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ABSTRACT

The mechanism by which voltage-gated potassium ion (Ky) channels respond to changes
in membrane polarization is one of the most widely studied yet least understood aspects
of K, channels. The voltage-sensing S4 helix contains 4-7 basic residues that form an
electrostatic interaction network with the acidic residues in the S2 and S3 helices to
stabilize the open and the closed state in response to voltage change. Previous studies
have demonstrated the importance of S3-S4 loop length and composition in shaping the
voltage response of K, channels. In this thesis, I have undertaken a series of mutagenesis
experiments on the mouse K,1.2 (Vs approximately -13 mV) and a jellyfish K, 1 channel
jShak1 (Vso approximately +26 mV) to evaluate how the S3-S4 loop affects the voltage
sensitivity and regulates the interaction within the VSD in two different channel
backgrounds. I have mutated the S3-S4 loop by changing the length and composition and
have mutated an acidic residue on the S2 helix that stabilizes the open state by forming
salt bridges with basic residues of the S4 helix. In most K,1 family channels this residue
is glutamate (E226 in mouse, E283 in D. melanogaster Shaker), but in the jellyfish
channel it is asparagine (N227). I have also made pairwise combinations of the loop-
mutants and the S2 mutants to evaluate how their effects interact. Our study found that
the effects of the loop mutations on the two channels are significantly different, both in
terms of loop length and composition, indicating that the loops affect the propensity for
channel opening through factors other than simple constraints on relative movement of
S3 and S4. Mutations in the S2 residue reveal the packing of the helices in the two

channels differs significantly - in the mouse K, 1.2 mutations of E226 to shorter and less

ii



charged residues creates an omega pore through the voltage sensing domain, whereas
mutation of N227 in jShak1 leads to strong interactions between the effects of shortening
the S3-S4 loop and increasing the size of the residue 227 side-chain, indicating a tighter

packing of the helices in jShak1 than in mouse K,1.2.
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PREFACE

The part of the thesis presented in Chapter 3, is an extension of our previous study
published as Sand et al., 2013 (attached in appendix). Some of the mutants used for this
chapter were previously made by Rheanna Sand for the paper published as Sand et al.,
2013. An international summer intern, Matthias Ostermaier, helped to make some of the
mutants used in the study presented in chapter 4. Aside from the material presented in the

Appendix, no part of this thesis has been previously published.
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Chapter 1: Introduction
K* channels are the most diverse group of ion channel family

The neurons and muscles of our body are specialized by their unique ability to
generate electrical signals and are commonly known as excitable cells. Like all
other cells of living systems, an excitable cell maintains a difference in ion
concentration between the intracellular and extracellular environment, which
creates a small electrical potential across the plasma membrane. The cellular
excitability of these excitable cells is mostly mediated by a family of membrane
proteins, called the voltage gated ion channels that have three crucial functional
elements: (i) an ion conduction pore distinguishing between K, Na™ and Ca®"; (ii)
a gate that regulates the flow of ions through the pore and (iii) a voltage sensor
that can detect the change in membrane voltage and trigger the opening and
closing of the gate in response to voltage change (Hille, 2001). Voltage gated ion
channels can be defined as pore-forming multi-subunit proteins with the ability to
open and close in response to membrane voltage. The two most important features
of ion channels that distinguish them from other ion transporters are: the rate of
ion transport through the channel is very high (often 10° ions per second or
greater) and ions are passed through the channels down their electrochemical

gradient, without the direct involvement of metabolic energy (Hille, 2001).



The excitable cells (neurons, muscles and endocrine cells) use the voltage gated
ion channels to generate and propagate action potential- a short-lasting event, in
which the electrical membrane potential rapidly rises and falls, in a consistent
trajectory (Cole and Curtis, 1939). In response to appropriate stimulation, the
membrane voltage in the dendrite of the neuron becomes depolarized (less
negative than the resting state), which causes the voltage-gated sodium channels
(Na,) to open (Hodgkin and Katz, 1949). The rapid influx of Na' through Na,
causes the membrane potential to raise, Na,s to inactivate and the voltage gated
potassium channels (K,) to activate. The resulting outward current of K begins
to repolarize the membrane potential back toward its rest state (Hodgkin and
Huxley, 1952). The repolarization typically overshoots the resting potential as the
potassium channels remain open until the membrane potential becomes more
negative than the resting potential. This transient period of hyperpolarization, also
known as refractory period, is essential to prevent an action potential from
traveling the wrong direction. An action potential typically lasts a few
milliseconds and is crucial for mediating cell-to-cell communication in neurons.
In skeletal muscle cells, an action potential is the first step in the chain of events
leading to muscle contraction (Fenn and Cobb, 1939). Most, but not all, smooth-
muscle cells can generate action potentials in their plasma membrane upon
membrane depolarization. Some smooth muscles generate action potentials
spontaneously, in the absence of any external input, because of pacemaker
potentials in the plasma membrane that repeatedly depolarize the membrane to

threshold (Widmaier et al., 2014).



K" channels can be divided into four major structural classes, depending on the
trans- membrane (TM) segments (Fig-1.1): (i) K" channels with 2TM helices, that
includes inward rectifiers (K;;) (ii) The two-pore K" channels (K2P) with 4TM
domains (iii) K" channels with 6TM segments and one pore domains. This group
includes the voltage gated channels and the small conductance Ca*" activated K"
channels. Voltage gated potassium (K,) channels are a member of 6TM domains
class, that also includes KCNQ (K,7.x), ether-a-go-go (K,10.x), egr (K,11.x) and
elk (K,12.x) subfamilies (Fig-1.1). K,1.x to K\4.x corresponds to Shaker, Shab,
Shaw and Shal channels respectively in Drosophila. Besides having conducting
6TM channels (KCNA, KCNB, KCNC, KCND, KCNQ and KCNH), K, family
also includes the non-conducting group of gating modulator: KCNF (K,5), KCNG
(Ky6), KCNV (K,8), and KCNS (K,9). To be fully functional, K, channels require
a minimal tetrameric organization, with the ion conduction pore lying in the axis
of a 4-fold symmetric structure. This research is focused on K,1 family (KCNA)
channel from two evolutionarily distant organisms: K,1.2 from mouse (Mus

musculus) and jShak1 from jellyfish (Polyorchis penicillatus).

Voltage gated Potassium (K,) channels: Structure and function

Each a subunit of a K, channel tetramer contains six transmembrane segments

(S1-S6). The S5 and S6 helices and their connecting P loops from each subunit
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Figure 1.1: Potassium (K') channel families arranged according to their trans-membrane (TM)
domains (modified from Zhong et al., 2013). K" channel families can be grouped in those having two
transmembrane segments (2TM; Kir), 4TM (2-pore domain) and 6TM (voltage gated and Ca*
activated channels). Subdivisions of the voltage-gated K, channels into 12 subfamilies are presented
here. The nomenclature proposed by HUGO Gene Nomenclature Committee (HGNC) is followed in
this diagram.



form the central pore at the interface between the subunits. Helices S1 through S4
form the voltage sensing domain (VSD). Depending on channel type, S4, the
voltage sensing helix, contains four to seven positively charged amino acid
residues (usually Arg), also known as gating charges (Fig-1.2). Several negatively
charged residues (usually Asp and Glu) that play a role in voltage sensitivity are
distributed on the S2 and S3 helices. Gating of the channel is conferred through
the attachment of the VSD to the pore domain (PD). In response to change in
membrane voltage, the S4 helix undergoes a conformational change, causing the
opening of central pore domain. The crystal structure of mammalian K,1.2
channel resolved at 2.9A (Long et al., 2005) shows that the VSD of one subunit is
located near the PD of the adjacent subunit. The connection between the pore and
the VSD is made by the S4-S5 linker, which runs parallel to the intracellular
membrane surface. Besides having vast sequence diversity within the family, all
the K, channels carry an extremely conserved signature sequence of TTVGYGD
that forms the structure of the ion selective filter. This sequence of the PD allows
K, channels to selectively conduct K ions hundreds of times over the Na', where
the Na" has only 0.4 A smaller radius than K. The crystal structure of a bacterial
K" channel KcsA at 3.2 A resolution showed two zones in the PD region that K"
ions must transit in their trajectory trough: the selectivity filter, containing two
cations, and the internal vestibule (cavity), having one cation beneath the entrance
of the selectivity filter (Doyle et al., 1998). They proposed that in a 4-fold

symmetry, the oxygen atoms of the peptide backbone carbonyl groups can



(A) Voltage sensing domain Pore domain

N T1

(©)

Figure 1.2: Schematic diagram of an o subunit of K, channel (A), showing an intracellular N-terminus which
sometimes contains an inactivation particle (not shown), a tetramerization (T1) domain, six trans-membrane
helices (S1 through S6) and their linkers, a re-entrant loop between S5 and S6 that forms a filter region highly
selective to dehydrated K" ions, and an intracellular C-terminus. Functionally, K, subunits can be broken
down into the voltage-sensing domain (VSD) and the pore domain (PD). The S4 helix carries four to seven
positively charged residues at every third position, providing the primary electromotive force that drives pore
opening and closing in response to changing membrane electrical potentials (A). The 3D model of rat K,1.2
(3LUT; Chen et al., 2010) (B). Note that rat and mouse K,1.2 have identical protein sequence. Tetramer of
mouse/rat K, 1.2 channel, viewed from the side (C), top (D) and bottom (E). Each subunit has the same colour
scheme, and it is the same as that presented in (A). Molecular model images were made in PyMOL.



stabilize the dehydrated K" ions by acting as water “surrogate” (Doyle et al.,

1998).

Mammalian genomes contain on average ~40 genes that encode the primary or
subunits of K, channels (Millar, 2000). The functional diversity of the K,
channels in different cell types arises from the differential expression of the genes
of K, channels. The multiplicity of K, channels is further increased through: (i)
Hetero-multimerization: Different monomers of the same family can form hetero-
tetramers with novel functional properties not seen in the parental homomeric
channels. (ii) Hetero-multimerization with silent subunit families: K,2 family-
form heterotetramers with K5, K6, and K8, subunits that do not form functional
channels as homotetramers (Gutman et al., 2005). (iii) Multimerization of K,a
tetramers with accessory B-subunits: K,1.1, K,1.2, K,1.3, and K,1.5 are delayed
rectifiers but when expressed with K,B1.1, become rapidly inactivating as the
Shaker channel in Drosophila (Heinemann et al., 1996). (iv) Alternative splicing:
For example, Shaker gene in Drosophila contains 23 exons and alternative
splicing of these exons lead to 10 different channel variants (Schwarz et al.,
1988). Alternative splicing occurs in rat K,3 family (Perney et al., 1992) (v)
mRNA editing: Human K,1.1 channels changes the kinetics of K,B1-induced
inactivation by adapting a hairpin structure, caused by mRNA editing by human
adenosine deaminase acting on RNA 2 (hADAR2) (Bhalla et al., 2004). (vi)

Posttranslational modifications: K,1.2 is extensively phosphorylated in



mammalian brain, where the phosphorylation causes disruption of K,1.2

interaction with the cytoskeletal protein cortactin (Hattan et al., 2002).

In general, K" currents can be classified into showing A-type (fast inactivation) or
delayed rectifier behaviour (non-inactivating). At a sustained depolarized pulse,
A-type channels activate and then rapidly inactivate, producing a transient
response. This type of fast inactivation is thought to play a role in setting the
action potential interval. The name ‘delayed rectifier’ was used by Hodgkin and
Huxley (HH) to describe the giant squid axon mostly outward K'-current that
activated later than the Na" currents (Hodgkin and Huxley, 1952). This current
does not show inactivation in the millisecond time scale. Delayed rectifiers play
roles in shaping and terminating the action potential. For example in cardiac
action potential, the inward rectifier current Ix; participates in the latter part of
repolarizing phase, together with Ik, and Ik, in driving the membrane potential
towards the equilibrium potential of potassium and thereby terminating the action

potential (Thomas et al., 2006).

Dynamics of the voltage sensing domain (VSD)

During voltage-dependent activation, the VSD performs mechanical work that
allows the PD to change its conformation between the closed and open states. The
S4 helix, with positively charged residues executes the mechanical work by

translocating through the changing electric field of the membrane to drive the



activation of the channel. In Drosophila melanogaster Shaker channel, 12-14
electronic charges are estimated to be transferred across the transmembrane
electric field during the activation process, which corresponds to around 3 charges
transferred per subunit (Schoppa et al., 1992). Mutational studies show that the
positively charged residues of the S4 helix make different contributions to the
mechanism of activation, rather than simply moving through the electric field

(Perozo et al., 1994 and Papazian et al., 1991).

In Drosophila Shaker, the mutation of the first arginine of the S4 helix (R362) to
histidine (R362H mutation) allowed permeation of cations through the VSD at
hyperpolarized potential. This conduction through the mutated VSD of the
Shaker channel was coined the “omega (®) - current” by Tombola et al., (2005).
In their paper, Tombola et al. suggested a possible conformational change in the
S4 helix at a hyperpolarized potential that may correlate to the opening of the
omega pore (Tombola et al., 2005). In a follow up paper Tombola et al. used a
quadruply mutated Shaker K, channel (R362S/ S357C/ E283D/ M256D) in
conjunction with cysteine mutagenesis and thiol-reactive agents to characterize
the residues in the VSD lining the omega pore (Tombola et al., 2007). They
showed that the pore is lined by residues originating mainly from transmembrane
helices S1 and S2 (Tombola et al., 2007). R371H mutation in Shaker generated a
proton flux at depolarized potential (Starace et al., 2001). Studies have identified
naturally occurring mutations in the VSDs of Na" channels that can cause omega

currents and can lead to a human disease known as hypokaelemic periodic



paralysis (Sokolov et al., 2007). In a K,3 family channel from platyhelminth
(N.at-K,3.2) the 1* and 3 arginines of the S4 helix is replaced by histidine and
glycine respectively and this channel produces natural omega current. H325R and
G331R mutation in N.at-K,3.2 produced current passing through the canonical
pore (Klassen and Spencer, 2008). All these studies indicate the involvement of
the 1*" and 2™ arginines (R1 and R2) and also S2 and S3 helices in preventing
omega current in K, channel. In a recent paper, Tarek et al. (2013) has proposed
that the charge-charge interaction within the VSD is crucial for preventing the
omega current. In K, channels, a water crevice penetrates the structure from the
intracellular and extra cellular region, both in the active and the resting state
(Krepkiy et al., 2009; Jogini et al., 2007; Treptow et al., 2006 and Freites et al.,
2006). Tarek et al. proposed that the state-dependent interaction within the
charged residues of the VSD makes a constriction that prevents communication
between the extracellular and intracellular media through the water crevice. Any
mutation in residues of this region that disrupts the constriction is most likely to

generate omega current (Tarek et al., 2013).

Besides preventing the omega current through the VSD, the charged residues of
the S4 helix also participate in stabilizing the open and closed state of the channel,
as shown by several studies. The neutralization mutation K374Q and R377Q in
the S4 helix of Drosophila Shaker failed to produce a functional channel. Those

non-functional mutant channels were rescued by second mutations at E293Q and
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D316N in S2 and S3 helices, suggesting an interaction network between these

charged residues (Papazian et al., 1995).

Later studies have identified other electrostatic interactions within VSD that play
a role in stabilizing the open and closed state of the channel. In the Drosophila
Shaker channel, the closed conformation is stabilized by salt bridges formed
between Lys374 (K374) in S4 and Glu293 (E293) and Asp316 (D316) in S2 and
S3, respectively (Durell et al., 2004; Li-Smerin et al., 2000; Tiwari-Woodruff et
al., 1997 and Papazian et al., 1995) (Fig-1.3B). The open conformation, on the
other hand is stabilized by the interaction of Arg368 (R368) and R371 in S4 with
E283 in the S2 transmembrane helix, whereas E293 in S2 and D316 in S3 interact
with R377 (Silverman et al., 2003 and Papazian et al., 1995) (Fig-1.3A).
According to a recent model proposed by Jensen et al., (2012), the S4 helix,
together with the C-terminal region of the S3-S4 linker is pulled down, in between
the negatively charged residues of the VSD and the PD turret, when the channel
closes. A homology model of mouse K,1.2, made using the inferred closed state
model of Jensen et al. clearly shows the large displacement of the S4 helix and the

S3-S4 loop in a downward direction (Fig-1.3D).

The charged residues that regulate voltage sensitivity of K, channel are conserved
is most K, channels. However, the specific voltage that causes a channel to open
is quite variable among and within the families of K, channel in different species,

indicating involvement of other factors in fine-tuning this behaviour of the

11



(A) (B)

(C) (D)

Figure 1.3: Schematic of interactions occurring within the VSD to stabilize the open (A) and closed (B) state
of Drosophila Shaker channel (Silverman et al., 2003 and Papazian et al., 1995). The open conformation in
Shaker is stabilized by the interaction of R368 and R371 in S4 with E283 in the S2 helix, whereas E293 in S2
and D316 in S3 interact with R377 (A). The closed conformation is stabilized by salt bridges formed between
Lys374 (K374) in S4 and Glu293 (E293) and Asp316 (D316) in S2 and S3, respectively (Durell et al., 2004;
Li-Smerin et al., 2000; Tiwari-Woodruff et al., 1997 and Papazian et al., 1995) (B). 3D model of mouse K,1.2
VSD in open state (3LUT; Chen et al., 2010), showing possible interaction within the charged residues of the
VSD. The homology model of mouse K,1.2 VSD made using the inferred closed state model of Jensen et al.
(2012) as template (D). According to Jensen’s model, the S3-S4 linker is pulled downward when the channel
closes (Jensen et al., 2012). The colour scheme of the helices is same as presented in fig-1.2. Molecular model
images were made in PyMOL.
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channel. From the crystal structure it becomes apparent that one of the factors that
might affect the movement of the S4 helix across the membrane is the length and
flexibility of the S3-S4 loop, connecting the S3 and S4 helices. In Shaker, A (330-
360) mutation to make a channel with Oaa linker caused a large right-shift in the
half-activation voltage (Vso) as well as a significant decrease in the gating charge
(Gonzalez et al., 2000). The conformational changes associated with the
activation of K, channels result in the transfer of some electric charges across the
membrane electric field, which is known as the gating charge. This charge
transfer is measured as a transient capacitive current, known as gating current.
Theoretically, the gating charge of a single channel can be determined by
recording the gating current of a single channel (using a patch clamp amplifier)
and integrating this current over time. However, the gating currents generated by
a single channel are lost in the noise generated from patch clamp systems. An
alternate way to measure the gating charge is to use channel-specific radio-ligand
to count the number of channels expressed in a Xenopus oocyte. This allows a
measurement of total gating charge in an oocyte membrane to be converted into a
determination of charge per channel (Aggarwal et al., 1996). Decrease in the
gating charge of a channel can be the result of the less number of charges in the
voltage sensor (S4 helix); the presence of a wider, more diffuse potential field
such that the charges traverse a smaller proportion of the potential field or a
constrain in the movement of the voltage sensor. For the mutant channels made

for the study by Gonzalez et al., (2000), the sequence of the S4 helix and the

13



membrane electric field were invariable. So, a decrease in the gating charge
indicates a possible constraint on the motion of the S4 helix, caused by the Oaa
S3-S4 linker (Gonzalez et al., 2000). The role of the S3-S4 linker in regulating the
movement of the S4 helix is also supported by fluorescent studies by Sorensen et
al., (2000). Sequential truncation of the S3-S4 linkers in Shaker shows that the
Vs of the mutant channel becomes a periodic function of the S3-S4 linker of 4 to
6aa in length , where the C-terminal region of the loop was sequentially deleted
(Gonzalez et al., 2001). The S3-S4 loops shorter than 3aa failed to form a
functional channel Drosophila Shaker (Gonzalez et al., 2001). However, this
study failed to differentiate between the effect of loop length and the effect of
loop composition on the Vsg of the channel. Studies with cnidarian K,1 channel,
jShakl1, also indicate a possible constraint on the movement of the S4 helix,
caused by the natural short length of the S3-S4 loop (Klassen et al., 2008). Our
studies with mouse K,1.2 (Sand et al., 2013) indicate a potential role of S3-S4
loop length and composition is setting the specific Vso of activation of the
channel. The results of this study implied a possible energetic constrain on the
movement of S4 helix caused by extreme short length of S3-S4 linker. Depending
on composition, the C-terminus of the mouse K 1.2 S3-S4 linker was found to
stabilize either the open or the closed state of the channel by interacting with the
negatively charged turret of the PD (Sand et al., 2013), as this part of the linker is
positioned to close-proximity to the negatively charged residues of VSD and PD,

during channel closure (Jensen et al., 2012) (Fig-1.3D).
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All the above mentioned studies indicate a significant role of the S4 helix in
preventing omega current and in setting the voltage sensitivity of the channel. It is
also apparent that the S3-S4 loop length and composition constrains the
movement of the S4 helix, affecting Vs, kinetics and the gating charge of the
channel. However, no direct studies have been done to investigate the effect of the
S3-S4 loop length and composition on the electrostatic interaction with in the
VSD. In this context, I aimed to evaluate the effect of S3-S4 loop length and
composition on the dynamics of the VSD an aspect of K, channel that has not

been reported before.

