that voltage dependent gating does indeed still occur, though



84 CHAPTER 4. ENERGETICS OF GATING THE KVAP PORE DOMAIN

(a)

20

—— Closed Target

Open Target
— rRMSD=-3.0
15 — rRMSD=-12 -
— rRMSD=1.8

Pore Radius (A)
S
T

40 -30 20 -10 Q 10 20 30
Z Coordinate

(b)

Figure 4.12: The free energy profile of the gating of the KvAP pore domain contains three
minima: rfRMSD=-3.0, a closed conformation (red); rRMSD=1.8, an open conformation
(blue), and rRMSD=-1.2, an intermediate conformation (green). a). The rRMSD=-1.2
intermediate assumes a closed conformation in three subunits, while the fourth (rightmost
in the figure) resembles the open configuration. b). The pore radii of the three minima
reflect the closed, open, and intermediate pore conformations.
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K* conductance is below the maximum K* conductance for a fully open channel (Gagnon
and Bezanilla, 2009). Similar experiments neutralizing the gating charges on one subunit
(3wt/1mut) could facilitate the formation of a similar pre-open state. As ion conduction
is determined by the pore radius, such a pre-open state could expedite ion permeation in
Kv channels. One dimensional free energy calculations of ion permeation could provide
insights into the conductivity of this rRMSD=-1.2 conformation, and could be compared to

the K* conductance of the 3wt/1mut channel to better understand this energetic minimum.

The sampling near the endpoints can provide insights into the relative free energies between
the open and closed pore domains. The free energy profile generated from the umbrella
sampling simulations presented here indicate that the closed pore domain is roughly 2.7
kcal/mol higher in free energy than the open conformation. How, then, could the energetic

landscape of the pore domain contribute to the overall gating mechanism in Kv channels?

The S4-S5 linkers provide insight into the overall gating mechanism in KvAP. Studies
of Kv channel voltage sensors have suggested S4 motions between 2 A and 20 A (Larsson
etal., 1996; Ruta et al., 2005; Ahern and Horn, 2005; Vargas et al., 2011). With only lateral,
cross-pore restraints applied to the S4-S5 linker, the N-terminus was free to orient itself in
its most favorable orientation along the Z-axis. As the channel opened, the S4-S5 linker
spontaneously tilted. The N-terminal end of the linker, to which the S4 voltage sensing

helix is attached, moved roughly 3 A upward as the pore domain opened (Fig. 4.13),
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Figure 4.13: The S4-S5 linker undergoes a modest vertical displacement during the transi-
tion between the closed and open states.

in agreement with the more conservative estimations of voltage sensor motion during Kv

channel activation (Chanda et al., 2005).

Experimental studies of the Kv pore domain have focused largely on the Shaker channel.
Studies of Shaker’s temperature dependence revealed that the open conformation is 1.6
kcal/mol lower in free energy than the closed conformation (Rodriguez et al., 1998), in
strong agreement with the free energy profile presented here. However, the Shaker channel
contains a PVP motif, a primary structural element which forms a hinge-like secondary
structure on the S6 helices. Alanine mutagenesis studies of Shaker revealed that the closed

conformation is energetically favorable to the open conformation (Yifrach and MacKinnon,
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2002). Further study, however, found that the proline residues in the PVP motif are essential
for this thermodynamic equilibrium; glycine and alanine mutants of the prolines within the
PVP motif caused a rightward shift of the Shaker GV curve, indicating that this PVP motif
1s necessary for gating in Shaker channels. Furthermore, shifts of the PVP motif in the S6
sequence were sufficient to regain wildtype-like activation (Labro et al., 2003). KvAP does
not have such a PVP motif, and, as a result, the underlying mechanism of pore domain

gating may differ.

Similar free energy calculations were recently reported for the Kv1.2/2.1 chimera (Fowler
and Sansom, 2013). In this study, the Kv1.2/2.1 chimera pore domain (without the S4-
S5 linkers) was equilibrated and the free energy of gating was calculated by closing the
channel. The authors found a nearly exponential increase in free energy as the channel
was closed, leading them to conclude that the pore domain is forced closed by the voltage
sensors and the S4-S5 linkers surrounding the pore applying an inward pressure against the
S6 helices. The proteins studied may account for differences in the free energy landscapes.
The Kv1.2/2.1 chimera contains a PVP motif in the S6 helices, which may alter gating

energetics and produce a different free energy profile than KvAP.