Outline of the thesis

The work presented for my thesis here is aimed to analyze the effect of the S3-S4
loop length and composition on the interaction within the VSD of K, channel. The
study is conducted in K,1 family channels from two distantly related species:

jellyfish (Polyorchis penicillatus) and mouse (Mus musculus).

The hydrozoan jellyfish Polyorchis penicillatus is a member of the Phylum
Cnidaria and lacks a central nervous system. They use a diffuse nerve net to
transmit photo-sensory information from the ocelli in the bell margin to the
swimming muscles lining the bell (Spencer, 1978; Spencer, 1979). The nerve nets
of P. penicillatus are coordinated by two nerve rings in the bell margin (Lin et al.,

2001; Spencer, 1979; Spencer and Arkett, 1984) and the nerve rings are
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functionally divided into the inner motor center and an outer integrating center.
Polyorchis penicillatus were collected from Bamfield Inlet or Pachena Bay, near
Bamfield, BC, Canada. The normal water temperature these jellyfishes experience
range from 7 to 20°C throughout the year ((Lin and Spencer, 2001). So far two
K,1 family channels, jShakl and jShak2 (Jegla et al., 1995), a K,3-type channel
jShawl (Sand et al., 2011) and a K4 with an associated gamma subunit (Jegla
and Salkoff, 1997) have been isolated and characterized from P. penicillatus.
Phylum Cnidaria is positioned far from mammals on the evolutionary tree, and is

classified as a sister group to all bilaterally symmetrical animals.

The mammalian K,1 channel used in this study is from house mouse, Mus
musculus, which is a member of the Phylum Chordata and order Rodentia. They
were originally a Palaearctic species, but have been widely introduced across the
globe (Musser and Carleton, 2005). The species is now widespread over all
continents, except Antarctica (Macholan 1999). House mice are typically
commensal, and are found in a very wide range of man-made habitats including
houses, farm outbuildings; other types of buildings, and even coal mines and
frozen meat stores (Macholdn 1999, Wilson and Reeder 2005). Under normal
conditions, the body temperature of house mouse range from 34 to 39°C (Gordon,
1993). Most of the K1 channel o subunit is found to express in fetal mouse
hippocampus (Grosse et al., 2000). The primary goal of this study is to evaluate
how the role of S3-S4 linker in the voltage sensitivity has been adapted in two

evolutionary divergent K,1 channels. Mouse and jellyfish are evolutionary widely
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divergent and habitant of different environments with different temperatures. The
Kyl channels (Ky1.2 from mouse and jShakl from jellyfish) from these two
species also possess some interesting differences at the protein sequence.
Comparing the results of similar experiments from two different channels would
help to identify the general as well as the channel-specific role of the S3-S4 loop

in voltage sensitivity of K, channel.

Chapter 2 contains the materials and methods used for the research. Chapter 3
includes my studies of analysing the effect of S3-S4 loop length and composition
on the dynamics of the S4 helix. The work presented in this chapter is an
extension of our previous study with mouse K,1.2 loops, published as Sand et al.,
2013 (Attached in appendix). In that previous study, we replaced the natural S3-
S4 linker of mouse K,1.2 with a wide range of synthetic homopolymeric loops,
varying both in length and compositions (Sand et al., 2013). Since the current
model of closing process indicates a possible role of the last three amino acid
residues (QQA) in biasing the open to close transition of the channel (Jensen et
al., 2012), some loops were also made by modifying only the last three residues,
which were found to stabilize either the open or the closed state depending on
their composition (Sand et al., 2013). The results showed that (i) the length of the
loop is responsible for an energetic constraint on the transition between the
opened and closed states; (ii) the nature of the side chain of the loops affects its
interaction energy with the rest of the channel and this energy varies significantly

between the open and closed state and (iii) the three amino acid residues in the C
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terminus of the S3-S4 loop that translocate into the negatively charged vestibule
of PD, can stabilize either the open or the closed state depending on its

composition (Sand et al., 2013).

In addition, the work presented for the thesis in chapter 3 analyzes the interaction
of the above stated ‘loop-effect” with mutations of the negatively charged
glutamic acid (E226) in the S2 helix. I made point mutations by replacing
glutamic acid, E226 by aspartic acid, D, which has a shorter side chain length than
E, neutral N and Q. E226D mutant channels significantly affected the Vo and the
slope factor of the channel, compared to the wild-type mouse K,1.2. Both E226N
and E226Q mutation produced a leaky channel and treatment of the mutant
channels with pore blocker clearly showed that the leak current is an omega
current, through the VSD. I made double mutants by combining mouse K,1.2
synthetic loop mutants presented in Sand et al., (2013), with 226D mutants. The
synthetic loops used to make double mutants were varied in length (3aa, 5aa and
10aa) and compositions (glutamic acid, serine, and glycine). To analyze the role
of the C-terminal amino acids (QQA) and its possible effect on the dynamics of
the S4 helix, I also made double mutants by combining hetero-polymeric loops

(G7QQA, S7TQQA, E7QQA) and E226D.

The results with mouse K, 1.2 show that the stable salt-bridge formation between
E226 and the positively charged residues of the S4 helix is important for

stabilizing the open state as well as for preventing the omega current passing
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through the VSD. I have proposed a mechanism in chapter 3 explaining how the
different E226 mutations tested might affect the dynamics and the salt-bridging
within S2 and S4 helices, causing omega current. Based on the results presented
in chapter 3, I also propose the pattern of interaction between the S3-S4 loop of

mouse K, 1.2 with the rest of the channel.

Chapter 4 contains my study entitled ‘The effect of S3-S4 loop length and
composition on the voltage sensitivity of jShakl-a K,l channel from jellyfish
Polyorchis penicillatus’. The work presented in this chapter is conducted on a
cnidarian K,1 channel jShakl from jellyfish Polyorchis penicillatus. jShakl is
evolutionary highly divergent from mouse K,1.2. Moreover, jShak1 possess some
structural features, unique from most of the K, channel, making it worth studying
and comparing with mouse K,1.2. jShakl opens at a much higher membrane
potential (Vso = +26.6mV) compared to mouse K,1.2 (Vso=-13.3mV). In jShakl,
although one of the conserved acidic residues of the S2 helix (E283 in Drosophila
melanogaster and E226 in mouse K,1.2) is replaced by a neutral asparagine,
N227, no omega current is observed in this channel. Also, jShakl has one less
positively charged motif in the S4 region and a very short S3-S4 linker, consisting

of only five amino acid residues (Klassen et al., 2008 and Grigoriev et al., 1997).

In this study, I replaced the natural short S3-S4 linker of jShakl with synthetic
homopolymers varying both in length (3aa, 5aa and 10aa) and compositions
(glycine, serine and glutamic acids). Similar synthetic loops that are used with
mouse K,1.2 (Chapter 3) is expected to show similar length effect in jShakl.
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However, the absence of a negatively charged residue at 227 of jShakl might
prevent the longer loops from shifting the Vs, values of the loop-mutant channels
as negative as were observed for mouse K,1.2 in Sand et al., 2013. To evaluate
the role of the C-terminus of the S3-S4 linker in stabilizing the closed state
(Jensen et al., 2012) the last positively charged lysine (K) was mutated in both
natural and synthetic loops. C-terminus of the S3-S4 loop was shown to affect Vs
by interacting with the negatively charged residues of the PD turret (Sand et al.,
2013). In jShakl the positively charged lysine (K278) in the C-terminus of the
S3-S4 loop is expected to stabilize the relative closed state by interacting with the
negatively charged residues of the PD turret. I also replaced the neutral N at 227
of jShak1 with both E and D. N227D and N227E mutations were combined with
all synthetic loops to make double mutant channels, with an aim to analyze the
effect of S3-S4 loop length and composition on the interaction between the S2 and

S4 helices.

The results from jShakl indicate that mouse K,1.2 and jShakl have evolved
distinct mechanisms to both prevent the omega current and to respond to change
in membrane voltage. Based on the results presented in chapter 4, I propose that
in jShak1 the S3-S4 linker affects the Vs by constraining the movement of the S4
helix and by interacting with the channel. I have found that unlike mouse K,1.2,
the interaction between the S3-S4 loop and the channel in jShak1 can regulate the
voltage sensitivity even in the absence of a negatively charged residue at 227 of

the S2 helix.
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Chapter 2: Materials and Methods

Mutant constriction

(a) Mouse K,1.2
The full-length mouse K,1.2 plasmid was purchased from OpenBiosystems,
Huntsville, AL, USA. The channel ORF was amplified by PCR with sense and
antisense primers designed with Xho I and Spe I sites, respectively, for restriction
digestion and ligation into the Xenopus laevis oocyte expression vector pXT7

(Dominguez et al., 1995).

E226D, E226N and E226Q mutant channels were made by overlapping PCR (Ho
et al., 1989), using appropriate primers listed in Table 2.1. The final PCR product
with the desired mutation was digested with Nsil and Nhel. The resulted fragment
was ligated with mouse K,1.2 WT vector digested with the same enzymes (Fig-

2.1A).

The loop mutants in mouse K,1.2 were made for our previous experiments
presented in Sand et al., 2013. To make double mutations between E226D and
the loop vectors, both the plasmids were digested with Pasl restriction enzyme. To
avoid re-ligation of the vector, the digested loop vector was dephosphorylated
using Shrimp Alkaline Phosphatase (SAP). Ligation was performed between the
Pasl digested insert fragment with E226D mutation and Pasl digested and SAP

treated vector containing desired loop sequence (Fig-2.1B).
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Figure 2.1: Procedure of making point mutation at 226 position using overlapping PCR method (A).
Procedure of making double mutants by combining E226D and loop mutants (B). 2




(b) Polyorchis penicillatus jShakl

For the work presented in chapter 4, non-inactivating (A23N) jShakl in pXT7
(Klassen et al., 2008) was used to create a construction vector with silent BsrGI
and Bcll cutting sites in the S3/S4 loop, using overlapping PCR with appropriate
primers listed in Table 2.1. To make the homo, hetero and K278 mutant loops,
synthetic oligonucleotides were designed with desired loop sequence and
overhangs of BsrGI and Bcll sites (Table-2.1). The annealed oligonucleotides
were ligated into the BsrGI and Bcll digested construction vector. To make
double mutations both N227D and N227E single mutant (Klassen et al., 2008)
and jShakl loop mutants were digested with Clal, and Hpal restriction enzymes

and the relevant fragments were recombined (Fig-2.2).

TEV loop mutants were constructed by inserting TEV protease cut site
(ENLYFQGQG) in the S3-S4 loop. Three types of TEV loop mutants were made-(i)
Short TEV loop mutants, where the entire natural loop of jShakl was replaced
with one TEV cut site (ii) Short TEV-K loop mutant, where the natural loop of the
channel was replaced with one TEV cut site, leaving the C-terminal K (K278)
unchanged (iii) Long TEV loop mutant, where the loop was replaced with double

TEV cut sites.

Sequences of all the plasmids (both mouse K,1.2 and jShakl mutants) were
confirmed by Sanger sequencing. For expression in Xenopus laevis oocytes, all

the wild type and mutant plasmids from mouse K, 1.2 and jShak1 were linearized
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(A) Making synthetic loops mutants

T7 Promoter

Annealed oligoneucleotides
(with desired mutation, BsrGl and Bcll overhang)

5' GTACTAGTAAGTAGCAGTGACG
ATCATTCATCGTCACTGCCTAG 5'

Digested with BsrGl and Bcll ‘

Ligation and transformation

(B) Making double mutants

T7 Promoter
T7 Pr?moter 1
Hpal \ Hpal \o70/E
\ Clal X{ Clal
Loop mutation +

/

AmpR/ AmpR
Digested with Hpal and Clal ; Digested with Hpal and Clal

Ligation and transformation

Figure 2.2: Procedure of making synthetic loop mutants in jShak1 (A) and the procedure of making double
mutant channels by combining N227D/E with the synthetic loop mutants (B).
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Table 2.1: List of Primers used to make mutant channels of mouse K,1.2 and jShak1

Pl‘;lll)lel‘ Primer Description Types Primer Sequence
WIG2544  Mouse K, 1.2 E226D Sense GACCCTTTCTTCATTGTAGACACTCTCTGCATCATCTGG
WIG2545  Mouse K, 1.2 E226D Antisense CCAGATGATGCAGAGAGTGTCTACAATGAAGAAAGGGTC
WIG2546  Mouse K, 1.2 E226N Sense GACCCTTTCTTCATTGTAAACACTCTCTGCATCATCTGG
WIJG2547  Mouse K, 1.2 E226N Antisense CCAGATGATGCAGAGAGTGTTTACAATGAAGAAAGGGTC
WIG2548  Mouse K, 1.2 E226Q Sense GACCCTTTCTTCATTGTACAGACTCTCTGCATCATCTGG
WIJG2549  Mouse K, 1.2 E226Q Antisense CCAGATGATGCAGAGAGTCTGTACAATGAAGAAAGGGTC
WJG2283  jShakl S3/S4 loop replacement vector ~ Sense CAAGCAGCATGATCATTCAGCATGTTACGCGTC
WIJG2282  jShakl S3/S4 loop replacement vector ~ Antisense ~TGATCATGCTGCTTGTACAAGGCTTAAATAATATGGTAA

AATC

WJG2284  jShakl Loop Insert: G3 Sense GTACTAGGAGGAGGAG
WJG2285  jShakl Loop Insert: G3 Antisense GATCCTCCTCCTCCTA
WJG2286  jShakl Loop Insert:G5 Sense GTACTAGGAGGAGGAGGAGGAG
WJG2287  jShakl Loop Insert: G5 Antisense GATCCTCCTCCTCCTCCTCCTA
WJG2288  jShakl Loop Insert: G10 Sense GTACTAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAG
WJG2289  jShakl Loop Insert: G10 Antisense GATCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTA
WJG2296  jShakl Loop Insert: E3 Sense GTACTAGAGGAGGAGG
WJG2297  jShakl Loop Insert: E3 Antisense GATCCCTCCTCCTCTA
WJG2298  jShakl Loop Insert: ES Sense GTACTAGAGGAGGAGGAGGAGG
WJG2299  jShakl Loop Insert: ES Antisense GATCCCTCCTCCTCCTCCTCTA
WJG2300  jShakl Loop Insert: E10 Sense GTACTAGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGG
WIJG2301  jShakl Loop Insert: E10 Antisense GATCCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCTA
WJG2302  jShakl Loop Insert: S3 Sense GTACTAAGTAGTAGTG
WJG2303  jShakl Loop Insert: S3 Antisense GATCCACTACTACTTA
WJG2304  jShakl Loop Insert: S5 Sense GTACTAAGTAGTAGTAGTAGTG
WJG2305  jShakl Loop Insert: S5 Antisense GATCCACTACTACTACTACTTA
WJG2306  jShakl Loop Insert: S10 Sense GTACTAAGTAGTAGTAGTAGTAGTAGTAGTAGTAGTG
WIJG2307  jShakl Loop Insert: S10 Antisense GATCCACTACTACTACTACTACTACTACTACTACTTA
WJG2984  jShakl Loop Insert:K278D Sense GTACTAGTAAGTAGCAGTGACG
WIG2985  jShakl Loop Insert: K278D Antisense  GATCCGTCACTGCTACTTACTA
WJG2986  jShakl Loop Insert: K278E Sense GTACTAGTAAGTAGCAGTGAAG
WIJG2987  jShakl Loop Insert: K278E Antisense GATCCTTCACTGCTACTTACTA
WJG2988  jShakl Loop Insert: K278N Sense GTACTAGTAAGTAGCAGTAACG
WIG2989  jShakl Loop Insert: K278N Antisense GATCCGTTACTGCTACTTACTA
WJG3014  jShakl Loop Insert: K278Q Sense GATCCTTGACTGCTACTTACTA
WJG2991  jShakl Loop Insert: K278Q Antisense GATCGAACTGACGATGAATGAT
WJG2992  jShakl Loop Insert: K278A Sense GTACTAGTAAGTAGCAGTGCCG
WJG2993  jShakl Loop Insert: K278A Antisense GATCCGGCACTGCTACTTACTA
WIJG2994  jShakl Loop Insert: K278G Sense GTACTAGTAAGTAGCAGTGGGG
WJG2995  jShakl Loop Insert: K278G Antisense GATCCCCCACTGCTACTTACTA
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Table 2.1: (continued)

Primer
D Primer Description Types Primer Sequence
WJG2996  jShakl Loop Insert : K278S Sense GTACTAGTAAGTAGCAGTAGCG
WJG2997  jShakl Loop Insert: K278S Antisense GATCCGCTACTGCTACTTACTA
WJG2998  jShakl Loop Insert: E9K Sense GTACTAGAGGAGGAGGAGGAGGAGGAGGAGGAGAAAG
WJG2999  jShakl Loop Insert: EOK Antisense GATCCTTTCTCCTCCTCCTCCTCCTCCTCCTCCTCTA
WJG3000  jShakl Loop Insert: E4K Sense GTACTAGAGGAGGAGGAGAAAG
WIJG3001  jShakl Loop Insert: E4K Antisense GATCCTTTCTCCTCCTCCTCTA
WJG3006  jShakl Loop Insert: SOK Sense GTACTAAGTAGTAGTAGTAGTAGTAGTAGTAGTAAAG
WIJG3007  jShakl Loop Insert: S9K Antisense CTTTACTACTACTACTACTACTACTACTACTTAGTAC
WJG3008  jShakl Loop Insert: S4K Sense GTACTAAGTAGTAGTAGTAAAG
WIJG3009  jShakl Loop Insert: S4K Antisense CTTTACTACTACTACTTAGTAC
WJG3010  jShakl Loop Insert: G9K Sense GTACTAGGAGGAGGAGGAGGAGGAGGAGGAGGAARAG
WIJG3011  jShakl Loop Insert: GOK Antisense CTTTTCCTCCTCCTCCTCCTCCTCCTCCTCCTAGTAC
WJG3012  jShakl Loop Insert: G4K Sense GTACTAGGAGGAGGAGGAAAAG
WIJG3013  jShakl Loop Insert: G4K Antisense CTTTTCCTCCTCCTCCTAGTAC
jShakl Loop Insert: Long TEV GTACTAGAAAATCTTTATTTTCAAGGTGAAAATCTTTAT
WIG3002 . Sense
(2 cut sites) TTTCAAGGTG
jShakl1 Loop Insert: Long TEV . GATCCACCTTGAAAATAAAGATTTTCCACTTGAAAATAA
WIG3003 . Antisense
(2 cut sites) AGATTTTCTA
jShak1 Loop Insert: Short TEV
WJG3035 . Sense GTACTAGAAAATCTTTATTTTCAAGGTG
(1 cut site)
jShak1 Loop Insert: Short TEV .
WJIG3036 . Antisense GATCCACCTTGAAAATAAAGATTTTCTA
(1 cut site)
jShakl Loop Insert: Short TEV with K
WJIG3037 . Sense GTACTAGAAAATCTTTATTTTCAAGGTAAGG
(1 cut site)
jShak1 Loop Insert: Short TEV with K .
WIG3038 Antisense GATCCCTTACCTTGAAAATAAAGATTTTCTA

(1 cut site)
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by Ndel digestion, gel-purified and were used to make mRNAs by in vitro
transcription using a mMessage mMachine (Ambion, Austin, TX, US) T7

polymerase kit and stored at -80°C.

Oocyte preparation and mRNA injection

A lobe of ovary was extracted from 2 year + female Xenopus laevis. Before
performing the ovarian lobectomy, the X. laevis females were anaesthetized in
0.2% ethyl 3-aminobenzoate methanesulfonate salt (MS-222; Sigma-Aldrich,
Oakville, ON, CAN) for 40 minutes. To access the ovarian lobes, a small incision
was made approximately 1 cm lateral to the ventral midline and 1 cm caudal to
the pelvic girdle. Once removed, the lobe was collected in and rinsed with
modified Barth’s medium (MBM) [in mmoll™: NaCl 88, KCI 1, Ca(NOs), 0.33,
CaCl, 0.41, MgSO4 0.82, NaHCO; 2.4, HEPES 10, penicillin G 0.1 g " and
gentamycin sulphate 0.05 g I''] and separated into small clumps. The clumps
were incubated on a rotating shaker in 2 mg ml™' collagenase in MBM at room
temperature for 2 hours. After this collagenase treatment, eggs were washed with
MBM and were de-folliculated by immersion in a hypo-osmotic phosphate buffer
[in mmoll™": K;PO4100 (pH 6.5 with HCI)] for 30 min. After the treatment the
eggs were washed several times in MBM and stored at 17°C. Eggs were injected
with mRNA and were incubated at 17°C (Grigoriev et al., 1997). To cut the TEV
loop, eggs injected with jShakl TEV mutant loops were incubated throughout

post injection incubation with MBM and TEV protease enzyme at 17°C.
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Data Recording and Analysis

Two electrode voltage clamp recording was performed 24-36 hours after injection
of mRNA using a GeneClamp 500B Amplifier (Molecular Devices, Sunnyvale,
CA, USA), connected to a PC (Dell, Austin, TX, USA) running pClamp9
software (Molecular Devices). Pipettes were pulled from 1.5 mm outside diameter
borosilicate filament capillary tubing using a PMP-102 automatic puller
(MicroData Instrument, Inc., South Plainfield, NJ, USA). Data were acquired
through a 1322A analogue-to-digital converter and analyzed using Clampfit 9.2
(Molecular Devices) and SigmaPlot (Systat Software, Inc., Point Richmond, CA,
USA). Voltage clamp protocols were implemented using pClamp9 (Molecular

Devices).

Using oocyte system in two electrode voltage clamp (TEVC) has some
advantages as well as some disadvantages. The expression of low number of
endogenous channels and receptors makes the oocyte a useful medium to study
the function of ion channels without any significant contaminations. However,
one of the major limitations of using oocyte system is that the channels are being
expressed in a non-native environment of membrane, temperature and possibly
ionic composition, which might affect the natural function of the channel (Goldin,
2006). Another consequence of oocyte not being the native tissue is that cellular
trafficking is different, which might affect the surface expression of the channel.

Also, many pharmacological agents are found to be less potent on channels in
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oocytes compared to the channels in mammalian cells or native tissues (Goldin,

2006).

For mouse K,1.2 mutant channels, oocytes were subjected to a voltage protocol
that held the cells at -90mV before stepping to increasing voltages from -80 to
+80mV in 2mV steps for a depolarization phase of 50ms. Then the cells were
repolarized to -50mV for 50ms, which produced outward tail currents. Current
traces were filtered at 1 kHz and collected with P/4 leak subtraction. When
characterizing possible leak currents (E226N and E226Q) no leak subtraction was
used. Oocytes were bathed in ND96 (in mM: NaCl 96, KCl 2, CaCl, 1.8, MgCl,
1, HEPES 5) at room temperature during recording. To block the chloride currents
native to X. laevis (Miledi and Parker, 1984) oocytes were treated with 1mM
diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS), present in the bath solution
with ND96 during the voltage protocols. To block the pore current, eggs were
exposed to 10uM agitoxinl added to the bath solution for 3 minutes before

recording.

To record from the jShakl wild type and mutant channels, oocytes were held at -
90mV before stepping from -80 to + 50mV, in 2mV steps for 50ms. Then the cells
were repolarized to -50mV for 50ms, same as I did with mouse K,1.2 mutants. As
DIDS is known to interfere with jShakl and jShak2 channels (Grigoriev et al.,
1997), recording was performed at room temperature with only ND96 as the bath

solution. Data were filtered at 1 kHz and collected with P/4 leak subtraction.
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In our previous study (Sand et al., 2013), channel conductance was calculated
from the tail currents. Recording from uninjected eggs has shown that the tail
currents are often corrupted by a transient that stabilized with in 2ms of
depolarizing pulse. Some of the mutant channels showed C-type inactivation over
time, affecting the tail currents as well. jShak]1 is a very fast deactivating channel,
with extremely fast tail currents, which makes them unreliable for GV analysis.
Considering the above issues, I took the peak current value from individual traces
and used the average of the peak currents in the formula:
G=I/(V-Viev) oo, 1
I have used -70mV as the reversal potential (Vi) of K to calculate G from
equation (i), as previous recordings from other K, channels have found an average
value of -70mV for the V., of K'. T have found that even a 20mV change (-70 to -
90) in the V.. value used for calculation causes only a 3% change in the
calculated Vs of a channel. Individual G-V curves were normalized and fitted to
a 4™ order Boltzmann equation:
G/Gax = 1/(1+exp((V-Vs0)/b)*) ........... (ii)
The single subunit Vs, obtained from eq (ii) was used to calculate whole channel
Vs by solving for V when
G/Grax=0.5. ..o (iii)
The Vso values of several mouse K,1.2 mutant channels presented in chapter
3(S3, S5, S10, G3, G5 and 9) differ from our previous studies presented in Sand

et al., (2013). Homo-polymeric loop mutant channels with serine, G3 and G5
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loops showed C-type inactivation, which also affected the tail current. When I
used the peak current method to calculate the conductance, I found 5-10 mV
positive shift in Vs values only for the above mentioned channels, compared to
what I found using tail currents. Only 1-2 mV variation in Vs, values, calculated
in two different methods were found for the other homo and hetero loop channels.
I consider the method of using peak current to calculate conductance is more
reliable, as [ addressed both the mechanical (transient effect) and

electrophysiological (inactivation) issues.

The statistical differences between the Vso values of different channels were

calculated using a two-tailed z-test.

Molecular Modeling

Rat and mouse K, 1.2 have the same protein sequence. For the open state model of
mouse K,1.2, I used the crystal structure of the open state of rat K,1.2 (Chen et
al., 2010) from the protein data bank, PDB (PDB ID: 3LUT). I made a homology
mode of the closed state of mouse K, 1.2 using the inferred closed state model of

K,1.2 from Jensen et al., (2012) as template in SWISS MODEL.

The open state homology model of jShakl was also made in SWISS MODEL

using 3LUT (the enhanced crystal structure of rat K,1.2 (Chen et al., 2010) as
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template. A similar approach was taken to model the closed state of jShak1, using

an inferred closed state model of K,1.2 from Jensen et al., (2012) as template.

Most of the currently available computer programs make homology models based
on sequence homology and with relatively simple energy minimization, indicating
that the resulting model is not necessarily representing its most favourable
energetic state. Such type of heuristic models are useful for identifying and
representing possible molecular interactions, might not be accurate in minor

details.
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Chapter 3:

The role of inter-helix salt bridge formation and the effect of S3-S4 loop on
the dynamics of the S4 helix in mouse K,1.2

Background

Voltage gated potassium (K) channels are transmembrane proteins specialized to
transport K" across the membrane in response to change in membrane voltage. K,
channels are ubiquitous among electrically excitable cells and are responsible for
generation and propagation of action potential (Cole and Curtis, 1939), regulation
of firing frequencies (Pongs, 1999), pacemaker activity (Li et al., 2013 and Leao et
al., 2012), release of neurotransmitters (Katz and Miledi, 1969; Augustine, 1990)
and many other important cellular processes. A K, channel is composed of four
subunits, each containing six transmembrane domains (S1-S6). The voltage
sensitivity of this channel is conferred by a structural module known as the
voltage sensor domain (VSD), which consists of helices S1 through S4. The S5
and S6 helices and their connecting P loops from each four subunits form the pore

domain (Fig-1.2A).

The S4 helix, commonly known as the voltage sensing helix contains four to
seven positively charged amino acid residues depending on the channel type.
Change in membrane potential alters the force acting on the charged residues of
the S4 helix causing it to move in response to voltage (Lee et al., 2005; Long et

al., 2005). The S4 helix affects the rest of the channel behaviour by non-covalent
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interactions with the acidic residues of the S2 and S3 helices and covalent
interactions with the extracellular loop that joins the S3 and S4 helices, triggering
the channel to open and close (Papazian et al., 1995). Studies have identified
three conserved negatively charged residues (E283, E293 and D316 in Drosophila
Shaker) in the S2 and S3 helices that interact with the positively charged residues
of the S4 helix. In Drosophila melanogaster Shaker channel, the neutralization
mutation K374Q in the S4 helix failed to produce a functional channel. That non-
functional mutant channel was rescued by second mutations at E293Q and D316N
in the S2 and S3 helices, suggesting a strong interaction network between these
charged residues (Papazian et al., 1995). In Shaker, the closed state is found to be
stabilized by electrostatic interaction between K374 in the S4 and E293 and D316
in the S2 and S3 respectively (Durell et al., 2004; Li-Smerin et al., 2000, Tiwari-
Woodruff et al., 1997 and Papazian et al., 1995). The open conformation of the
channel is found to be stabilized by salt-bridge formation between R368 and R371

in the S4 with E283 in the S2 helix (Papazian et al., 1995).

The negatively charged residues of the S2 and S3 helices are conserved in most
K, channel families (Fig-3.1B). Neutralization mutation of E283 shifts the voltage
sensitivity of the mutant channel in a depolarizing direction compared to the wild
type Shaker channel (Papazian et al., 1995). In jellyfish channel jShakl, and in
Portuguese Man-o-War, Physalia physalis K,1 channel, ppK,1 the first conserved
glutamic acid in S2 helix (E283 in Drosophila) is replaced by neutral residues N

and S (Fig-3.1B). In jShak1 mutations replacing neutral N with acidic E and D at
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Figure 3.1 The 3-D model of mouse K,1.2 VSD from 3LUT; (Chen et al., 2010) (A). E226 forms salt bridge
with R300 and R303 to stabilize the open state. Molecular model images are made in PyMOL. Multiple
sequence alignment from several K, family members (B). The conserved negatively charged residues, PD
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227 of the S2 helix stabilized the open state more compared to the wild-type

channel (Klassen et al., 2008).

The S3-S4 loop length and composition is shown to play a role in shaping the Vs
of mouse K,1.2 (Sand et al., 2013) by interacting with the rest of the channel as
well as by constraining the movement of the S4 helix (Sand et al., 2013 and
Klassen et al., 2008). According to Jensen et al., (2012) when the channel closes,
the C-terminus of the S3-S4 linker is pulled closer to the negatively charged PD
turret and the charged residues of the VSD. The nature of the C-terminus of the
loop is found to affect the Vso values of mouse K12, possibly by intercting with

the PD turret (Sand et al., 2013).

In summary, the voltage sensitivity and open probability of K, channels are
regulated and affected by an electrostatic interaction between the charged residues
of the S2 and S4 helices. The length and composition of the S3-S4 loop can also
affect the Vs of the channel possibly by interacting with the pore domain turret
(Sand et al., 2013) and constraining the movement of the S4 helix (Sand et al.,
2013 and Klassen et al., 2008). In this study I focused to evaluate the role of the
negatively charged glutamic acid (E) in setting the specific V5o of mouse K,1.2
and how the interaction between the S2 and S4 helices is affected by S3-S4 loop

length and composition in this channel.
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I shortened the side chain length at position 226 by E226D mutagenesis and
neutralized the charge at 226 position by replacing E226 with N and Q. My results
show that E226D mutation significantly affects both the Vs, and the slope factor
of the channel; E226N and E226Q mutations produce leaky channels. Treatment
of the mutant channels with a pore blocker confirms a non-canonical omega
current passing in small amounts through E226D and in large amounts through
E226N and E226Q. In our previous study with mouse K,1.2 (Sand et al., 2013) |
made synthetic S3-S4 loops varying in both length and compositions. In this
study, I made double mutations by combining E226D with different synthetic S3-
S4 loops to study how the interaction between the S2 and S4 helices are affected

by the S3-S4 loop length and compositions.

Our previous studies with mouse K,1.2 (Sand et al., 2013) showed that for the
glycine loop series, the Vso values reached a plateau at a length of 6 aa and there
were no significant differences between the Vsy values of G6 through G9 loop-
mutant channels. For the serine and glutamic acid loops the Vs, values reached a
plateau with S7 and E8 loops respectively. The study of interaction energy
between the loop and the channel showed that the shorter loops of 2-4 aa had a
high values of AG, which lowered with increasing loop length and reached a
plateau at a length of 5 to 8 aa depending on composition (Sand et al., 2013).
Shorter loops shift the Vso more positive possibly by constraining the movement
of the S4 helix (Sand et al., 2013 and Klassen et al., 2008). Based on the above

findings I suggest that depending on composition, each loop has a specific length,
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below which, the movement of the S4 helix is energetically constrained. 1 have
chosen three loop lengths for my study: 3aa, a length at which the movement of
the S4 helix is predicted to be highly restricted; 5aa from the middle zone and
10aa at which, the ‘length effect’ of the loop is predicted to reach a plateau,

independent of its composition.

Based on my results of homo-polymeric and hetero-polymeric synthetic loop
mutants in mouse K, 1.2, I propose that the S3-S4 linker can be divided into two
regions that interact differently with different parts of mouse K,1.2 channel: (i)
the N-terminal region of the loop that remains outside of the VSD vestibule at
closed state, mediates a charge-charge interaction with the channel to stabilize the
open state (or destabilize the closed state); (ii) the C-terminal three amino acids
that are pulled down in between the VSD and PD turret, probably mediate weak
hydrophobic interactions with the S3 helix to stabilize the closed state. However
the weak effect of the C-terminal region is overwhelmed by the stronger effect of

the N-terminal region of the loop.

The salt-bridge formation between the S2 and S4 helices, which is necessary to
stabilize the open state and to prevent the omega current through the VSD, is
affected by both the length and composition of the S3-S4 loop in mouse K,1.2.
The N-terminal regions of the loops affect the dynamics of the VSD, which was

evident from a significant change in the V5o values of the respective mutant
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channels. The C-terminal region of the S3-S4 linker however, fails to cause any

effect in the interaction between S2 and S4 helices.

Results and Discussion

E226D mutation in the S2 helix affects voltage sensitivity and slope factor of the

channel

In mouse K, 1.2, the open state is stabilized by salt-bridges between E226 of the
S2 helix and R300 and R303 of the S4 helix (Fig-3.1A). The V5o value of E226D
mutation, where D has a shorter side chain than E, is +2.5mV, significantly (p =
1.1E-07) depolarized than the wild type mouse K 1.2 (Vso = -13mV) (Fig-3.2A,
Table-3.1). No significant change (p = 0.02) is found for slope factor, b for E to

D mutation at the 226 position (Table-3.1).

Our previous studies with mouse K,1.2 showed that both the Vs, values and the
interaction energies between the synthetic loops and the channel reached a plateau
at lengths of 5 to 8 aa, depending on loop composition (Sand et al., 2013). 1
propose that depending on composition, each loop has a specific length, below
which, the movement of the S4 helix is energetically constrained. Loops longer
than the specific length do not restrict the movement of the S4 helix and do not
show any additional effect on the voltage sensitivity (Sand et al., 2013). I
speculate that the loops longer than 5-8 aa (depending on composition), did not

show any additional effect on Vs, values as the complete transition of the S4 helix
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Figure 3.2 Comparison of conductance between wild type mouse K,1.2 and E226D mutant (A). Individual
G-V curves were normalized and fitted to the Boltzmann equation: G/Gmax = 1/(1+exp((V-Vs,)/b)*) . The
distance between the side chains of E226 and R300 and R303 in open state is measured as 2.9 A and
3.9Arespecively (B). The distance between the R300 and R303 is measured from the D226 of the E226D
mutant and is found as 4A between D226 and R300, 4.2 A between D226 and R303 (C). The distance
between the N-terminus and C-terminus of the S3-S4 loop at open state is measured as16.2 A (D). Same
end-to-end distance of the loop is measured as 20.5A at closed state of mouse K, 1.2 (E). All the distances
are measured using PyMOL.
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Table 3.1: Half-activation voltages (V5y) for wild type mouse K,1.2 and S3-S4 loop variants.
Channel conductance was calculated from the average peak values of each current traces by using the
formula G=I/(V-V,.,), where reversal potential V., was taken as -70mV. Individual G-V curves (from -80
to + 80 mV) were normalized and fitted to the Boltzmann equation: G/Gpy = 1/(1+exp((V-Vso)/b)*) . The
single subunit Vs, obtained from the equation was used to calculate whole channel Vs, by solving for V
when G/G.x = 0.5

Channels Loop sequence (5'-3') / Description n Vs  S.E. p Slope,b S.E p
(mV) (mV/e)
&oTuse K12 GTetAEKPEDAQQGQQAMSLA o 13 (g 14.7 1
S3 GTELSSSMSLA 9 6.6 1.6 8.6E-08 27 1.3 1.1E-05
S5 GTELSSSSSMSLA 6 95 1.7 2.8E-06 232 1.5 1.6E-03
S10 GTELSSSSSSSSSSMsLA 9 0.1 1.2 8.9E-08 22.1 0.9 6.7E-04
S7QQA GTELSSSSSSSQQAMSLA 9 26 1.1 1.6E-08 17.5 09 1.2E-01
G3 GTELGGGMSLA 9 -6 1.4 1.2E-03 31 1 1.7E-07
G5 GTELGGGGGMSLA 9 5 2.8 23E-02 254 1.3 5.1E-05
G9 GTELGGGGGGGGGMSLA 9 115 24 2.4E-06 21 1.1  3.3E-03
G7QQA GTELGGGGGGGQQAMSLA 9 28 09 16E-09 20 1.5 3.1E-02
E3 GTELEEEMSLA 9 15 0.5 53E-09 20 2.1 6.1E-02
ES GTELEEEEEMSLA 9 92 08 6.1E-03  26.5 1.5 3.3E-05
E10 GTELEEEEEEEEEEMSLA 9 29 1.5 44E-07 193 1.6 4.9E-02
E7QQA GTELEEEEEEEQQAMSLA 7 26 2 1.3E-04 10 1.2 1.9E-02
E226D Point mutatlon at 226 position 9 25 0.1 L1E-07 19.5 12 22F0
(S2 helix)
EDS3 E226D + S3 loop 6 45 2.7 9.4E-04 19.1 1.9 8.5E-02
EDSS E226D + S5 loop 7 10 1.6 1.9E-07 19.5 0.7 1.0E-02
EDS10 E226D + S10 loop 9 8.1 2 1.1E-06  23.1 1.6 1.2E-03
EDS7QQA  E226D + S7QQA loop 6 124 35 5.2E-04 26 1.3 7.9E-05
EDG3 E226D + G3 loop 9 2 07 1.3E-09 21.3 0.0 1.6E-03
' 5
EDG5 E226D + G5 loop 7 9.6 4.7 2.7E-03 245 2.9 1.4E-02
EDGY E226D + G10 loop Could not be made
EDG7QQA  E226D + G7QQA loop 3 334 2.1 3.7E-04 19.1 2 1.4E-01
EDE3 E226D + E3 loop 5 18 1.4 5.0E-06 17 09 02
EDES E226D + ES5 loop 7 1.7 0.8 1.7E-08 22.1 0.8 6.5E-04
EDE9 E226D + E10 loop 9 12 1.6 5.1E-06 15 0.9 8.4E-01
EDE7QQA  E226D + E7QQA loop 7 1.8 0.8 1.6E-08 21.5 0.2 1.3E-03
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in response to voltage has already been achieve by shorter loops. Based on the
results, I propose that in wild type mouse K,1.2, the natural 13aa long S3-S4 loop
allows the complete transition of the S4, essential for the voltage sensitivity of the
channel. For this reason, when E at 226 is replaced with D, the shorter side chain
of D increases the distance between the carboxyl group of D and R residues of the
S4 helix, forming a weaker salt bridge compared to the wild type channel (E226).
This assumption is further supported by the homology model of the mouse K,1.2
open state and E226D mutant in the open state (Fig-3.2B, C). In the open state of
mouse K, 1.2, the distance between E226 and R300 is measured as 2.9 A and the
distance between E226 and R303 is 3.9A (Fig-3.2B). In E226D mutant channel at
open state, the distance of R300 and R303 from D226 is measured as 4.0 A and
4.2 A respectively (Fig-3.2C). I also measured the distance between the N and C
terminus of the S3-S4 linker at both open and closed state and the values are
16.2A and 20.5A respectively (Fig-3.2D, E). I propose that in mouse K,1.2, the
16.2 A end-to-end distance of S3-S4 loop provide the most energetically favoured
conformation of the S4 helix and also an optimum distance for forming salt-
bridge between R300 and R303 with E226. When the side chain of the charged
residue at S2 helix (226 position) is shortened, the distance between the
interacting residues increases, making the salt-bridge forming energetically

unfavourable compared to the wild-type channel.
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E226N and E226Q mutations produce leak current

Neutralization mutations E226N and E226Q produce instantaneous currents (Fig-
3.3:C,D,G,H), which is a characteristic of two-pored K" channels, known as
TWIK-1 (Enyedi and Czirjak, 2010). Two pore-domain potassium (Kzp) channels
are characterized by the presence of two pore loop forming (P) domains in each
subunit and are responsible for background K current in mammals (Theilig et al.,
2008 and Patel et al., 1998), Drosophila (Goldstein et al., 1996) and plants
(Moshelion et al., 2002 and Czempinski et al., 1997). The most distinguishable
feature of E226N and E226Q, compared to mouse K,1.2 wild-type channel is the
difference in open probability (Py). When the open probability of a channel is
regulated by membrane potential, the conformational change in the protein
subunits followed by the change in membrane potential causes a delay in current.
If a channel is independent of membrane voltage, then the probability of channel
opening (Py) should be the same for all membrane potential values. The currents
of E226N and E226Q channels show an instantaneous change in the amplitude of
current in response to change in membrane potential (Fig-3.3:C,D,G,H). To
analyse the true nature of the leak current of the channel, recordings were
performed both with and without leak-subtraction. When current traces without
P/N subtraction are compared between E226 mutants and the wild type channel,
no inward current in wild-type mouse K, 1.2 is found (Fig-3.3A, E). Small inward

current at negative voltage is observed for E226D mutant (Fig-3.3B, F).
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Figure 3.3 Representative two-electrode voltage clamp traces from Xenopus laevis oocytes
expressing wild type mouse K,1.2 and E226 mutant channels with (A-D) and without leak
subtractions (E-H). The depicted voltage protocol (shown at the top) describes what is shown, i.e.
with depolarizing pulses in 10 mV increments, but pulses were actually delivered and analyzed in 2
mV steps. All the current traces are normalized to the plateau current value at + 80mV. For each
trace, y- axis represents the normalized current and the x-axis represents the time in milliseconds.
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E226Q and E226N mutants show instantaneous inward current at negative voltage
and outward current at depolarizing potentials (Fig-3.3: C, D, G, H). Current-
voltage curve of the channels shown in Fig-3.4 clearly represent the inward
currents in the mutant channels, which switch direction at -30mV for E226Q and
E226N channel and at -15mV for E226D channel. This difference indicates a
possible difference in the relative permeability to permeant ions - i.e. the pore

shape/size might be different in these mutants.