The transition between the open and closed conformations could also contribute to the
conflicting free energy profiles. Fowler and Sansom studied the closing of the pore do-

main, while the results presented here reflect the opening of the pore domain. Though
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the fundamental motions of opening and closing the KvAP pore domain are identical (in-
ward/outward motion of S4-S5 linker, inward/outward motion of S6 helices), the solvent
effects on the system could influence the free energy landscape. In Fowler and Sansom’s
work, only 10 ns was used to equilibrate the system, and statistics for each window were
collected for 1 ns. This experimental protocol could result in a trapping of water within the
pore domain, straining the S6 helices and influencing them to move outward (shifting the

energetic landscape to favor the open conformation).

To evaluate the effects of the pathway on the number of water molecules within the pore
domain, a 200 ns TMD simulation was used to close the channel from its open confor-
mation. In order to exclude water from the pore domain when closing the channel, ample
equilibration is needed. Even with 200 ns simulations, the number of pore water molecules
during the opening and closing process do not mirror one another (Fig. 4.14). Shorter
simulations, such as those by Fowler and Sansom, could be influenced by strong solvent
effects. Jensen et al., reaching simulation times in the hundreds of microseconds, proposed
that a dewetting process of the pore domain is essential for S6 helix closure (Jensen et al.,
2012). The exponentially increasing energetic landscape of Fowler and Sansom could re-
flect this necessary process. The pore domain has a limited volume, and certainly contains
a maximum solvent capacity. It will be essential to determine the most energetically fa-
vorable pore hydration states along the transition pathway to accurately quantify the gating

energetics and the fundamental mechanism of Kv channels.
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Figure 4.14: The number of water molecules within the KvAP pore domain is dependent
upon the gating pathway, and could ultimately influence the free energy landscape.



Chapter 5

Membrane Binding of VSTx1, a Voltage

Sensor Toxin

5.1 Introduction

In the evolutionary arms race between predator and prey, a variety of attack and defense
mechanisms have evolved to increase the fitness of both the hunter and the hunted. While
the brute force of speed and strength are among the more visceral examples of this bat-

tle for survival, evolution also occurs on the molecular level to increase the lethality—and

90
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Figure 5.1: VSTxI, a tarantula toxin and member of the ICK family of proteins.

fitness—of both predator and prey, large and small. Toxins—endogenously produced chemi-
cal compounds that produce an adverse effect in other organisms—are used by both predator
and prey alike. In the plant kingdom, where mobility is limited, toxins are especially useful
for defense. Banana trees localize phenylphenalenones in their roots to poison parasitic ne-
matodes in the soil (Holscher et al., 2014). In the animal kingdom, skunks release noxious
chemical toxins to ward off potential attackers (Wood, 1990). To stun, paralyze, and even

kill, certain species of tarantula inject neurotoxins into their prey.

Tarantula venom contains toxins that affect a variety of membrane channels: voltage-gated
cation channels (Lampe et al., 1993), ligand-gated ion channels (Baconguis and Gouaux,
2012), and mechanosensitive stretch-activated ion channels (Bae et al., 2011). Containing
multiple disulfide bonds bridging the protein, these short peptides of 30-40 amino acids are

classified as members of the inhibitor cysteine knot (ICK) family.
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VSTxI, an ICK protein found in tarantula venom, significantly alters the gating kinetics
of voltage gated potassium ion channels, namely KvAP. In the presence of VSTxI, the
activation of KvAP is significantly hindered, resulting in a right-shifted G-V curve. Con-
sequently, tarantula toxins, and VSTx1 in particular, are useful probes of voltage gated ion
channel properties. VSTx1, for example, has been useful in both structural and functional

studies of Kv channels (Alabi et al., 2007).