To confirm the possible omega current, the mutants and the wild type channel are
treated with agitoxin I, a K,1.2 specific canonical pore blocker (Garcia et al.,
1994.) Agitoxinl is a homologue of agitoxin2, which is known to interact with
the extracellular surface of the pore to block K" transport (Takeuchi et al., 2003).
Current traces are recorded from a Xenopus oocyte with and without agitoxinl and
also with and without P/N subtraction (Fig-3.5: A-H). Further analysis was
performed with current traces without a leak subtraction. 3 minutes treatment with
10uM agitoxinl blocks around 86% of the total current from the wild type channel
(Fig-3.51). For E226D mutant ~76% current is blocked by agitoxinl. For E226N
and E226Q mutants, the pore blocker blocks only 27% and 2% of the total

currents from the respective channels (Fig-3.5I).

Agitoxinl is a pore blocker and binds to the pore from extracellular side (Takeuchi
et al., 2003 and Garcia et al., 1994). For mouse K,1.2 around 86% of the total

current is blocked by the toxin. As the recording is performed without leak
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Figure 3.4: Current-Voltage (IV) graph of the wild-type and mutant channels. Current was
recorded from the channels without P/N subtraction. Mouse K, 1.2 wild type channel (black)
shows no leak current, small amount of leak current is observed in E226D mutant (red).
E226N (purple) and E226Q (blue) show large leak currents at hyperpolarizing voltage. To
obtain normalized current values, peak current amplitudes in response to depolarizing pulses
were normalized against the maximum current amplitude at +80 mV.
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Figure 3.5: Effects of the pore-blocker agitoxinl on mouse K,1.2 and E226 mutant channels (A-H).
Oocytes were treated with 10 uM agitoxin I for 3 minutes before recording. Control traces from several
cells were normalized to an average plateau values and was averaged. Current traces treated with
agitoxin I were normalized to their own control trace and was averaged. Error bars represent s.e.m of
each time point. Recordings are presented with (P/N=4) and without P/N subtraction. Percent blockage
of current by agitoxinl (I). All the current traces are normalized to the plateau current value at + 80mV.
For each trace, y- axis represents the normalized current and the x-axis represents the time in
milliseconds in (I). Percent blockage of current was calculated from current traces of wild type and E226
mutants without leak subtractions. Error bars represent s.e.m. p values were calculated from 2-tailed 7-
test and indicate the significance of difference from the wild-type channel.
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subtraction, I assume that the unblocked 14% current is the background leak
current of the oocyte membrane. For E226D mutant, after blocking the canonical
pore, around 25% current is transported, which is almost double of the assumed
background leak current (~14%). The current-voltage graphs and raw recording
without P/N subtraction also indicate small inward current in E226D mutant (Fig-

3.3,3.4).

The S4 helix moves in response to voltage field change. This movement is
energetically stabilized and supported by several salt bridges between the basic
residues of the S4 and acidic residues of the S1 through S3 helices ((Durell et al.,
2004; Li-Smerin et al., 2000; Tiwari-Woodruff et al., 1997 and Papazian et al.,
1995). Previous studies have found some neutralization mutations in the charged
residues of the S4 helix to cause omega currents in several channels. Substitution
of the 1* charged arginine, R1 with histidine in Shaker allowed proton flow at
hyperpolarized potentials (Tombola et al., 2005). R4H mutation in the same
channel generated a proton flux at depolarized potential (Starace et al., 2001). In
sodium channel Na,1.4 mutations of R2 and/or R3 with neutral amino acids
caused a state-dependent flow of cations through the omega pores (Sokolov et al.,
2007). A recent study by Tarek et al., (2012) proposed that the salt-bridging
within the VSD is crucial for preventing the omega current. One of the major
characteristics of the K, channel VSD topology is the presence of water crevices

penetrating the structure from the intracellular and extra cellular region, both in
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the active and the resting state (Krepkiy et al., 2009; Jogini et al., 2007; Freites et
al., 2006 and Treptow et al., 2006). Tarek et al. proposes that the state dependent
interaction networks between the positively charged residues of the S4 helix and
their counterparts make a constriction to prevent communication between the
extracellular and intracellular media (Fig-3.6F). A mutation in residues of this
region that disrupts the constriction is most likely to generate an omega current

passing through the VSD (Tarek et al., 2012).

I made a homology model of mouse K,1.2 in the closed state and compared with
the crystal structure of the open state of the channel (PDB ID: 3LUT; Chen et al.,
2010). The models show that the 226 position of the S2 helix is more exposed to
the surface in closed state model compared to the open state (Fig-3.6A, 3.7A). In
wild-type channel, E226 makes the opening of the omega path narrow by its
longer side chain (Fig-3.6B and G). Substitution of E226 with D and N make the
pore opening wider than the wild type channel (Fig-3.6 C, N, H and I). Q at 226
position in E226Q mutant clearly disrupts the constriction in the opening of the
omega pore, but the pore opening is narrower in E226QQ mutant compared to
E226N and E226D (Fig-3.6D and J). In the open state model of the channel no
obvious omega pore is found (Fig-3.7). Besides, no noticeable change in the 3D

structure is observed for E226 mutations (Fig-3.7).
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Figure 3.6: Possible omega pore of mouse K,1.2 WT and E226 mutants in closed state, presented in surface
(A-E) and ribbon format (F-J).The homology model was made using the inferred closed state model of
Jensen et al., (2012) as a template. The omega path in VSD vestibule and the constriction by the charged
residues (proposed by Tarek et al., 2012) is shown in (F). The homology model (surface) of jShak1, showing
N227 region (K). 50



Figure 3.7: Location of possible omega pore in the open state. 3D model of mouse K,1.2
in open state, modelled using PyMOL on 3LUT (Chen et al., 2010). The mutated residues in
the possible omega path are highlighted with different colours.
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I propose that the interaction between the positively charged residues of the S4
helix and E226 of the S2 helix is important for stabilizing the open state of the
channel as well as for preventing the omega current through the VSD. All of the
E226 mutants are found to generate inward currents at hyperpolarizing potentials
and outward currents at depolarizing potentials (Fig-3.3 and 3.4). Experiments
with the pore blocker indicate passage of larger amount of leak current through
E226N and E226Q cannel compared to E226D (Fig-3.5). As aspartic acid (D) has
a shorter side chain compared to glutamic acid (E), I suggest that substitution of E
to D in E226D mutant channel makes the mouth of the omega pore wider
compared to the wild type channel in the resting state (Fig-3.6 D, E). When the
channel opens the S4 helix moves towards the S2 helix and forms salt-bridge with
D at 226 position. This salt-bridging closes the omega pore and current starts to
pass through the canonical pore. For this reason, only a small amount of inward
current is observed for E226D mutants (Fig-3.5). During channel activation in
presence of agitoxinl, the canonical pore is blocked by the pore blocker and the
omega pore is blocked by salt-bridging between S4 and S2 helices, resulting about

80% blockage of the total current of E226D mutant (Fig-3.5 I).

In the E226N mutant the constriction of the omega path is disrupted by E to N
mutation, which in turn made the doorway of the omega pore wider compared to
the wild-type channel (Fig-3.6C, I), leading to leak current at resting state of the
channel. At depolarizing potential, when the channel opens, the neutral N at 226

fails to form stable salt-bridge with the positively charged residue of the S4 helix.
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As a result the omega pore remains open, passing leak current both at
hyperpolarizing and depolarizing potentials (Fig-3.3D). I reason that as the salt-
bridging between the S2 and S4 helices, necessary for stabilizing the open state
are disrupted in E226N mutant, the complete opening of the canonical pore might
also be affected. When treated with agitoxin I, I observed only 27.5% blockage,
indicating that only 27.5% of the total current in E226N is passed through the

canonical pore.

In the E226Q mutant, Q at 226 generate omega current at both depolarizing and
hyperpolarizing potential by disrupting the omega pore constriction and by not
forming salt-bridge with the S4 helix to stabilize the open state. Pore-blocker
blocks only 2% of the total current passing through this channel. I infer that
similar to E226N mutant channel, E226Q also fails to open the canonical pore as
the open state of the channel is not stabilized by salt-bridging between S2 (226
position) and S4 helices. However, Q at 226 position might cause some
conformational change in the omega pore, making E226Q leakier than E226N

mutant channel.

Jellyfish channel jShak1, which is evolutionarily divergent from mouse K,1.2 has
evolved with a neutral N in the S2 helix (N227), but does not produce an omega
current. I compared the homology model of closed jShak1 channel with the model
of mouse K,1.2 in closed state. In jShak1 the possible location of omega pore is

closed by N227 (Fig-3.6K). Based on the structure comparison, I propose that the
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helices of jShakl are more compactly packed together than the helices of mouse
K,1.2. Although E at 226 position of mouse K,1.2 is important for preventing
omega current, this property is highly specific to channel. The overall channel
sequence of jShakl has evolved to prevent omega current differently than it is in

mouse K,1.2.

Homo-polymeric loops affect the Vsy of mouse K,1.2 based on loop length and

composition

Besides the electrostatic interaction within the S2 and the S4 helices, the voltage
sensitivity of mouse K,1.2 is also affected by the S3-S4 loop length and
composition (Sand et al., 2013). Shorter loops caused a positive shift in the Vs
values compared to the wild type channel, possibly by constraining the movement
of the S4 helix (Sand et al., 2013). Depending on composition, the Vs, values of
the loop mutants reached a plateau at a length of 5-8aa (Sand et al., 2013). For the
study presented in this chapter, I choose synthetic loops of varying length (3aa,
5aa and 10aa long) and compositions (serine, glycine and glutamic acids) to
evaluate the effect of loop lengths and compositions on the interactions between
the S2 and S4 helices. The 3aa loops would constrain the complete transition of
the S4 helix across the membrane in response to voltage change and the 10 aa
long loops would allow flexibility to the S4 helix to move across the membrane,

independent of the loop composition.
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Figure 3.8: Voltage of half activation Vs, (A) and Boltzmann slope factor, b (B) presented as a
function of S3-S4 loop length and composition. The natural loop of mouse K,1.2 was replaced
with synthetic homoloops, varying in length and composition. Currents were recorded from
two-electrode voltage clamp. Individual G-V curves (from -80 to + 80 mV) were normalized
and fitted to the Boltzmann equation: G/Gmax = 1/(1+exp((V-Vs0)/b)*) . The single subunit Vs,
obtained from the equation was used to calculate whole channel Vs, by solving for V when
G/Gmax = 0.5. Error bars represent s.e.m. p values were calculated from 2-tailed r-test and
indicate the significance of difference from the wild-type channel. Colours of the bars have no
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All the three chosen length of serine loops show positive shifts in their Vso values
compared to the wild type mouse K,1.2 channel. The Vs, value of the S3 loop
channel is +6.6 mV, significantly more positive than the wild type channel (p =
8.6E-08). S5 loop shift the channel Vs, (+9.5 mV) is not significantly different (p
= 0.2) compared to the S3 loop channels (Fig-3.8A). The Vs, value of S10 loop
mutant (+0.1mV), is significantly more negative than both S3 (p = 4.2E-03) and
S5 (p = 1.1E-03) loop channels, but is more positive than the wild type mouse

K,1.2 (p = 8.9E-08).

The Vs values of mutant channels with serine and glycine loops differ from our
previous study presented in Sand et al., (2013). In Sand et al., the tail currents
were used to calculate conductance of the mutant channels. Later studies in our
laboratory have identified a transient effect in 2ms depolarization pulse of the tail
current. Furthermore, some the synthetic loops were causing C-type inactivation,
affecting the tail current. Homo-polymeric loop mutant channels with serine, G3
and G5 loops show C-type inactivation, which affect their tail currents. To
improve the calculation of conductance, in this study I have used the peak current
of individual traces and derived the conductance of the channel from the average
peak current and reversal potential (detail procedure in Material and Method
section). Using the peak current method, I found 5-10 mV positive shift in Vs
values only for the above mentioned channels, compared to what I found using
tail currents. Only 1-2 mV variation in Vso values, calculated in two different

methods were found for the other homo and hetero loop channels.
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Glycine loops show a distinctive nature compared to other homo-loops in mouse
Ky1.2. The G3 (-6mV) and G5 (-5mV) loops shift the channel Vs, more negative
compared to the G9 loop channels (+11.5mV) (p = 3.5E-05 and 5.5E-04
respectively compared to G3 and GS5; Fig-3.8A). Glycine with no side chain is
expected to have least interaction with its surrounding residues. However glycine
might also provide the loop with structural flexibility over other sequences, which
might contribute in setting the Vso values observed in the glycine loop-mutant

channels.

Glutamic acid loop length and the Vso values of the mutant channels show a
negative co-relation, shorter loops shifting Vsy values more positive than the
longer loops (Fig-3.8A). The Vsy value of E3 loop mutant (+1.5mV) is
significantly more depolarized compared to the ES (-9.2 mV) loop channel (p =
1.3E-08) and the Vs of E10 (-29mV) is more hyperpolarized than E3 (p = 4.0E-
09) and E5 (p = 6.4E-08) loop mutant channels (Fig-3.8A). Among all the other
10aa long loops, only E10 shifts the channel Vs, more negative than the wild-type

mouse K,1.2.

The Boltzmann slope factor (b) of the fitted G-V curves, a measure of the inverse
of the steepness of the voltage dependence, significantly (p values in Table -3.1)
increased for all synthetic homoloop channels, compared to the wild type channel
(Fig-3.8B). Larger b wvalues give shallower G-V curves, indicating lower

sensitivity but over a longer voltage range. Serine and glycine loop series show a
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clear effect of lowering the b (slope factor) values with increasing loop length
(Fig-3.8B), which indicates higher voltage sensitivity over a narrower range of
voltages. Change in slope factor indicates a possible change in the core

mechanism of voltage sensitivity.

The results of the homo-polymeric synthetic loops presented in this chapter are
differ from our previous studies (Sand et al., 2013) as the analytical procedure has
been modified in this study by considering the C-type inactivation and the
transient artifacts of current recordings. However the trend of the loop behaviour

is consistent among the present and previous studies with mouse K,1.2.

In summary, the results of this study show that synthetic loops of same length but
different sequence affect Vs differently in mouse K,1.2. The effect of increasing
loop length is also different for different loop compositions. Together, these
findings indicate significant contributions of both loop length and composition in
setting the V5o of mouse K,1.2 channel. I have performed similar loop
experiments with jShakl (presented in chapter 4), which is a K,1 family channel
from jellyfish Polyorchis penicillatus and is widely different from mouse K,1.2 in
channel sequence. Synthetic loops of same length and composition is found to
affect Vs differently in mouse K,1.2 and jShakl. In jShakl, the effect of the
synthetic loops are smaller than in mouse K, 1.2, however unlike mouse K,1.2, the
increasing loop length in jShak1 showed a clear effect in causing a left-ward sifts

the Vs values of the mutant channels. The slope factor, b did not change for the
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homo-loop mutants in jShakl (chapter 4), which is also contrasting to mouse
Ky1.2. The comparison of the synthetic loop effects in two different channel
backgrounds further illustrates the effect of loop composition in setting the

specific Vsy of a channel.

The S$3-S4 loop mediates two types of interactions with the channel that
differentially affect the Vs of the channel

Our previous results indicate a possible interaction between the loop and the
channel that significantly affects the V5o in mouse K,1.2. In the model proposed
by Jensen et al., (2012), the C-terminal region of the S3-S4 linker is proposed to
pull downward, closer to the negatively charged residues of the VSD and the PD
turret in the closed state of the channel. The C-terminus is found to affect Vsq of
mouse K,1.2 in our previous study (Sand et al., 2013), where I calculated the
interaction energy between the synthetic homo-loops and the rest of the channel
and found that: (i) all synthetic loops (G,S,E) of 2-4 aa length have highly positive
values of Gibbs Free energy of interaction (AG); (ii) glycine loops with length
more than 5aa, have no interaction energy with the channel; (iii) serine loops
longer than 5 aa, showed small values of AG compared to other synthetic loops
and (iv) glutamic acid inserts of 5 and longer showed monotonically increasing
negative values of AG, indicating strong interaction between the E loops and the

rest of the channel (Sand et al., 2013)
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In this study I have divided the S3-S4 loop into two functional regions: (i) the C-
terminal region that is pulled down in between the VSD and the PD turret in the
closed state; (ii) the N-terminal region of the loop that remains outside of the core
of the VSD in the closed state. The V5o values are compared between the wild
type channel and the hetero-loop mutants (S7QQA, G7QQA and E7QQA) that are
made for the study presented in Sand et al., (2013) by replacing the C-terminus of
the longest homo-polymeric loops with QQA, the natural sequence of the C-
terminal region of mouse K,1.2 S3-S4 loop. Both the wild type channel and the
hetero loop mutants contain QQA in their C-terminal regions. The N terminal

parts of the loop are the only variable among these channels.

The hetero mutant channels S7TQQA and G7QQA differ from each other only the
N-terminal 7 amino acids of the loop. Similar to Sand et al., (2013), no significant
differences are observed between the V5o values of S7TQQA (+2.6mV) and
G7QQA (+2.8mV), indicating no differences in interactions between the N-
terminal S7 and G7 parts of the loop with the rest of the channel (Fig-3.9). This
finding correlates with our previous energetics studies (Sand et al., 2013) showing
very small interaction energy between glycine and serine loops (5 and longer) and

the rest of the channel.

The V5 values of wild type mouse K,1.2 (-13mV) and E7QQA (-26mV) is highly
negative compared to STQQA and G7QQA (Fig-3.9). E loops longer than 5 were

shown to produce negative values of interaction energy (AG) between the loop
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Figure 3.9: Comparison of Vs, values between the longest synthetic homo-polymeric loops
and respective hetero-polymeric loops. The hetero-polymeric loops were made by
replacing the C-terminal 3aa of the homo-polymeric loops with QQA, which is the natural
sequence of the C-terminus of the wild type S3-S4 loop. The method of calculating Vs is
described in chapter 2. Error bars represent s.e.m. p values were calculated from 2-tailed #-
test. In this graph, p values mentioned on the bar indicate the significance of difference
between the two channels compared. The significance of difference from the wild type
channel is mentioned in table 3.1. ‘ns’ means ‘not significant’. Colours of the bars have no
sienificant meanine.
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and the channel (Sand et al., 2013). Comparing the Vs, values of the hetero-loops
and the wild type channel, I propose that the N-terminal region of the loop that
remains outside of the VSD vestibule in the closed state interacts with the channel
to affect the wvoltage sensitivity of the channel. The wild type loop
(AEKPEDAQQG) interacts with the channel to stabilize the open state (or
destabilize the closed state). The S7 and G7 loops fail to mediate any significant
interaction with the channel, showing no effect in Vso. Negatively charged E7
loop strongly interacts with the channel to highly stabilize the open state. These
results arguably indicate a possible charge-charge interaction between the N-
terminal region of the loop and the rest of the channel. E7 loop being completely
negatively charged mediates an interaction with the channel, stronger than the
wild type loop with three negatively charged residues (marked in red above). G7
and S7 loops having no charges, fail to mediate any significant interaction with

the channel.

To evaluate the effect of the C-terminal region of the S3-S4 linker in the voltage
sensitivity of mouse K,1.2, I have compared the longest synthetic homo-loops
(S10, G9 and E10) with respective hetero-loop mutants (S7TQQA, G7QQA and
E7QQA) (Fig-3.9). G7TQQA (+2.8mV) significantly stabilizes the relative open
state compared to the G9 loop (+11.5mV) (p = 0.007), indicating that a trimer of
glycine (G3) at C-terminus stabilizes the relative closed state compared to the

natural QQA sequence. However, this is true only with G7 in the N-terminus of
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the loop. No significant difference is observed between the V5o values of S10
(+0.1mV) and S7TQQA (+2.6mV) loop channels (p = 0.13) and between E7QQA
(-26mV) and E10 homo-loop channel (-29mV) (p = 0.2). These results suggest
that trimers of serine (S3) and glutamic acids (E3) in the C-terminal region of the
loop apparently make no difference compared to QQA, in S7 and E7 context

respectively.

I replaced the 3 residues of the C-terminus of the wild type loop with G3, S3 and
E3 to make mutant channels containing WT-G3, WT-S3 and WT-E3 loops
respectively for our study presented in Sand et al., (2013). The N-terminus of
these loop mutants were constant, having the wild type sequence. WT-G3 showed
no significant difference from the wild type channel in the Vs, value. The Vs
values of WT-S3 and WT-E3 were statistically indistinguishable and were more
negative than WT-G3 (Sand et al., 2013, attached in appendix). Comparison of
several combinations of N and C terminal mutations suggest that the C-terminus
of the S3-S4 loop affects the channel Vs, differently depending on the nature of
its side chain. However, the C-terminal effect is overwhelmed by the effect of the
N-terminus of the loop and the rest of the channel (Sand et al., 2013), which

probably mediate an electrostatic interaction.

According to Jensen’s study (Jensen et al., 2012) when the channel closes, the S3-
S4 loop is pulled downward, closer to the VSD and PD turret. From the results of

the past and current studies, together with the 3D model (Fig-3.10) of the closed
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(A) Open state (B) Closed state

VSD of subunit 1 PD of subunit 2 VSD of subunit 1 PD of subunit 2

Figure 3.10: Homology model of mouse Kv1.2 in open (A) and close state (B). According to
Jensen et al., when the channel closes, the C-terminal 3aa (QQA in wild type) is pulled down into
a region between the VSD and the PD vestibule. The residues of the PD turret, VSD and the C-
terminal region are labelled.
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(A) Wild type mouse K,1.2 (B) Effect of GGG in C-terminus: (comparison
between G9 and G7QQA)
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Figure 3.11: Possible interaction between the C-terminal region of the S3-S4 loop and VSD
during the closed state. In wild type channel (A), alanine of QQA mediates weak
hydrophobic interaction with 1260, V261 and A262 of the S3 helix, weakly stabilizing the
closed state. Electrostatic repulsion between the N-terminus of the wild type loop and the PD
turret destabilizes the closed state. The GGG sequence mediates a hydrophobic interaction
with the hydrophobic cluster (1260, V261, A262) of S3 helix (B). Three G residues mediate
stronger hydrophobic interaction compared to QQA, stabilizing the closed state more than
the wild type sequence. N-terminal G7 fails to mediate any interaction with the PD turret.
Serine loops (C) do not conduct any interactions with either the PD turret or the S3 helix.
Glutamic acid trimer (D) does not show any hydrophobic effects. However, part of the
trimer repulses the negatively charged PD turret. Strong electrostatic repulsion between the
E7 N-terminal region and the PD turret destabilizes the closed state.
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state channel I suggest that in the closed state the C-terminus of the S3-S4 loop of
mouse K,1.2 is pulled down, passing most of the charge effect of the VSD and PD
turret. This makes the C-terminus of the loop to be exposed to the hydrophobic
residues of the S3 helix and the N-terminus to be exposed to the negatively
charged region of the PD turret (Fig-3.10 and 3.11). However, the PD turret might
still have smaller effect on the C-terminal region (Fig-3.11). In mouse K,1.2, the
conserved D259 of the S3 helix is surrounded by a cluster of hydrophobic
residues (1227, 1226, 1229, V230, A231) (Fig-3.11, Fig-3.1B). I propose that
during the closed state, the C-terminal alanine (A) of the wild type channel
mediates hydrophobic interactions with 1229, V230 and A231, which
energetically stabilize the closed state of the channel (Fig-3.11A). However, this
C-terminal effect is suppressed by the stronger electrostatic interaction between
the negatively charged residues of the N-terminal region of the wild type loop and
the negatively charged residues of the PD turret. The repulsion between the
negatively charged residues of the loop and the PD destabilizes the closed state,
shifting the Vso more negative and overwhelming the effect of the weak

hydrophobic effect of the C-terminal of the loop.

The G9 loop shows a Vs value more positive than the G7TQQA loop mutant (p =
0.007). I suggest that a glycine trimer (G3) in C-terminus, mediates stronger
hydrophobic interactions with the hydrophobic residues of the S3 helix,
stabilizing the closed state more compared to the wild-type QQA sequence (Fig-

3.11B). G7 in the N-terminus of these channels fail to interact with the charged
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residues of the PD turret, making the C-terminal effect dominant for these two

channels (Fig-3.11B).

The mutant channels with three serines (S3) in the C-terminus of the loop are not
subjected to any type of interactions with the hydrophobic residues of the S3
helix, (Fig-3.11C). Serine residues at the N-terminal region of the loop do not
have any electrostatic effect on the PD turret, showing no significant effect in
stabilizing the relative open or closed state of the channel. For this reason, the Vs
of S10 and S7QQA is statistically indifferent (p =0.13) and all the serine homo-
and hetero-loop channels have Vs, values more positive than the wild type

channel.

Glutamic acid residues (E) do not participate in hydrophobic interactions.
Comparing the Vs, values of E10 and E7QQA loop channels suggest that the PD
turret have small electrostatic effect on the C-terminal E trimer of the loop (Fig-
3.11D). However, the highly negative Vs, values of these two channels are
mostly caused by the N-terminal 7 E residues that encounter an electrostatic
repulsion caused by the PD turret (Fig-3.11D). For this reason, the Vso value of
E10 is more negative than E7QQA, although the difference is statistically

insignificant (p =0.2).

In summary, comparing the results of homo-polymeric and hetero-polymeric

loops, I deduce that two parts of the loop interact differently with different parts
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of the channel and differently affects the Vso. (i) The N-terminal region, that
remains outward of the VSD in closed state possibly mediate a charge-charge
interaction, with the negatively charged PD turret. (ii) The C-terminal part of the
loop that is pulled downward during channel closing mediates hydrophobic
interaction with the S3 helix. The effect of the C-terminal region is much smaller
in setting Vs, of the channel and is overwhelmed by the stronger effect of the N-

terminal region of the loop.

Salt-bridge formation between the S2 and S4 helices is affected by both the
length and composition of the S3-S4 loop

E226D mutation destabilizes the open state of mouse K, 1.2 possibly by forming a
weaker salt-bridge with the S4 helix, compared to the wild type channel. The
results of the present and past studies in mouse K, 1.2 indicate possible constraints
on the movement of the S4 helix caused by the short S3 and E3 loops. Longer
loops affect the Vs differently depending on their lengths and compositions (Sand
et al., 2013). Here I aimed to analyze the effect of the S3-S4 loop length and
composition on the interaction between the S2 and S4 helices of mouse K,1.2.
Among all the E226 mutations (E226D, E226N and E226Q), E226N and E226Q
produced leaky channels, passing omega current through the VSD. Several double
mutant channels were made by combining E226N/Q with synthetic loops and all
the double mutant channels were also leaky (data not shown), indicating no
significant effect of the S3-S4 loop length and composition in preventing the

omega current through the VSD. Current recording without P/N subtraction and
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treatment with the pore blocker show that around 75% of the total current of
E226D mutant channel is passed through the canonical pore (Fig-3.51). So, double
mutant channels were made by combining E226D and all the synthetic loops to
study the effect of loop length and composition on the electrostatic interaction
between the S2 and S4 helices. Among the double mutations between E226D and
serine loop series, EDS3 shows a V5o of +4.5 mV, insignificantly less positive
than S3 loop channel (+6.6mV) (p = 0.51) (Fig-3.12). I reason that in the E226D
single mutant, the S3-S4 loop length and composition is the same as in the wild
type channel, with a length of 13aa and end-to-end distance of 16.2A (Fig-3.2C).
The loop length allows the complete transition of the S4 helix across the electric
field of the membrane. The confirmation and position of the S4 helix, set by the
wild-type loop length is also optimum for making a stable salt bridge between
E226 and the basic residues of the S4 helix. In E226D mutant channel, D at 226,
with a shorter side chain than E, creates a distance between the carboxyl group of
D and R300 and R303 of the S4 helix, making the salt-bridging between the
charged residues less efficient compared to the wild-type channel (Fig-3.2B and

Q).

In S3 loop channel, the movement of the S4 helix is constrained by the short
length of S3 loop, positioning the S4 helix too far from the S2 helix to form a
stable salt bridge between E226 and the basic residues (R300 and R303) of the S4

helix. When a double mutant channel EDS3 is made between E226D and S3 loop
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Figure 3.12: V5, of double mutant channels, made by combining E226D with
synthetic homo-polymeric loops. The Vss of the double mutants are compared with
corresponding single mutants and the wild type channel. The procedure of making
the double mutant channels and calculating Vs, is described in chapter 2. Error bars
represent s.e.m. p values were calculated from 2-tailed z-test. In this graph, p values
mentioned on the bar indicate the significance of difference between the two
channels compared. The significance of difference from the wild type channel is
mentioned in table 3.1. ‘ns’ means ‘not significant’. Colours of the bars have no
significant meaning.
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channel, the S4 helix of the mutant channel is constrained by short S3 loop,
similar to homo-polymeric S3 loop mutant. As the S4 helix in both EDS3 and S3
homo-loop channel is positioned far enough to interact with the S2 helix, the
presence of E (in S3 homo-loop channel) or D (in EDS3) does not make any
significant difference in the V5o values of these two channels (S3 = +6.6mV and

EDS3 = +4.5mV) (p= 0.5, Fig-3.12) .

For the double mutant channel EDS5 (E226D + S5 loop), I suggest that the S5
loop is small enough for the S4 helix to move in sufficiently close proximity to
the S2 helix and form a stable salt-bridge, as our previous study (Sand et al.,
2013) showed that for serine loops, the V5o of the mutant channels reached a
plateau at a length of S7. Thus the S5 loop constrains in the transition of the S4
helix, restricting the formation of a stable salt bridge. Consequently, no significant
difference is observed in the Vs, values of the S5 homo-loop channel with an E at
226 position (+9.5mV) and the EDS5 double mutant channel with a D at 226

position (+10mV) (p = 0.8, Fig-3.12).

The V5o value of the EDS10, a double mutant channel between E226D and S10
loop (+8.1mV), is more positive than the S10 homo-loop mutant channel
(+0.1mV) (p = 0.004, Fig-3.12). I suggest that the length of the S10 loop, being
longer than S7 allows the complete transition and the maximum movement of the
S4 helix towards the S2 helix. Both the S10 homoloop channel and EDS10 double

mutant channel contain identical S10 loop, but differ from each other at 226
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position of the S2 helix. The S10 loop allows formation of a stable salt bridge
between the E226 and the S4 helix in S10 homo-loop mutant. In EDS10 channel,
however the energetically stable conformation of the S4 helix remains constant
(as in S10 homoloop channel), but the efficiency of the salt-bridging becomes
limited by the short side-chain length of D at 226, resulting a more positive Vs

for EDS10 compared to S10 homo-loop channel.

Double mutations between E226D and glycine loops shift the Vs more positive
compared to the respective homo-loop mutant channels. The V5o value of EDG3,
a double mutation between E226D and G3 loop (+2mV) is more depolarized than
the G3 homoloop channel (-6mV) (p = 4.9E-04). Similarly, the V5o value of
EDGS5 (+9.6mV) is more positive than G5 homo-loop mutant (-5mV) (p = 2.6E-
02, Fig-3.12). Glycine, with no essential side-chain, has the least potential to
interact with other amino acids. The increasing lengths of glycine in homo-loop
channels tend to cause a right-ward shift the Vs values (Fig-3.8A). I infer that the
replacement of E to D, in the context of glycine loops makes the channel opening
energetically unfavourable compared to the respective glycine homo-loop
channels by making less efficient salt-brides between S2 and S4 helices. Double

mutant channel EDG9 could not be made.

All the double mutations between E226D and glutamic acid (E) loops shift the Vs
more positive compared to respective E homo-loop channels (Fig-3.12). The Vsg

value of EDE3 (+18 mV), a double mutation between E226D and E3 loop, is
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more positive than the E3 homo-loop channel (+1.5mV) (p = 5.0E-04). Similarly
the V5o value of EDES (+1.7mV) is more right-shifted than the E5 homo-loop
channel (-9.2mV) (p = 4.1E-07) and the Vs5y of EDE9 (+1.2mV) is highly
depolarized than the E10 homo-loop channel (-29mV) (p = 3.6E-10) (Fig-3.12). I
suggest that like all other double mutants, the efficiency of salt-bridge formation
is disrupted by short side-chain of D in these sets of mutants, making the Vs
values more positive compared to the respective E-homo-loop channels. Our
previous studies showed that for the E loops, the channel Vs, and the interaction
energy between the E-loops and the channel reached a plateau at a length of 8aa
(Sand et al., 2013). The E3 and ES5 loops, being shorter than 8aa, contain the
movement of the S4 helix, compared to the E9 loop. For this reason, the Vsy of
EDED9 is more negative compared to EDES and EDE3. The negatively charged PD
turret has an electrostatic effect on the E-loops that destabilizes the closed state
(Fig-3.11D). I infer that this charge-charge interaction between the E-loop and the
PD turret is responsible of making the Vso values of these double mutants more
negative than all other double mutant channels between E226D and homo-

polymeric loops (Fig-3.12)

In summary, double mutations between the synthetic loops and E226D clearly
indicate a constraint on the dynamics of the S4 helix, caused by loops of 3 aa in
length. The loops of 10aa allow the S4 helix to mediate a complete transition
across the membrane and form a stable salt-bridge with the S2 helix. Depending

on loop sequence, a minimum length of 5 to 8aa is needed to establish this
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energetically favoured confirmation of the S4 helix. For this reason, 10aa loops
do not cause any additional change in the conformation of the S4 helix. Based on
my findings, I suggest that when the movement of the S4 helix becomes
energetically stable at a certain position, the side chain length of the acidic residue
at 226 positon becomes the limiting factor in forming the stable salt-bridge
between the S2 and S4 helices. However, loops of same lengths but different
compositions are found to affect Vs differently in double mutant channels with
E226D, indicating a possible effect of loop composition in regulating the

interaction between the S2 and S4 helices.

Double mutations between E226D and hetero-loops show no significant effect

of the C-terminus of the loop in inter-helix interactions

The results from homo-polymeric loop mutants suggest that the N-terminus and
the C-terminus of the S3-S4 loop interact with different parts of the channel and
affect the voltage sensitivity differently. Double mutations are made between the
hetero-loops and E226D to evaluate how the interactions between the S2 and S4
helices are affected by the nature of the N and C termini of the loop in mouse
K,1.2. All the double mutants show a positive shift in their V5o values compared
to the respective hetero-loop mutant channels (Table-3.1), possibly caused by the

shortening of the side-chain by E226D mutation.

To study the effect of the C-terminus of the loop in the interaction between the S2

and S4 helices, the V5o values of the hetero-loop double mutants are compared
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with respective homo-loop double mutants. Double mutant channel EDS7QQA,
made by combining E226D and S7TQQA loop show a Vs, value of +12.4 mV,
which is statistically invariable from the Vso of EDS10 (+8.1mV) (p = 0.3) (Fig-
3.13). Similarly no difference is observed between the Vs, values of EDE9
(+1.2mV) and EDE7QQA (+1.8mV) (p = 0.7). These results indicate that the C-
terminus of the loop fails to make any significant effect on the inter-helix
interaction in the context of serine and glutamic acids, which are the sequences of

the N-terminus of the loop in the respective channels.

Based on the results from hetero-loop mutants, I have suggested an electrostatic
interaction between the N-terminal region of the loop and the rest of the channel.
The PD turret being negatively charged is the most potential candidate for this
interaction. To identify the effect of the N-terminal region of the S3-S4 loop in the
dynamics of the S4 helix, I compared the V5o values between EDS7QQA,
EDG7QQA and EDE7QQA, all of which differ from each other only at the N-
terminal region of the loop. Among the three double mutant channels, EDG7QQA
(+33.4mV) show the most positive Vso value followed by EDS7QQA (+12.4mV)
and EDE7QQA (+1.8mV) (Fig-3.13). Glycine, having no side chain, can provide
the loop with structural flexibility but fails to mediate any interactions with its
surrounding environment. Lack of interactions between the N-terminus of the
loop and the channel might cause the positive shift in the V5o value of EDG7QQA

channel. I suppose that unlike glycine, serine residues in the N-terminus of the
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Figure 3.13: Vs, values of double mutant channels, made by combining E226D and the
synthetic hereto-polymeric loops. The Vs, values of the hetero-polymeric double mutants were
compared with respective homo-polymeric double mutants to evaluate the effect of the C-
terminal region on the interaction between S2 and S4 helices. The Vs, values were compared
between EDS7QQA, EDG7QQA and EDE7QQA channels to evaluate the effect of N terminal
region on the S2-S4 interaction. EDG9 mutant could not be made. Error bars represent s.e.m. p
values were calculated from 2-tailed #-test. In this graph, p values mentioned on the bar indicate
the significance of difference between the two channels compared. The significance of
difference from the wild type channel is mentioned in table 3.1. ‘ns’ means ‘not significant’.
Colours of the bars have no significant meaning.
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loop mediate an unknown interaction with the channel, which can stabilize the
open state of EDS7QQA more compared to EDG7QQA channel. The electrostatic
contribution of the channel (possibly PD turret) on E7 part of the loop of

EDE7QQA destabilizes the closed state, shifting Vs to a negative value.

In summary, I suggest that all the double mutations between E226D and hetero-
loop mutants caused a positive shift in the V5o values compared to the respective
hetero-loop channels. This positive shift in the Vsy is mostly caused by
inefficiency in salt bridge formation, caused by the shortening of side chain length
at 226 position. The N-terminal region of the loop significantly affects the Vs, of
the double mutant channels depending on its composition. The N-terminus of the
E7QQA loop mediates a possible electrostatic interaction with the PD turret and
destabilizes the closed state. Glycine in the N-terminus of the loop in EDG7QQA
channel fails to mediate any interactions to stabilize the open state and thus shifts
the V5o more positive compared to E7TQQA and S7TQQA channels. The C-terminal
region of the loop, in the context of S and E in the N-terminal region, fails to
show any significant effect in stabilizing either the open or the closed state of the

double mutant channel.

Conclusion

The underlying mechanism of voltage-sensitivity is one of the least understood
features of K, channels. The electrostatic interaction network within the VSD

stabilizes the open and the closed state of the channel. The S3-S4 loop, varying in

71



both length and composition within and between different families of K, channel
can also affect Vs significantly (Sand et al., 2013). Short loops of 3aa constrain
the movement of the S4 helix in mouse K,1.2 (Sand et al., 2013).The length effect
of the S3-S4 linker reaches a maximum and tends to become plateau at around 5

to 8aa of length depending on channel composition (Sand et al., 2013).

I made synthetic loop mutants, varying in length and composition to evaluate the
general effect of S3-S4 loop length and composition on the voltage sensitivity of
mouse K,1.2. Identical synthetic loops are found affect Vs differently in mouse
K,1.2 and in jellyfish channel jShak1 (study presented in chapter 4), indicating a
qualitative difference in the interaction between the loop and the channel, that
contributes to set the channel specific Vso. I also made hetero-loop mutants to
evaluate the effect of N and C termini of the loop in voltage sensing mechanism in
mouse K,1.2. The results indicate that the N-terminal region significantly affects
the channel Vs and also overwhelms the weak effect of C-terminal region. Based
on my results, 3D models and previous studies (Jensen et al., 2012), I propose that
in the closed state, the S3-S4 loop is pulled down, by the movement of the S4
helix. At this stage, most of the C-terminus of the loop passes down the PD turret,
leaving the part of N-terminus in close proximity to the VSD and PD turret. The
negatively charged residues of the PD turret mediate an electrostatic effect on the
N-terminal region of the loop, stabilizing or destabilizing the closed state
depending on the nature of the loop. I have also suggested a possible weak

hydrophobic interaction between the C-terminus of the loop and the S3 helix that
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weakly contributes to stabilize the open state. However, the effect of C-terminus

is overwhelmed by the nature of the N-terminal region.