Though the mode of action is unclear, many tarantula toxins are believed to partition into
the lipid membrane in order to act on their target. For example, GsMTx4, an ICK tarantula
toxin inhibiting stretch activated cation channels, inhibits stretch activated channels (SAC)
in both its D and L enantiomers. Because the affinity of the toxin to the protein shows
no apparent chiral preference, GsMTx4 most likely partitions into the neighboring lipid
membrane, altering the lateral surface tension of the lipid membrane on the SAC protein,
thereby inhibiting its native function (Posokhov et al., 2007). Similarly, VSTx1 is believed
to alter the interactions and lateral forces between the membrane and the voltage sensor

(Schmidt and MacKinnon, 2008).

To determine the atomic level interactions between a tarantula toxin and a lipid membrane,

I perform molecular dynamics simulations recreating the experimental setup of neutron
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scattering experiments. Using the neutron scattering density profile of VSTx1 in a multi-
layer as a restraint for MD simulations of VSTx1, I present an atomistic model of VSTx1

binding with the lipid bilayer.

5.2 Methods

All simulations were carried out to replicate the experimental conditions of the neutron
scattering study. One VSTx1 peptide (PDB code 1S6X) was placed on each side of the lipid
bilayer (two toxins in total). 112 POPC lipids were used to create the membrane bilayer. A
total of 1043 TIP3 water molecules were seeded just beyond the lipid headgroups. Periodic

boundary conditions were applied in all directions.

The simulations were run using the NAMD 2.9 software package (Phillips et al., 2005)
with the CHARMM36 force field. Temperature was held constant at 295 K with Langevin
dynamics. Pressure was maintained at 1 atm with Langevin Nosé-Hoover method. The
SHAKE algorithm was used to model the high frequency oscillations of hydrogen atoms.
The simulations were run for 120 ns; analysis was conducted on the final 37 ns of simula-

tion, as they represent the fully equilibrated system.
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Restraints were applied to the protein according to the experimentally determined transbi-
layer distribution, p(Z). To accurately recapitulate the experimentally determined densi-
ties, a dynamic force was applied to selectively deuterated hydrogen atoms from the ex-
periment (8 H atoms on F5, 3 H atoms on M6, 5 H atoms on F7, 8 H atoms on V29,
and 10 H atoms on L30, collectively referred to as “patch”). To determine the forces ap-
plied to each atom, a pseudo-potential, ®(Z) = 1 — p(Z), was generated. Finally, a force
profile along the Z-axis, F(Z), was created by taking the negative derivative of the pseudo-
potential, F(Z) = —%. At each step in the simulation, the Z coordinate of the deuterated
patch residues was checked against F(Z) and a specific force was applied to each deuterated

atom.

5.3 Results

The scattering density profile for the simulation closely matches the experimentally-
determined scattering density profile (Fig. 5.2). Strong qualitative agreement exists be-
tween simulation and experiment for the distributions of the deuterated residues of the
toxin’s hydrophobic patch, the water molecules, the D4 residues on the POPC lipids, and
the sum total of all of the system’s components. Though slight deviations can be seen be-

tween the experimental and computational scattering density profiles of the D4 atoms near
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Figure 5.2: The calculated scattering density profile from simulation is in good agreement
with the experimentally determined profile.

the boundaries of the system, this discrepancy may well be due to different lipid composi-

tion (100% POPC in simulation, 50:50 POPC:POPG mixture in experiment).

Density profiles calculated from the simulation reveal unique phases on each side of the

membrane leaflet. The phosphate and carbonyl peaks of the POPC lipids of the upper

leaflet are broader than those of the lower leaflet, indicating a larger membrane deformation

of the upper leaflet. Additionally, the distribution of water around the upper leaflet is also

wider, fully hydrating the lipid phosphates (Fig. 5.3). The distribution of water within the

bilayer is also different along the upper and lower leaflets of the membrane. Though the
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Figure 5.3: Density profile of VSTx1 simulations. Asymmetry in component distributions
suggests alternative binding modes of VSTx1 to the membrane interface.

water density peak of the lower leaflet is narrower than that of the upper leaflet, it features

a shoulder which extends well into the center of the bilayer, peaking slightly around Z=-3.

Two dimensional histograms reveal the deformation of the upper leaflet (Fig. 5.4). While
the topology of the lower leaflet is mostly homogenous, the upper leaflet shows a deep well

near the protein (whose center of mass is centered at 0, 0, Z).