In this study, I focused on the negatively charged glutamic acid at 226 of the S2
helix that stabilizes the open state of the channel by forming salt-bridges with the
positively charged R300 and R303 of the S4 helix. E226 mutations (E226D,
E226N and E226Q) produce leak current passing through the omega pore in the
VSD, which is further confirmed by using of pore blocker. The amount of omega
current through the VSD is much higher in E226N and E226Q mutants, compared
to E226D. From my electrophysiological studies and 3D models I propose that the
formation of a stable salt-bridge is essential in mouse K,1.2 to both stabilize the

open state and to prevent the omega current through the VSD.

Double mutations between E226D and the homoloop show that the short (3 and
5aa) S3-S4 loop regulates the interaction between S2 and S4 helices by
constraining the movement of the S4 helix. However, when the loop length is
10aa, the length of the side-chain becomes crucial for optimum salt-bridging
between the S2 and S4 helices. Double mutations between the heteroloops and
E226D suggest an effect of N-terminal region on the interaction between the S2
and S4 helices. However the C-terminus of the loop fails of show any significant

effect on the inter-helix interaction between the S2 and S4 helices.
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Chapter 4:

The effect of S3-S4 loop length and composition on the voltage sensitivity of
jShak1-a K,1 channel from jellyfish Polyorchis penicillatus

Background

Voltage-gated potassium ion (K,) channels are transmembrane protein tetramers,
consisting of a pore domain (PD), surrounded by 4 voltage sensing domains
(VSD) (Tombola et al., 2006 and Lee et al., 2005). The pore region consists of
helices S5 and S6 and the connecting P loops from each subunit. The voltage
sensing regions are composed of helices S1 through S4 and their connecting
loops. Three conserved acidic residues in the S2 and S3 helices are known to
interact with the conserved basic residues of the S4 helix (Lee et al., 2005; Long
et al.,, 2005 and Papazian et al., 1995). Depending on the channel type, the S4
helix contains four to seven positively charged amino acid residues. Changes in
membrane potential alter the force acting on the charged residues of the S4 helix,
causing a conformational rearrangement of the channel that leads to channel
opening (Lee et al., 2005 and Long et al., 2005). In the Drosophila melanogaster
Shaker channel the open conformation is stabilized by salt-bridge formation
between R368 and R371 of the S4 helix with E283 of the S2 helix (Silverman et
al., 2003 and Papazian et al., 1995). Although the charged residues of the VSD are
conserved in most K, channels, Vs, the membrane voltage at which 50% of the
channels are in the open state, varies among and within the families of K,
channels in different species. This indicates that other factors contribute to

determining voltage sensitivity in different members of this family.
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Previous studies with mouse K,1.2 (Sand et al., 2013) and D. melanogaster
Shaker (Bezanilla et al., 1994) indicated a role for S3-S4 loop length and
composition in setting the Vs of activation of the channel. The results of a mouse
K,1.2 study (Sand et al., 2013) implied an energetic constrain in the movement of
the S4 helix caused by extremely short S3-S4 linkers. Depending on composition,
the C-terminus of the mouse S3-S4 linker differentially stabilizes the equilibrium
of the channel by interacting with the negatively charged turret of the PD (Sand et
al.,, 2013), as this part of the linker is positioned in close-proximity to the
negatively charged residues of the VSD and the PD turret, during channel closure

(Jensen et al., 2012).

In this study I have analyzed the effect of S3-S4 linker variation on the voltage
sensitivity in a completely different lineage of K, channel. jShak1 is a K,1 family
member from the jellyfish Polyorchis penicillatus (Jegla et al., 1995). It is
phylogenetically distant and its sequence is substantially different from mouse
K,1.2 and Shaker. jShakl opens at a much higher membrane potential (Vsy =
+26.6mV) than mouse K,1.2 (Vso = -13.3mV) or Shaker (Vsp = -31.8mV) . In
jShak1 one of the conserved acidic residues of the S2 helix (E283 Drosophila
melanogaster and E226 in mouse K,1.2) is replaced by neutral asparagine, N227.
Also, jShakl has one less positively charged motif in the S4 region and a very
short S3-S4 linker, consisting of only five amino acid residues (Klassen et al.,

2008 and Grigoriev et al., 1997) (Fig-4.1). Mutations of the length of the S4 helix
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(A) Short S3-S4 linker
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Figure 4.1: Homology model of jShakl voltage sensing domain (VSD) in open state (A), showing three
important candidate sites for shaping Vso: S3-S4 loop shown in red, N227 in green and K278 in purple. In
jShak1 the negatively charged glutamate residue in the S2 helix (position 227) that is conserved in most other
K,1 channels is replaced by neutral asparagine. jShakl also has a shorter than normal S4 helix, with one less
positively charged 3 residue motif in the S4 helix than is found in most other K,1 channels and a very short S3-
S4 linker, consisting of only five amino acid residues. The model is made in SWISS MODEL using 3LUT, the
crystal structure of rat K,1.2 (Chen et al., 2010) as template (A). The 3-D model of mouse K,1.2 VSD from
3LUT (Chen et al., 2010) (B). E226 forms salt bridge with R300 and R303 to stabilize the open state. Molecular
model images are made in PyMOL. Multiple Sequence Alignment of S2 helix (C) and part of the pore domain
(D). The PD of jShakl is also different from most other K, channels where two of the four conserved negatively
charged residues are replaced by positively charged K and neutral G in jShakl.
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in conjunction with mutation of N227 in jShakl indicated that the movement of
the S4 helix might be constrained by the extremely short natural S4-S5 linker

(Klassen et al., 2008).

In the current study, the natural short S3-S4 linker of jShakl is replaced with
synthetic homopolymers varying both in length and composition. The C-terminal
positively charged residue, K278, is mutated in both natural and synthetic loops.
To evaluate the effect of the loop length and composition on the interactions
within the VSD, the neutral N at 227 of jShakl is mutated to both E and D.
N227D and N227E mutations are combined with all synthetic loops to make
double mutant channels. The results show that short (3aa) S3-S4 loops in jShak1
make the channel opening energetically unfavourable, similar to what was
observed in mouse K,1.2 (Chapter 3 and Sand et al., 2013). Synthetic loops of the
same length and composition affect the Vs, values differently in jShakl and
mouse K,1.2, indicating a possible interaction between the loop and the channel
that contributes to the voltage sensitivity of the channel. Mutation to a negatively
charged residue at 227 in jShak1 energetically favours the opening of the channel,
possibly by forming salt-bridges with the positively charged residues of the S4
helix. This electrostatic interaction between the S2 and S4 helices, caused by the
negatively charged residue at 227 is significantly affected by both the length and
composition of the S3-S4 linker. The results suggest that the nature of the C-
terminal residue of the S3-S4 linker (K278) can significantly affect the voltage

sensitivity of jshakl, but only in the presence of the wild type sequence (V274) in
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the N-terminus of the loop. When combined with a negatively charged residue at
227, the C-terminus of the loop can affect both the Vs, values and the slope factor

(b) in the double mutant channels.

Based on the overall results, I infer that in jShakl the voltage sensitivity is
affected by the S3-S4 loop in following ways: (i) the short length of the S3-S4
loop restricts the movement of the S4 helix; but loops of 10 aa allow the
complete transition of the S4 helix across the membrane (ii) the N-terminal region
of the wild type loop (VSSS) interacts with the channel to stabilize the open state;
(ii1) the C-terminus of the loop (K278) interacts with the PD turret to stabilize the
closed state; (iv) the N and C- termini of the S3-S4 linker is likely to mediate a

coordination that is essential to set the specific Vs of the channel.

Results and Discussion

Synthetic loops of the same length and composition affect Vsy differently in
mouse K,1.2 and jShakl

Studies with mouse K,1.2 presented in chapter 3 show that 3aa long loops of
serine, glycine and glutamic acid shift channel Vs to more positive values,
compared to the wild type mouse K,1.2 channel. As the loop length increases,
glutamic acid (E) homo-loop channels tend to shift the Vs left-ward, the E5 loop
approaching the wild type Vso and the E10 loop making the channel V5o even
more hyperpolarized than the wild type mouse K,1.2 (Fig-3.9). Glycine loops in

mouse K,1.2 show a positive correlation between the length and the Vs, values,
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shifting the V5o to more positive with increasing length of G loops (Fig-3.9).
Serine loops in the same channel background show a positive shift in Vso with
increasing length from S3 to S5 and a negative shift in Vs with increasing loop

length from S5 to S10 (Fig-3.9).

To study the effect of loop-length and composition in jShakl, homo-polymeric
loop mutants are made by replacing the natural sequence (VSSSK) with
sequences varying in length (3aa, 5aa and 10aa) and composition (serine, glycine
and glutamic acid). Similar to mouse K,1.2, the 3aa long loops of serine and
glycine in jShakl shift Vso to more positive values compared to the wild-type
channel (Fig-4.2A), possibly by causing a constraint on the movement of the S4
helix. The other synthetic loops are found to act differently in jShakl and in

mouse K, 1.2 backgrounds.

Unlike mouse K,1.2, the serine loops in jShakl tend to shift the Vs, more
negative with an increasing loop length. The Vso of S3 in jShakl (+36.5mV) is
significantly more positive than the wild-type channel (+26.6 mV) (p = 2.5E-09;
Table-4.1). The S5 (V5o = +31.9mV) and the S10 (V5o = +26.1 mV) loops shifts
the V5o more left-ward, compared to the S3 loop and clearly shows an effect of
increasing loop length in relatively stabilizing the open state of the channel (Fig-

4.2A).

Similar to mouse K,1.2, the glutamic acid (E) loops in jShak1l show the most left-

ward shift in Vs values compared to all other synthetic loop series in jShak]1.
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Figure 4.2: Voltage of half activation (Vs,) (A) and Boltzmann slope factor, b (B) as a function of
S3-S4 loop length and composition. The natural loop VSSSK of jshakl was replaced with synthetic
homoloops, varying in length and composition. Currents were recorded from two-electrode voltage
clamp. Individual G-V curves (from -80 to + 50 mV) were normalized and fitted to the Bolzmann
equation: G/Gmax = 1/(1+exp((V-Vs)/b)*) . The single subunit Vs, obtained from the equation was
used to calculate whole channel Vs, by solving for V when G/Gmax = 0.5. Error bars represent
s.e.m. p values were calculated from 2-tailed #-test and indicate the significance of difference from
the wild-type channel. Colours of the bars have no significant meaning.
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Table 4.1: Half-activation voltages (V) for wild type jShak1 and S3-S4 loop variants.
Channel conductance was calculated from the average plateau currents by using the formula G=I/(V-V,),
where reversal potential V.., was taken as -70mV. Individual G-V curves (from -80 to + 50 mV) were
normalized and fitted to the Boltzmann equation: G/G . = 1/(1+exp((V-V50)/b)4) . The single subunit Vs

obtained from the equation was used to calculate whole channel Vs, by solving for V when G/Gy.x = 0.5

Loop sequence (5'-3") / v Slope
Channels Description n N SE P factor,b SE P
(mV)
(mV/e)
jShakl WT VSSSK 15 266 0.8 17.5 0.6
TEYV loop VLENLYFQG 5 6.1 09 5.5E-09 21 09 0.014
TEV_K loop VLENLYFQGK 5 813 0.5 1.9E-09 22 0.6 0.005
TEV longloop = VLENLYFQGVSSSKENLY 6 2 14 1.6B-10 153 13 017
FQG

S3 SSS 11 365 0.7 25E-09 16.8 04 03
S5 SSSSS 10 319 0.6 3.3E-05 15.8 04 0.03
S4K SSSSK 6 268 05 09 16.5 04 02
S10 SSSSSSSSSS 12 261 1 0.7 14.7 04 0.001
S9K SSSSSSSSSK 6 260 05 05 16.7 22 07
G3 GGG 10 457 04 1.1E-14 14.5 03 2.0E-04
G5 GGGGG 8 341 0.7 1.5E-06 14.8 0.7 0.01
G4K GGGGK 6 34 1.6 0.005 17.1 0.8 0.7
G10 GGGGGGGGGG 8 31.8 0.3 2.0E-05 16.2 07 02
GIK GGGGGGGGGK 6 30.6 0.5 0.001 17.1 07 07
E3 EEE 10 267 06 09 19.1 02 0.03
E5 EEEEE 7 234 1.7 0.136 25 1.4 0.001
E4K EEEEK 5 294 16 02 15.8 1.3 03
E10 EEEEEEEEEE Not expressed
E9K EEEEEEEEEK Not expressed
K278A VSSSA 9 324 04 7.0E-06 14.2 0.8 0.004
K278D VSSSD 9 17.5 1.2 9.2E-06 13.6 0.4 5.2E-05
K278E VSSSE 7 163 2.1 1.6E-03 17.5 0.8 098
K278G VSSSG 9 20 0.7 6.0E-06 10.7 04 5.7E-09
K278N VSSSN 9 285 1.5 03 14.5 0.6 0.002
K278Q VSSSQ 9 2677 06 09 17 04 043
K278S VSSSS 9 275 1.8 0.6 14 1.8 0.078
N227D Point mutation in S2 helix 5 13.7 0.6 1.5E-09 21.1 1.2 0.02
N227E Point mutation in S2 helix 4 -15.7 1.8 1.1E-05 20.7 0.8 0.02
NDS3 N227D + S3 loop 6 24 1.3 0.129 18.5 04 0.18
NDS5 N227D + S5 loop 6 16.5 1.7 43E-04 233 0.7 1.1E-05
NDS10 N227D + S10 loop 7 103 0.8 2.1E-11 19 0.7 0.15
NES3 N227E + S3 loop 5 -145 0.5 5.99E-19 19 1 0.13
NESS N227E + S5 loop 7 -85 09 4.62E-14 208 1.6 0.09
NES10 N227E + S10 loop 9 -204 1.5 9.07E-13 22.4 1.1 0.002
NDS4K N227D + S4K loop 9 16.5 1.1 1.7E-06 21.5 0.6 1.1E-04
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Table 4.1: Continued.

Loop sequence (5'-3") / v Slope
Channels Description n ¥ SE p factor,b SE p
(mV)
(mV/e)

NDS9K N227D + S9K loop 8 15 0.8 2.4E-09 23 1.5 0.005
NES4K N227E + S4K loop 6 -102 09 1.6E-13 19.6 04 0.01
NES9K N227E + S9K loop 9 -13.8 1.5 52E-12 17.4 1.4 096
NDG3 N227D + G3 loop 9 37 1.4 2.23E-05 15.7 09 0.12
NDG5 N227D + G5 loop 9 20.2 0.6 3.38E-06 20.1 0.4 0.001
NDG10 N227D + G10 loop 9 20.7 0.5 5.1E-06 17.6 0.7 09
NEG3 N227E + G3 loop 4 9.8 0.6 6.1E-11 13 1.2 2.4E-02
NEGS5 N227E + G5 loop 9 -18.4 2.3 1.89E-08 20.1 09 0.03
NEG10 N227E + G10 loop 6 -19.7 1.1  1.15E-12 17.8 08 0.8
NDG4K N227D + G4K loop 9 214 0.7 8.1E-05 20.4 0.5 0.002
NDGYIK N227D + G9K loop 8 244 0.7 0.05 18.8 0.8 0.221
NEG4K N227E + G4K loop 9 -03 0.7 3.2E-17 17 0.6 0.55
NEGYIK N227E + GOK loop Not expressed
NDE3 N227D + E3 loop 9 20.5 1.5 2.8E-03 21.8 0.6 3.5E-05
NDES N227D + ES loop 7 129 1.2 6.3E-07 29.8 34 0.011
NDE10 N227D + E10 loop Not expressed
NEE3 N227E + E3 loop 9 -124 2 1.66E-09 25.1 0.8 0.13
NEES N227E + E5 loop 8 -28 1.7 2.49E-11 23 09 0.09
NEE10 N227E + E10 loop Not expressed
NDE4K N227D + E4K loop 7 19 1.4 0.001 25.1 1.1 2.0E-04
NDEIK N227D + E9K loop Not expressed
NEE4K N227E + E4K loop 4 -82 09 3.2E-09 22 0.9 0.007
NEEYK N227E + E9K loop Not expressed
NDK278A N227D + K278A loop 9 10.7 1.5 4.2E-07 21.7 0.7 0.00021
NDK278D N227D + K278D loop 9 7.2 0.5 4.7E-15 22.1 0.2 1.1E-06
NDK278E N227D + K278E loop 8 9.8 09 1.7E-10 23 1.4 0.006
NDK278G N227D + K278G loop 9 3.5 1.5 7.5E-09 20.7 0.6  0.0006
NDK278N N227D + K278N loop 9 152 04 1.7E-10 20.2 0.4 0.001
NDK278Q N227D + K278Q loop 9 8.4 0.9 1.6E-11 23.2 0.6 6.3E-07
NDK278S N227D + K278S loop 8 8.6 09 1.8E-10 223 04 1.2E-06
NEK278A N227E + K278A loop 5 -293 1.6 2.9E-08 22.6 1.4 0.017
NEK278D N227E + K278D loop 9 275 14 3.2E-14 332 4.1 0.004
NEK278E N227E + K278E loop 9 -26.1 32 5.7E-08 423 3.7 0.0002
NEK278G N227E + K278G loop 9 -36.3 1.5 3.2E-14 24.4 2.3 0.03
NEK278N N227E + K278N loop 9 =237 2 1.2E-10 25 1.6 0.001
NEK278Q N227E + K278Q loop 9 -223 1.7 3.1E-13 27 2 0.001
NEK278S N227E + K278S loop 9 -253 23 1.5E-08 27 1.8 0.0006
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The Vs values of the E3 (+26.7 mV, p =0.9) and the E5 (+23.4mV, p = 0.13) loop
mutants are not significantly different from the wild type jShakl, but are more
negative than the other mutant channels with neutral (G and S) synthetic loops
(Table-4.1). This effect of the negatively charged loops in stabilizing the relative
open state over the neutral residues indicates a possible electrostatic effect on the
loop, caused by the jShakl channel that contributes to set the V5o of the channel.

E10 homo-loops in jShak!1 did not produce a functional channel.

Glycine loops in mouse K,1.2 background tend to shift channel Vs, to more
positive values with increasing loop length (Fig-3.9) (Sand et al., 2013). In
jShak1, the longer glycine loops show less positive Vsy values than the shorter
glycine loops. The Vsy values of the G3 (+45.7mV), G5 (+34.1mV) and G10
(+31.8mV) loop-mutants clearly indicate the effect of increasing length of glycine

loops in stabilizing the relative open state of the channel.

Unlike mouse K,1.2, the synthetic loops in a jShakl background have shown a
small but clear effect of increasing loop length in shifting the V5o to more
negative values (Fig-4.2A). Mouse K,1.2 and jShak] are evolutionarily divergent.
The whole channel sequence of jShakl possesses only 44% identity and 64%
similarity with mouse K,1.2. The VSDs (helices S1-S4) of these two channels
share 30% identity and 59% similarity in their protein sequence. From the
comparative results of homo-polymeric loops in mouse K,1.2 and jShakl

background I infer that similar loop sequences interact differently with the rest of
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the channel, leading to different effects on Vso in jShakl and mouse K,1.2. Our
previous studies presented in Sand et al., (2013) showed that the length effect of
synthetic loops in mouse K,1.2 reached a maximum at around 5 to 8aa depending
on the loop composition (Sand et al., 2013). In jShakl, the longer loops (S10 and
G10) fail to make the Vs, more negative than the wild-type loop, which is
naturally 5 aa long. I propose that the natural S3-S4 linker of jShak1 is adapted to
allow the complete transition of the S4 helix across the membrane in response to
change in voltage. Short loops of 3aa constrain the movement of the S4 helix,
similar to what was observed in mouse K,1.2 (chapter 3). The 10aa loops being
longer than the natural length of jShak1 S3-S4 loop, allow complete transition of
the S4 helix. However, the additional flexibility in the movement of the S4 helix,
fail to shift the Vs, more negative to the wild type channel, as jShak1 is adapted to
mediate the complete transition of the S4 helix using a short 5aa long loop. The
Boltzmann slope factor of the fitted G-V curves, b, a rough measure of the
steepness of the voltage dependence, do not differ greatly between wild type and

loop variants, except for ES (Fig-4.2B).

In summary, the overall results of the synthetic homo-polymeric loops suggest
that the extremely short 3 aa long loops make the channel opening energetically
unfavourable in both mouse K,1.2 and jShak1, probably by causing an energetic
constraint on the movement of the S4 helix. The longer homo-polymeric loops of
the same length and composition affect Vsy differently in mouse K,1.2 and

jShak1, indicating possible interactions between the loop and the channel.