The different topologies of the lower and upper leaflets induce differing orientations of the
toxins of the lower at each membrane interface. The cavity created along the upper leaflet

allows for a more modest insertion of VSTx than the more planar lower leaflet. VST, the
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Figure 5.4: The upper leaflet of the lipid bilayer (a) forms a cavity around and beneath the
VSTx toxin peptide, while the lower leaflet (b) maintains a more planar conformation.
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Figure 5.5: VST1 and VST2, toxins on the upper and lower leaflets, respectively, assume
different orientations relative to the membrane normal. a). VSTI, green, is more flush
with the membrane normal. b). Using the axis formed between residues K17 and R24 as
a reference, VST1 (green) tilts approximately 15° further from the membrane normal than
VST2 (blue).

toxin positioned along the upper leaflet, is more flush with the membrane than VST2 (the

toxin positioned along the lower leaflet) (Fig. 5.5).

Though the toxins assume different orientations, they do not undergo any significant con-
formational changes. RMSDs of the toxins in the simulations show only small fluctuations
in peptide backbone structure (Fig. 5.6a). Additionally, salt bridge analysis reveals no ma-
jor rearrangements of the protein sidechains (Fig. 5.6b). In both VST1 and VST2, the salt

bridge between K17 and D18 endures throughout the entire simulation.
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Figure 5.6: The VSTx peptides are stable during the final 40 ns of simulation. a). The
RMSDs for each peptide in the simulation (VST1 and VST2) are stable, indicating no
large conformational changes. b). The K17-D18 salt bridge is robust in both VST1 (green)

and VST2 (blue).
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Figure 5.7: The differing orientations of VST1 and VST?2 affect the depth of the K17 (blue)
- D18 (red) salt bridge pair.

The K17-D18 salt bridge is thoroughly solvated throughout the simulation (Fig. 5.7).
Along the upper leaflet, where the toxin lies more flush with the plane of the membrane,
K17 and D18 are positioned closer to the headgroup region of the bilayer. In this orien-
tation, in addition to hydration from the water molecules occupying the cavity created by
the membrane deformation, a phosphate from the lipid headgroups interacts with K17. On
the lower leaflet, the more vertical orientation of VST2 forces K17 and D18 deeper into
the membrane. Too deep within the hydrocarbon core of the membrane to interact with

headgroups, the K17-D18 salt bridge of VST2 is solvated only by water molecules.
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5.4 Discussion

Given their role in regulating neuronal activity, voltage sensors of voltage gated ion chan-
nels are ideal neurotoxic targets for predators (Swartz and MacKinnon, 1995; Cestele et al.,
1998; Li-Smerin and Swartz, 2000; Jung et al., 2005). Because VSTxI1, a tarantula toxin,
significantly alters the gating of KvAP, a prokaryotic Kv channel (Ruta and MacKinnon,
2004), the structural interactions of the toxin with the voltage sensor of KvAP may be
universal to all Kv channel voltage sensors. Mutagenesis studies of the voltage sensor do-
main revealed that the S3b and S4 helices are involved in the mode of action of VSTx1
on Kv channels (Alabi et al., 2007). VSTxI is believed to interact with the voltage sensor
after first partitioning into the membrane (Milescu et al., 2007). At present, the mode of

interaction of VSTx1 with the lipid membrane is unclear.

The orientation of the toxin seen in the simulations could facilitate its mode of action on
the Kv voltage sensor. The most surprising result was the burial of the hydrophilic residues
K17 and D18. However, these two polar residues engage in a salt bridge throughout the
simulation, and are further solvated by water and lipid phosphate. VSTx1 contains five
basic residues, and the orientation seen in the simulations positions the remaining four

basic residues in the aqueous extracellular solvent (Fig. 5.8).
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Figure 5.8: Though the K17-D18 salt bridge is buried within the hydrocarbon core of the
membrane, the orientation of the toxin seen in the simulation positions the toxin’s four
remaining basic residues in the extracellular aqueous solvent.
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Figure 5.9: Though separated by the membrane bilayer, VST1 (along the upper leaflet)
comes in contact with the periodic image of VST2 of the neighboring unit cell.