90



K278 mutations in a WT background significantly affect Vs

Homo-polymeric loops affect the voltage sensitivity differently in jShakl and in
mouse K,1.2. One possible explanation for this difference is that the interactions
between the loop and the rest of the channel that affect the voltage sensitivity are
qualitatively different in the two channels. The results from the negatively
charged E3 and ES5 loops in jShakl suggest involvement of charged residues in
this interaction. The natural loop sequence of jShakl (VSSSK) is serine rich,
having a neutral valine in the N-terminus and a positively charged lysine in the C-
terminus of the loop. The C-terminus of the S3-S4 linker is proposed to interact
with the negatively charged residue of the VSD and the PD turret during channel
closing in K,1.2 (Jensen et al., 2012). In our previous study, changing the C-
terminal segment of the loop is shown to affect the Vsy in mouse K,1.2 (Sand et
al., 2013). The C-terminal residue of the S3-S4 linker of jShakl is lysine (K),
whereas in mouse K, 1.2 it is a neutral alanine (A). The PD turret of jShak1 is also
different from that of mouse K,1.2, where two of the four negatively charged
residues in mouse K,1.2 are replaced by positively charged K and neutral G in

jShak! (Fig-4.1C).

The results from the homo-polymeric loop mutants in jShakl suggest a possible
interaction between the C-terminal lysine (K278) of jShakl and the PD turret in
the closed state, similar to what was observed in mouse K,1.2 (Chapter 3 and
Sand et al., 2013). To test this assumption, K278 mutants are made by replacing

the C-terminal K of the jShakl loop by S, G, A, N, Q, D and E. The negatively

91



charged residues (D, E) at the C-terminus of the loop significantly shift the Vs to
less positive values (Fig-4.3A). The largest left shift in the Vs value is caused by
the K278E mutant (Vso = +16.3mV, p = 1.6E-03). The K278D (V5o =+17.5mV, p
= 9.2E-06) and the K278G (V5o =+ 20mV, p = 6E-06) mutants also shift the Vs
to significantly less positive values compared to the wild type channel (Fig-4.3A,
Table-1). The K278A (Vso = +32.4 mV, p = 7E-06) loop on the other hand
significantly shifts the Vs of the channel to a more positive value (Fig-4.3A).
Other K278 mutants fail to show any substantial difference in the V5o values
compared to the wild-type channel. Changes in slope factors are found for

K278A, K278G, K278N and K278D (Fig-4.3B).

I have made a homology model of the closed state of jShakl showing the relative
position of K278 from one subunit and the PD turret (E338, K340, E341, G343)
from the adjacent subunit (Fig-4.4A). Compared to the open state model of the
channel (Fig-4.4B), K278 is located closer to the negatively charged PD turret in
closed state. According to Jensen et al. when the C-terminus is pulled in between
VSD and PD turret, it becomes exposed to interaction with both the VSD and the
PD turret. From the homology model (Fig-4.4A) two residues that appear to have
the most potential to interact with the C-terminus of jShakl are D260 of the S3
helix and E338 of the PD turret (Fig4.4A). However, E338 is found closer to
K278 (distance measured 9.4A) compared to D260 (distance from K278 is

14.3A).
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Figure 4.3: Voltage of half activation (Vsy) (A) and Boltzmann slope factor, b (B) of K278
single mutants. Single mutations were made by replacing the C-terminus residue, K278 of
S3-S4 loop. Current recording and data analysis procedure is same as described in Fig-4.2.
Error bars represent s.e.m. p values were calculated from 2-tailed #-test and indicate the
significance of difference from the wild-type channel. ‘ns’ stands for ‘not significant.’
Colours of the bars have no significant meaning.
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Subunit4

Figure 4.4: Homology model of jShakl in open (A) and closed state (B). The open state
model is made in SWISS MODEL using 3LUT, the crystal structure of rat K,1.2 (Chen et
al., 2010) as template. The close state model is made using the inferred closed state model
of Jensen et al., (2012) as template. In the closed state model (B), the C terminal K278 is
pulled closer to the negatively charged residues of the PD turret and the D260 of the S3
helix. The distance between K278 and E338 of the PD turret is measured as 9.4A and the
distance between D260 and K278 is found as14.3 A. Possible electrostatic interaction
between K278 and E338 in the wild type channel is shown in red dots.
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I infer from the electrophysiology data and the homology model that K278 of the
S3-S4 linker interacts with E338 of the PD turret, making an electrostatic
contribution to stabilize the closed state of jShakl. For the K278E and K278D
mutants, the presence of E and D at position 278 repels E338 and destabilizes the
closed state. The destabilization of the closed state ultimately leads to an ease of

channel opening and shifts the V5o more negative than the wild-type channel.

In K278G, the glycine residue with no side chain can shift the Vs, more negative
compared to the wild type channel either (i) by providing with more structural
flexibility to the C-terminal region, allowing it to interact with some region of the
channel, otherwise inaccessible by the loop; or (ii) by avoiding electrostatic
interactions with E338 of the PD turret, making the channel opening easier than

the wild-type channel.

The K278A mutant channel with a small neutral residue at 278 position shifts the
V5o value more positive than the wild-type channel (Fig-4.3A). Since the alanine
side chain is unlikely to interact significantly with an environment that interacts
with acidic side-chains, I propose that the effect of alanine may be mediated

through effects on backbone conformation rather than inter-residue interactions.

The C-terminal residue is a neutral alanine in mouse K,1.2, but a positively

charged lysine in jShakl. Two of the negatively charged residues of the PD turret
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of mouse K,1.2 are replaced by lysine and glycine in jShakl (Fig-4.1). Besides
these sequence variations, my results indicate an electrostatic effect on the C-
terminal region of the jShakl S3-S4 loop, similar to what was observed in mouse
K,1.2 in our previous study (Sand et al., 2013). The results suggest that jShakl,
with a positively charged lysine at 278, stabilizes the closed state, probably by
interacting with E338 of the PD turret. Glycine at 278 (K278G mutant) either fails
to mediate interactions with the PD turret, or interacts with some region of the
channel, not accessible by larger amino acids causing a left-ward shift of the Vs
compared to the wild-type channel. The K278D and K278E mutants mediate
repulsive interaction between D/E at 278 and the negatively charged E338 of the
PD turret. This repulsive interaction destabilizes the closed state and makes the

Vso of K278D/E more negative than both wild-type and K278G.

Hetero-polymeric loops illustrate two possible interactions between the S3-S4

linker and the channel that contributes to set the Vs of jShakl

Hetero-polymeric loops are made by replacing the C-terminal residue of the
homo-loops with lysine (K), the natural sequence at the C-terminus of jShak1 S3-
S4 linker. To evaluate the effect of the N-terminal region of the jShakl S3-S4
loop in voltage sensitivity of the channel, I have compared the Vs, values between
S4K, G4K and E4K hetero-loop channels, which varied from each other only in
the N-terminal regions (Fig-4.5A). The Vs value of G4K is more positive than

the V5o value of S4K (p = 0.007), suggesting that serine residues in the N-
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terminus of the loop can stabilize the open state (or destabilize the closed state)

compared to glycine in that region.

Comparison between the homo-polymeric and hetero-polymeric loops show no
significant differences between the Vs values of the G4K and G5 (p = 0.8); G9K
and G10 (p = 0.07); E4K and E5 (p = 0.03) and S9K and S10 (p = 0.9) mutant
channels (Fig-4.5A). From this comparison the charge-charge interaction
between the C-terminal region of the loop and the rest of the channel appears to
have no significant contribution in setting the Vs in jShak1. This finding conflicts
with my previous results with jShakl K278 (C-terminal region) mutants. Whereas
the K278 mutations on the wild type jShakl background show significant effect
of the C-terminal region in voltages sensitivity, the hetero-polymeric loops with a
C-terminal K in homo-loop background fail to show any significant effect on Vs
values of G4K, G9K and S9K, compared to the respective homo-loop channels.
For example a K to G mutation in the wild type loop context shows a significant
left shift (p = 6E-060) in the V5o of K278G mutant compared to the wild type
channel. However, the same K to G change in glycine loop context fails of show
any significant change in the Vs values of G4K and G5 loop mutants (Fig-4.5A).
To understand the varying role of the C-terminal lysine in different loop context, |
compared the Vs values of the homo- and hetero-polymeric loop channels with
the respective K278 mutants (mutations made at the C-terminus of the wild type

jShak1 channel) and wild type jShak1(Fig-4.5A).
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Figure 4.5: Vs, values (A) and slope factor (B) are compared between the homo and
hetero-loops. Hetero-loop mutants are made by replacing the C-terminus of the homoloops
with K, which is the naturally occurring sequence in jShakl. Current recording and data
analysis procedure is same as described in Fig-4.2 and also in chapter 2. Error bars
represent s.e.m. p values were calculated from 2-tailed #-test. In this graph, p values
mentioned on the bar indicate the significance of difference between the two channels
compared. The significances of difference from the wild type channel are mentioned in
table 4.1. ‘ns’ means ‘not significant’. Colours of the bars have no significant meaning.
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The wild type channel (loop = VSSSK, V5o =+ 26.6mV) and S4K loop channel
(SSSSK, V5o = +26.8mV), differ from each other only at the N-terminal valine
(V274) of the loop, showing no difference in the Vso values. This indicates no
significant difference in the effect of S and V at the N-terminus of the loop. The
S9K loop (SSSSSSSSSK, Vso=+26 mV), with a longer length, does not have any
additional effect in Vsy of the channel (Table-4.1). The K278S mutant
(VSSSS,Vso = +27.5mV), with only K to S changed from the wild type also fails
to show any significant change in the Vs, from the wild type channel (p = 0.6).
The S5 homoloop channel (SSSSS, V5o = + 31.9mV), with serine at both N and
C-termini of the loop showed a large positive shift in Vso (p = 3.3E-05). Based on
the above stated results, I speculate that the N-terminal valine (V274) acts in a co-
ordinating fashion with the C-terminal region to set the V5o of jShakl. For this
reason, the effect of the C-terminus becomes dominant only in the presence of a
valine in the N-terminus of the loop. In the K278S channel the N terminal V274
co-ordinates with the C-terminal serine, contributing to set the Vsg at +27.5mV. In
the S5 loop mutant the mutation at both N and C termini of the loop disrupts the
co-ordination, which in turn shifts the Vso more positive compared to the wild
type channel. The middle region of the S3-S4 linker, which is ‘SSS’ remains

constant in all the channels discussed above.

Comparison between the G5 (loop = GGGGG, Vsp = +34.1mV) and G4K
(GGGGK, Vsp = +34mV) loop channels shows no difference in the Vs, values

(Fig-4.5A). I propose that, unlike wild type jShak1, the N-terminal glycine residue
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of the loop ecither fails to mediate any interaction with the channel to stabilize the
open state, or it mediates some other types of interactions to either destabilize the
open state or stabilize the closed state of the channel, showing a positive shift in
the Vs value compared to the wild type jshakl. G9K (GGGGGGGGGK, Vsy =
+30.6mV) with a longer glycine loop might help the loop to better mediate some
unknown interactions to stabilizing the open state compared to G4K channel. In
G5 and G4K mutants, I propose that the C-terminal effect is suppressed by the N-
terminal glycine residue that fails to mediate the co-ordination with the C-terminal
region as is found in wild type channel. For this, a change in K to G does not
show any effect in G4K and G5 loop mutants, whereas, the same K to G change
in wild type background shows significant left shift in V5o of K278G mutant.
K278G also differs from G5 and G4K in the middle region of the loop: G5 and
G4K having glycine in place of serine in the wild type channel. The three serine
residues in the middle region of the wild type loop might also have a contribution

in setting the Vs of the channel.

The homo-polymeric loop mutant channel ES (loop = EEEEE, Vs = +23.4mV)
shift the V5o more negative compared to the E4K channel (EEEEK, Vs, =
+29.4mV) (Fig-4.5A), which further indicates an electrostatic effect on the C-
terminus of the loop, possibly caused by the PD turret (Fig-4.4B). The N-terminal
regions of both E4K and E5 channels are negatively charged E. However, the
homology model shows that the N-terminal region of the jShakl S3-S4 linker is

exposed to an area with least possibility of having an electrostatic interaction in
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the open state (Fig-4.4). I propose that replacement of N-terminal V274 with E in
E5 and E4K mutants disrupts the co-ordination between the N and C-termini of
the loop. The middle region of the loop (EEE) also fails to mediate any significant
interaction with the rest of the channel, for which reason, E4K and E5 do not
show any significant difference in V5o values compared to the wild type jShakl.
Comparing E5 with K278E channel (VSSSE, Vsy = +16mV), I suggest that in
K278E, the N terminal V mediates a coordination with the C-terminus, expressing
the electrostatic effect of E in the C-terminal region. The absence of V274 in the
ES loop disrupts the coordination, suppressing the effect of C-terminal E and in
turn resulting a Vso more positive than K278E. No significant change is observed

in the slope factor (b) values of the hetero-loop mutants (Fig-4.5B).

I summarize that the S3-S4 linker in jShakl can mediate at least two types of
interactions with the channel that contribute to set the Vso value: (i) The C-
terminal region (K278) mediates a charge-charge interaction with the PD turret,
stabilizing the closed state in the wild type channel. (ii) Either the complete N-
terminal region (VSSS) or only the middle region (SSS) of the wild type loop
mediates an interaction with the channel to stabilize the open state. Based on the
results I suggest a possible coordination between the N-terminal valine (V274)
and the C-terminal region of the S3-S4 loop that is necessary for the expression of
the C-terminal effect. For this reason, although the C-terminal mutations show
dominant effects in wild type background in K278 mutants, they fail to cause any

significant change in Vs in the hetero-loop mutants, where the N-terminal valine
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(V274) is mutated. In the hetero-loop channels the change in the N-terminal
region changes the natural co-ordination between the N and C termini of the loop,

suppressing the effect of the C-terminal region.

N227 and homo-loop Double mutants showed a strong effect of salt-bridge
between S2 and S4 helix in setting the Vs of jShakl

The negatively charged residues of the S2 and S3 helices form salt-bridges with
positively charged residues of the S4 helix to stabilize the open state (Lee et al.,
2005; Long et al., 2005 and Papazian et al., 1995). Mutagenesis studies with
jShakl by Klassen et al., (2008) have shown that both N227D and N227E
mutations in the S2 helix can stabilize the open state. I have made double mutant
channels by combining N227D/E with homo polymeric loops to analyse how the
interaction between S2 and S4 helices in jShakl is affected by the S3-S4 loop

length and composition.

Both N227D (Vso = +13.7mV, p = 1.5E-09) and N227E (V5o = -15.7mV, p =
1.1E-05) single mutants stabilize the open state compared to the wild-type
channel, with N227E being more effective than N227D (Fig-4.6), similar to what
was reported by Klassen et al., (2008). The negatively charged residue in the S2
helix is thought to form a salt bridge with the positively charged residues of the

S4 helix (Klassen et al., 2008). Glutamic acid (E) has a longer side chain than
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Figure 4.6: Vs, values of double mutant channels made by combining N227D/E with S-series (A), G-series
(B), E-series (C) and hetero-loops (D). jShakl WT is shown in black bar.N227D and N227E single mutants are
represented by blue and red bars respectively. The method used to calculate Vs, in described in Fig-4.2 and also
in chapter 2. Error bars represent s.e.m. p values were calculated from 2-tailed #-test and indicate the
significance of difference from the wild-type channel. Colours of the bars have no significant meaning.
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aspartic acid (D). If the S2 and S4 helices are constrained in position, then the
longer side chain of E can arguably stabilize the open state more compared to D,
if the distance between the E and R side chains is closer to the minimum energy

distance than the D and R side chains can be.

The double mutation between N227D and the S3 loop, NDS3, shows a Vs
(+24mV) somewhat in the middle of N227D (+13mV) and S3 loop (+36.5mV)
mutants (Fig-4.6A, Table-4.1). Similarly the V5o of NDS5 (V5o = +16.5mV) is
less positive (p = 3.7E-05) compared to the S5 loop (Vso = +31.9mV) but is not
significantly different (p = 0.2) from the N227D single mutant. However, double
mutation of the longest synthetic loop S10 and N227D, NDS10, shifts the Vs
significantly left-ward compared to both S10 and N227D single mutant (Fig-
4.6A). The results indicate that D at 227 can stabilize the open state more when
combined with longer serine-homoloops compared to when combined with
shorter serine-homoloops. I interpret that the Vso values observed in these double
mutants are a combined effect of (i) a possible salt-bridge formation between the
S2 and S4 helix at open state, (ii) the length effect of the synthetic serine loops
and (iii) the effect of loop composition, including the C-terminal effect, the N-

terminal effect and a coordination between the N and C termini of the S3-S4 loop.

The short S3 loop constrains the movement of the S4 helix, which results in a
more positive Vsy value for NDS3 compared to NDS5 and NDS10 (Fig-4.6A). In

NDSS5 and NDS10 channels the movement of the S4 helix becomes less restricted
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with a longer S3-S4 linker, allowing the charged residues to come closer to each
other, which leads to a more stable salt-bridge formation in the open state. The
different interactions of the N and C-termini of the loop with the channel also

contribute in setting the Vs, values of these double mutant channels.

Similar to N227D and serine loop double mutants, double mutations between
N227E and serine loops tend to stabilize the open state more with increasing loop
length. The double mutant channels NES3 (-14.5 mV), NES5 (-8.5 mV) and
NES10 (-20.4 mV) show an effect of increasing loop length in relatively
stabilizing the open state (Fig-4.6A). The V5o values of NES3, NES5 and NES10
are significantly less positive compared to NDS3 (+24mV), NDS5 (+16.5mV) and
NDS10 (+10.3 mV) respectively (Fig-4.6A). This indicates that besides the effect
of the S3-S4 loop length and composition, the side-chain length of the negatively
charged residue at 227 is also important for the proper interaction between the S2
and S4 helices and thus stabilizing the open state of jShakl. Glutamic acid (E)
with a side chain longer than aspartic acid (D), allows the carboxylate group to be
closer to the positively charged residues of the S4 helix, forming a more stable

salt bridge and thus stabilizing the open state more, compared to D.

The results of the double mutations of N227D/E with glycine loops differ from
the results of the double mutants with serine loop series showing no significant
differences in 5aa and 10aa long loops in double mutant channels (Fig-4.6B).

Although NDGS5 (Vsp = +20.2 mV), a double mutation between N227D and G5
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loop, shifted the V5o more negative (p = 3.8E-07) than NDG3 (V5o = +37 mV),
there is no significant difference (p = 0.6) between the Vs, values of NDGS5 (Vs =
+20.2 mV) and NDG10 (Vso = +20.7 mV) (Fig-4.6B). This observation is also

true for double mutations between N227E and glycine-loops (Fig-4.6B).

From the results of N227D/E and glycine loop double mutants I suggest that
glycine, having no side chain, fails to meditate any significant interactions with
the channel. So, for glycine loops, the length effect is the only governing factor.
In double mutants with short 3aa loops (NDG3 and NEG3), the interaction
between N227D/E and the S4 helix is restricted by the loop length. In the double
mutant channels with 5 and 10aa long loops, the energetic constraints in
interaction between the S2 and S4 helices are removed. Based on my previous
results of homo-polymeric loops, I proposed that the 5aa long natural loop in
jShak1 is adapted to allow the complete transition of the S4 helix across the
membrane electric field in response to voltage change. In NDGS5 and NEGS5
channels, I suppose that the complete transition of the S4 helix is achieved by the
G5 loop. For NDG10 and NEG10 mutants, the G10 loop fails to mediate any
interaction with the channel to affect Vs and cannot affect the stability of the salt-
bridge, as the complete transition is attained by the G5 loop. For this reason, no
significant differences are observed between the Vs, values of NDGS and NDG10

(p =0.6) and also between NEGS and NEG10 (p = 0.7).
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A dramatic negative shift in V5o values are found for N227D/E double mutants
with E3 and E5 (Fig-4.6C, Table-4.1). The Vs value of the NDE3 (+20.5 mV) is
more depolarized than NDES (+12.9mV) and the V5o value of NEE3 (-12.4mV) is
more right-shifted than NEE5 (-28mV) (Fig-4.6C). Similar to all other double
mutants, the Vso values of these double mutants are affected by salt-bridging
between the S2 and S4 helices and the length and composition of the S3-S4 loop.
In NDE3 mutant, the interaction between N227D and the positively charged
residues of the S4 helix is constrained by the short E3 loop. However the C-
terminus of the E3 loop mediates a repulsive interaction with the negatively
charged PD turret to destabilize the closed state, which makes the Vsy of NDE3
more negative than both NDS3 and NDG3. In NEE3 channel, E3 loop mediates
similar interaction with the channel as in NDE3. However, in NEE3, the presence
of E at 227 position of S2 helix makes a more stable salt-bridge between the S2
and S4 helices compared to D at 227. In NDES and NEES mutants E5 loop allows
a complete transition of the S4 helix that is optimum for stable salt-bridge
formation between the S2 and S4 helices. The C-terminus of the E5 loop also
mediates repulsive interactions with PD turret, destabilizing the closed state. All
these interactions in turn help to shift the Vs, values of NDES and NEES more
negative compared to NDE3 and NEE3 respectively. As the E10 loop mutants
failed to produced functional channels, comparison between 5 aa long and 10 aa

long E chains were not possible.
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In order to understand the effect of the N-terminal region of the loop in the
electrostatic interaction between the S2 and S4 helices, 1 have compared the Vs
values between NDS4K (+16mV), NDG4K (+21.4mV) and NDE4K (+19mV),
which differ from each other only in the N-terminus of the loop. Serine residues in
the N-terminus are found to stabilize the relative open state of the channel
compared to glycine and glutamic acid. Similarly, the Vs, values of NES4K (-
10.2mV), NEG4K (-0.3mV) and NEE4K (-8.2mV) suggest that serine at the N-
terminus of the loop has a more stabilizing effect on the relative open state of the
channel compared to E and G. Longer S9K loop fail to show any major shift in
Vso values compared to the shorter S4K hetero loops. Both the serine and

glutamic acid heteroloops show a change in slope factor, b (Table-4.1).