Though the molecular dynamics simulations recreate the experimentally-observed
scattering density profile, the setup of the simulations could ultimately influence the
computationally-derived scattering density profile. Though they exist on opposite mem-
brane leaflets, the periodic nature along the Z axis of the minimally-hydrated multilayer
positions VST1 within close proximity of VST2 of the adjacent unit cell. An unfavorable
interface exists between VST1 and VST2, and electrostatic mismatch along the toxin

interface could drive the membrane deformation of the upper leaflet (Fig. 5.9).

Mutagenesis studies of SGTx1, an ICK tarantula toxin which also targets Kv channels
(Lee et al., 2004), revealed a cluster of residues which drastically affect Kv channel gating

(Wang et al., 2004; Milescu et al., 2007). Intriguingly, when superposed onto VSTx1 in its
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simulated orientation, these residues are clustered together along the same lateral face of

the toxin. This orientation could facilitate a lateral interaction between a membrane bound

toxin and the Kv voltage sensor.



Chapter 6

Concluding Remarks

The x-ray crystalization of Kv channel crystals over the past decade revealed structural
information of 6TM K* channels at atomic resolution. The atomistic information of these
structures also provided new insights into functional mechanisms of the channels. Nev-
ertheless, these crystal structures are static configurations—mere snapshots arranged in a
highly ordered lattice. To approach the functional mechanisms of Kv channels, dynamic

information is essential.

In Chapter 2, I simulated a Kv voltage sensor with its S4 helix in 319 and alpha confor-
mations to assess the plausibility that an interconversion between the alpha and 3¢ con-

formations could account for experimental measurements of voltage sensor motions during

105
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channel gating. This 3¢ to alpha conversion would cause the S4 helix to elongate, rotate,

and tilt, in agreement with experimental evidence.

In Chapter 3, I applied the 3¢ and alpha restraints to a full Kv channel and found that, on
the timescales attainable, this secondary structure interconversion does not alter the state
of the pore domain. I also used the full Kv1.2/2.1 chimera channel to model luminescence
resonance energy transfer measurements of the S4-S5 linker in the closed state. These po-
sitional restraints were sufficient to induce conformational changes of both the S6 helices
by closing the channel, and also the voltage sensor. The resulting structure recapitulated a
number of experimentally determined measurements of the closed Kv channel conforma-

tion.

In Chapter 4, I used the same experimentally determined values of the S4-S5 linker from
Chapter 3 to model the KvAP pore domain in its closed state. I then used targeted molecular
dynamics to generate a transition between the closed and open conformations of the pore
domain. This transition allowed me to perform umbrella sampling simulations of the gating
transition in KvAP, and I found that the open conformation is energetically favorable to the

closed pore (2.7 kcal/mol).

In Chapter 5, I use experimentally-determined one-dimensional neutron scattering data
of the VSTxI toxin to generate restraints for molecular dynamics simulations. Because

the scattering density profiles of simulation closely matches the experimental scattering
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density profile, I can extract three dimensional structural information from the molecular
dynamics simulations. These simulations provide insight into the binding of VSTx1 to the

lipid bilayer.

From a set of initial coordinates, molecular dynamics simuations are able to predict the
positions and momenta of hundreds of thousands of atoms, limited only by the empirically-
determined parameters used in the simulation and the computational power available to the
scientist performing the experiment. Consequently, molecular dynamics is often described
as an atomic microscope—a tool capable of resolving fully atomistic infomation over a given

period of time.

Though molecular dynamics does indeed project the behavior of hundreds of thousands of
atoms, its true versatility is in its ability to create, quantify, and explore the unknown. In
each chapter in this dissertation, molecular dynamics is used as starting point to generate
as-of-yet unknown three dimensional structures. Then, simply by applying Newton’s laws
of motion, molecular dynamics can predict behaviors of theoretical structures (Chapters
2, 3, and 4), quantify energetics (Chapter 4), and turn one-dimensional information into
three dimensional, time-resolved data (Chapters 3 and 5). Molecular dynamics is much
more than just a microscope capable of peeking into the molecular world; it allows us to

create a molecular world, preceisely monitor all of its components, witness its behaviors
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on a human timescale, and extract information otherwise undetectable by experimental

techniques.
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