The overall results of the double mutants indicate that the presence of a negatively
charged residue at 227 position can stabilize the open state by interacting with the
positively charged residues of the S4 helix as was previously shown by Klassen et
al., (2008). The longer side chain of E at 227 position allows the carboxyl group
reach closer to the basic residues of the S4 helix, which causes more negative Vs
values for N227E double mutants compared to N227D double mutants. I propose
that in the double mutant channels, where N227D/E are combined with the
synthetic loops, the following factors contribute in setting the voltage sensitivity
of the channel: (i) the stability of the salt-bridge formed between the S2 and S4
helices, (ii) the length of the S3-S4 loop (iii) the composition effect of the S3-S4

loop, which includes different interactions of the N and C-termini of the loop with
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the channel (iv) the hypothetical coordination between the N and C termini of the
loop. Besides having the composition effect, the short (3aa) synthetic loops affect
the Vs of the double mutant channels by restricting the movement of the S4 helix.
Based on the results I suggest that 10aa long loops fail to cause any additional
transition of the S4 helix to stabilize the open state, as the jShakl is naturally
adapted to meditate the complete transition of the S4 helix using a 5aa long
natural loop. I propose that when a negatively charged residue is present at 227
position of the S2 helix, jShakl can efficiently form a salt bridge to stabilize the
open state. However the stability of the open state is limited by the side chain
length of the charged residue at 227 and constrained by the short S3-S4 linker.
The S3-S4 loop composition can also affect the Vs significantly even in the

presence of a negatively charged residue at 227 position.

Double mutants of N227D/E with K278 loop affect both the Vs and the slope
factor of the channel

I have made double mutations between the K278 mutant loops (point mutations
made only at the C-terminus of the wild type loop) and N227D/E to evaluate how
the nature of the C-terminus of the S3-S4 loop in jShakl affects the electrostatic

interaction between the S2 and S4 helices.

In my previous experiment with K278 single mutants, K278E (Vso = +16.3 mV)
and K278D (V5o = +17.5mV) showed the most left-shift in the Vso values,

followed by K278G (Vs = +20 mV) (Fig-4.3A). Interestingly, when combined
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with a negatively charged residue (E and/or D) at 227 position, K278G loop
shows the most negative shift in Vs value (e.g. NEK278G = -36.3mV, p = 3.2E-
14) among all the double mutants (Fig-4.7A). The second most negative Vs
values are from K278D and K278E loops when combined with N227E in the
double mutant channels NEK278D (Vs =-27.5 mV, P = 3.2E-14) and NEK278E
(Vso = -26.1mV, p = 5.7E-08) respectively (Fig-4.7A). This trend is also true for

the double mutations between K278 loops and N227D (Fig-4.7A).

All the double mutant channels between the K278 loops and N227D/E show a
large change in slope factor, b, compared to the wild type and the respective
single mutant channels (Fig-4.7B, Table-4.1). As the slope factor is calculated
from RT/zF, where z is the apparent gating charge, a change in slope factor
indicates changes in the underlying mechanism of the voltage sensitivity, possibly
caused by a change in gating charge (Fernandez et al., 2011 and Latorre et al.,
2007). The largest change in slope factor is caused by the double mutant channels
made by combining N227D/E with the K278D/E loops. The slope factor (b)
values tend to increase with an increase in side chain length at both C-terminus of
the loop and the N227 position of the S2 helix. The previous results suggest that
in jShak1, the strong effect of the C-terminus of the loop becomes dominant only
with wild type loop sequence in the N-terminus. Here, the results of the double

mutant channels suggest that the strong electrostatic effect of the C-terminus,
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Figure 4.7: Vs, values (A) and slope factor, b (B) of double mutant channels made by
combining N227D and N227E with K278 mutant loops. jShakl WT is shown in black
bar.N227D and N227E single mutants are represented by blue and red bars respectively. The
method used to calculate Vs, in described in Fig-4.2 and also in chapter 2. Error bars represent
s.e.m. p values were calculated from 2-tailed #-test and indicate the significance of difference
from the wild-type channel. Colours of the bars have no significant meaning. 11



combined with the electrostatic effect from the N227/E can cause a change in the
transition of the S4 helix (gating charge), which is evident from the large change
in slope factor, b. Further studies are necessary to identify the combined
electrostatic effects of the loop and the VSD. However, based on the homology
model, I propose the following hypothetical model to explain the possible

interactions occurring in the double mutant channels (Fig-4.8).

In the wild type jShak1 and all the other synthetic loop mutant channels, I suggest
that the complete transition of the S4 helix across the membrane in response to
voltage change (represented by the gating charge) is achieved by the natural S3-
S4 loop. However, the double mutant channels between K278 loops and N227D/E
indicate a possible change in gating charge that is represented by a change in
slope factor, b. I suppose that for these double mutant channels, the combined
effect of the C-terminal mutations in the loop and the D / E mutations at position
227 might cause a change in the overall transition of the S4 helix, allowing S4
helix to move closer towards the S2 helix and in turn stabilizing the relative open

state of the channel (evident from the negative shift in Vs, values).

For double mutant channels like NDK278D (D at S2 helix and D at C-terminus of
the loop, Vso = +7.2 mV), the E338 of PD turret repeal the D at the C-terminus of
the K278D loop, causing a destabilization of the closed state (Fig-4.8 A, C). The

salt-bridge between the D227 and the S4 helix stabilizes the open state. These two
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VSD of Subunit 1
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Figure 4.8: Homology model of jShakl in closed (A) and open (B) states. Interaction between the S3-
S4 loop of subunit 2 (grey) and the charged residues of the PD turret of subunit 4 (yellow) is shown
here. During closed state, K278 might interact with negatively charged E338 to stabilize the closed
state. The possible electrostatic interaction is shown with black dotted line (A). When the channel
opens, the loop, especially K278 is moved outward with the movement of S4 helix (the possible
pathway is shown in red arrow (B). In the open state K278 is found to locate away from the PD turret
(B). A simpler model of the interaction is presented in (D) and (E) for closed and open state
respectively.
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combined effects drive the S4 helix more towards the S2 helix, compared to the
wild type and the single mutant channels. The extensive movement of the S4 helix
(change in gating charge) pulls the S3-S4 linker outward, making the C-terminus
of the loop (D278) to pass by the K340 of the PD turret (Fig-4.8 B,D). During this
process, D278, the C-terminal D of the loop encounters an electrostatic affect by
K340, which might tend to destabilize the open state (or stabilize the closed state).
Similar phenomenon is true for the double mutant channels NEK278E, NDK278E
and NEK278E. Glutamic acid E has a longer side chain than D. I suppose that E
at the C-terminus of the loop would mediate stronger electrostatic interaction with
K340 during the channel opening process and E at 227 would mediate stronger
interaction with the S4 helix. The combination between the electrostatic
interactions in the VSD and the C-terminus of the loop contribute to set the Vs

and the slope factor (b) observed in the above stated double mutant channels.

Mouse K, 1.2 and most other K, channels stabilize the open state by forming a salt
bridge between the S2 and S4 helices. jShak1 is naturally evolved with a neutral
N227 in the S2 helix and is adapted to stabilize the open state without forming a
salt-bridge between the helices. My previous results from the homo and hetero-
polymeric loops in jShak1 indicate that the N-terminal region of the wild type S3-
S4 linker might interact with the channel to stabilize the open state. N227D and
N227E mutagenesis show that jShakl can efficiently form salt-bridges between
the S2 and S4 helices to stabilize the open state, when a negatively charged

residue is present at 227 position. The double mutations between the C-terminus-
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mutated loops and N227D/E show that the electrostatic effect between the PD
turret and the C-terminal region of the loop can cause a change in the slope factor,
b, when combined with a negatively charged residue at 227 position. Change in
slope factor, b indicates a possible change in underlying mechanism (gating
charge) caused by the combined effect of the charged residue at 227 and the

nature of C-terminus of the S3-S4 loop.

TEV loop mutants further illustrate a possible interaction between the loop

sequence and rest of the channel

The previous results clearly indicate a possible interaction between the N-terminal
region of the S3-S4 loop and the channel that affects the Vs, significantly. Based
on the results, I have also suggested that the 5aa long natural S3-S4 loop in
jShak1 is adapted to allow the complete transition of the S4 helix across the
membrane in response to voltage change. To further test the possible constraints
caused by the loop length and the effect of loop length in the voltage sensitivity of
jShak1, I have made synthetic loops by inserting single and double TEV protease
cut sites (ENLYFQG) with and without C-terminal K in jShak1(Table-4.1). I cut
the loops with TEV protease to remove the energetic constraint caused by the loop
length. The results show that all the uncut TEV loops shift the V5, much more
negative (~ +6 mV) than both the wild type and all the synthetic homo-loop

channels (Fig-4.9). The Vs, value of uncut long TEV loop (with 2 cut sites) are
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more negative (-2.1mV) than the uncut short TEV loops (1 cut site) (Fig-4.9A).
No significant differences are found between the TEV and TEV_K loops and
between the cut and uncut loops (Fig-4.9, Table-4.1). TEV loops with a single cut
site (ENLYFQG, ENLYFQGK) are 7 and 8 aa long, which is longer than the
natural length of S3-S4 linker of jShakl, proposed to be adapted to allow the
complete transition of the S4 helix across the membrane. For this reason, I suggest
that the TEV loops do not cause any energetic constraint on the movement of the
S4 helix and thus cutting of the loop fails to show any effect on the Vs value of

the channel.

The uncut TEV loops show a large negative shift in V5o compared to the wild type
and all other loop mutant channels. I propose that the sequence of TEV cut site
(ENLYFQGQG) in the N-terminus of the loop mediate a strong interaction with a yet
to identify region of jShakl and stabilize the relative open state of the channel.
The TEV loop with double cut sites (Vsop = - 2.1 mV) being longer in length
mediates stronger interactions with the channel and shifts the Vs, more negative
compared to the short TEV loops (Vso = +6 mV) (Fig-4.9A). The presence and
absence of C-terminal K in TEV loop mutants does not make any significant
difference in the Vs( values (Fig-4.9A, Table-4.1). My previous results suggest
that the effect of the C-terminus of the S3-S4 loop in jShakl becomes apparent

only with the wild type loop sequence in the N-terminal region. In TEV loops, the
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N-terminal sequence is also replaced, which, suppress the effect of the C-terminal

K in these TEV loop mutants.

The overall results of the TEV loops in jShakl background are different from
what was observed in mouse K,1.2 (Sand et al., 2013). In mouse K, 1.2, the TEV
loop did not show any significant difference in Vsy compared to the wild type
mouse K,1.2; cutting the TEV loop shifted the V5o more positive compared to the
uncut loop (Sand et al., 2013). I suggest that unlike mouse K,1.2, the S3-S4 loop
of jShak1 is adapted to interact with the channel, which is a significant factor in

setting the Vs of channel.

Conclusion

The structural basis of the voltage sensing mechanism of K, channel is unclear.
An electrostatic interaction network between the conserved acidic and basic
residues of the VSD affects the Vs in most K, channels. However, a wide
variation in the Vso values within and between the K, channel families with high
sequence similarity indicates the involvement of less conserved regions in
amendment of the voltage sensitivity of the channel. The S3-S4 linker is one of
the regions that are highly variable in channels and is found to affect the V5o by
constraining the movement of S4 helix (Sand et al., 2013 and Klassen et al.,

2008).
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With an aim to evaluate the effect of S3-S4 loop length and composition on the
voltage sensitivity of jShakl, the natural 5aa long loops of jShakl was replaced
with synthetic loops, varying both in length (3, 5 and 10 aa) and composition (S,
E, G). Point mutations changing the C-terminal region in both natural and homo-
polymeric loop channels are also made. To study how the interaction between the
S2 and the S4 helices is affected by loop length and composition, double mutants
are made by combining N227D/E with all the synthetic loops. A summary of the
all the mutant channels is presented in figure 4.10. I have also compared my

results with mouse K, 1.2, which is evolutionarily divergent from jShakl1.

Results from the homo-polymeric loop channels, where the length and
composition of the entire loop is varied (Fig-4.10A) reveal that loops of the same
length and composition affect the Vso differently in mouse K,1.2 and in
jShak1(detailed in page-80 ). To evaluate the effect of the C-terminal region of
the loop in voltage sensitivity, K278 mutant loop channels are made, where only
the C terminal K278 residue is mutated (Fig-4.10B). The results of the C-terminal
mutations indicate a possible electrostatic interaction between the C-terminus and
the PD turret in jShakl (detailed in page- 87). To understand the possible
contribution of the N-terminus of the S3-S4 loop, hetero-polymeric loops are
made where the N-terminal region is varied, keeping the natural lysine (K278)
constant at the C-terminus (Fig-4.10C). Comparison between the homo- and
hetero- loops shows that the effect of the C-terminus of the loop becomes

dominant only in the presence of wild type sequence (V274) at the N-terminus
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(A) Homo- loop channels

Length and composition of the entire
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The entire loop sequence (VSSSK) is replaced with S3, S5,
S10, G3, G5, G10, E3 and E5 sequence. Interaction between
the C-terminus of the loop with PD turret is affected.
Interaction between the N-terminal region of the loop and rest
of the channel is affected. Length of the loop is changed. N at
227 of the S2 helix remains unchanged.

(C) Hetero-loop channels
Length and composition of the N-terminus of

the loop are varied
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The N-terminal part of the loop sequence (VSSS) is mutated.
Interaction between the C-terminus of the loop with PD turret is
unaffected. Interaction between the remaining loop and rest of
the channel is changed. Length of the loop is varied. N at 2270of
the S2 helix remains unchanged.

(E) K278 loop double mutant channels

The C-terminal K is replaced with A, N, D, E, G, S and Q. Interaction
between the C-terminus of the loop with PD turret is affected. Interaction
between the N-terminus of the loop and rest of the channel remains
unchanged. Length of the loop is same as wild type channel. N at 2270of
the S2 helix is replaced with D or E, which interacts with the basic
residues of the S4 helix to stabilize the open state. .

(B) K278 mutant channels (mutation is
the C-terminus of the loop.

Point mutation at K278

Only C-terminal K is replaced with A, N, D, E, G, S and Q.
Interaction between the C-terminus of the loop with PD turret
affected. Interaction between the N-terminal region of the
loop and rest of the channel remains unchanged. Length of
the loop is same as wild type channel. N at 227of the S2
helix remains unchanged.

(D) Homo- loop double mutant channels

The entire loop sequence (VSSSK) is replaced with S3, S5, S10,
G3, G5, G10, E3 and E5 sequence. Interaction between the C-
terminus of the loop with PD turret is affected. Interaction
between the N-terminus of the loop and rest of the channel is
affected. N at 227 of the S2 helix is replaced with D or E, which
interacts with the basic residues of the S4 helix to stabilize the
open state.

(F) Hetero-loop double mutant channels

The N-terminal part of the loop sequence (VSSS) is mutated.
Interaction between the C-terminus of the loop with PD turret is
unaffected. Interaction between the N-terminus of the loop and the
rest of the channel is changed. Length of the loop varied. N at 2270of
the S2 helix is replaced with D or E, which interacts with the
positively charge residues of the S4 helix to stabilize the open state.

Figure 4.10: Schematic diagram of the types of mutant channels made for the study presented in chapter 4. The
mutated regions are shown in red. The possible alterations caused by the mutations are summarized below each

diagram.
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(detailed in page- 92 ). Similar to Klassen et al., (2008), the N227D and N227E
mutant channels in jShak]1 shift the V5o values to more negative than the wild type
channel, possibly by forming salt-bridge with the basic residues of the S4 helix. E
at 227 can stabilize the open state more compared to D at that position. The
results from the double mutant channels, made by combining N227D/E with
homo- and hetero-loops (Fig-4.10D,F) indicate two possible limitations on the
stable salt bridge formation: (i) the side chain length of the acidic residue at 227
and (ii) the length of the S3-S4 linker. The results from the double mutation
channels between N227D/E and K278 loop (Fig-4.10E) shows that the nature of
the C-terminus of the loop can affect both the Vs and the slope factor, when
combined with a negatively charged residue at 227 position (detailed in page-
105). Unlike mouse K, 1.2, a large negative shift in Vs, value of the TEV loop
further indicates a possible interaction between the loop and the jShakl channel
that can stabilize the relative open state and significantly contribute in setting the

V5o of the channel.

In previous studies, the S3-S4 linker has been shown to affect the V5o simply by
restricting the movement of the helices of the voltage sensing domain during
activation (Klassen et al., 2008 and Gonzalez et al., 2000). My results from
jShakl and its comparison with mouse K,1.2 clearly indicate that the loop
sequence interacts with the rest of the channel and is not only a passive tether
restricting the dynamics of the S4 helix. Based on my studies presented in chapter

4, I propose that the S3-S4 loop in jShak1 affects the Vs, in the following ways:
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(i) the loop length constrains the transition of the S4 helix across the membrane
and its interaction with the S2 helix; (ii) the N-terminal region of the wild type
loop (VSSS) interacts with the channel to stabilize the relative open state; (iii) the
C-terminus mediates an electrostatic interaction with the PD turret to stabilize the
closed state in the wild type channel (iv) the N and C- termini of the loop
mediates a hypothetical coordination, necessary to set the Vs of the channel. All

the proposed interactions are summarized in Fig-4.11.

Comparing the results from jShakl and mouse K,1.2 (chapter 3) I suggest that
these two channels have evolved a voltage sensing mechanism that is highly
divergent from each other. Mouse K,1.2 carries an acidic glutamic acid at 226
position of S2 helix. Shortening the length of E by E226D mutation or
neutralizing the change by E226N and E226Q mutation in mouse K, 1.2 produced
omega current through the VSD. jShakl, on the other hand contains a naturally
occurring asparagine at the respective position, with no omega current through the
VSD. I suggest that the helices in the VSD of jShakl are are more compactly
packed together than the helices in mouse K,1.2. For this reason, shortening and
neutralizing the side-chain at position 226 in mouse K,1.2 create an omega pore,
whereas lengthening and adding negative charge to the side-chain at position 227
in jShakl shift the voltage sensitivity of the channel to more negative values

without changing the nature of the current.
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Interacts with unknown
region of jShak1
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coordination ‘=z===--

between Nand C - ~~~.
termini

=
N227D/E mutation 1@P

Electrostatic Interaction
between the S2 and S4
helices

Subunit-1 Subunit-2

Figure 4.11: Summary of interactions in jShakl, proposed to contribute in setting the
Vs, of the channel. N-terminal region of the S3-S4 loop (VSSS) interact with the
unknown part of the channel to stabilize the open state. The C-terminal region of the
loop interacts with the PD turret to stabilize the closed state. The N and C-termini of
the loop mediate a hypothetical coordination. In the presence of an acidic residue at
227 position, the S2 helix of jShak1 can form salt-bridges with the basic residues of the
S4 helix.
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Change in slope factor, b indicates change in the underlying mechanism of
voltage sensitivity. Unlike mouse Kv1.2, the C-terminus-mutated (K278) loops
affected the slope factor, when combined with an acidic residue at 227 position.
The TEV sequence in mouse Kv1.2 background did not show any effect in Vs
values, where as in jShakl, the TEV loop sequence shifted the V5o much more
negative than the wild type channel. I propose that jShakl has adapted a
mechanism of stabilizing the relative open state of the channel without forming a
salt-bridge between the S2 and S4 helices. However, given an acidic residue at
227 position, jShakl can efficiently form stable salt bridge between S2 and S4
helices. The interaction between the charged residues of the S2 and S4 helices are

also affected by the length and composition of the S3-S4 linker.
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Chapter 5: Conclusion and General Discussion

The work presented in this thesis is focused on one of the most complex yet
important aspects of K, channels-the mechanism of voltage sensitivity. Although
the charged residues that interact within the VSD to stabilize the open and the
closed state are conserved in most K, channels, the half activation voltage, Vs is
widely varied between K, channels with high sequence similarity. Previous
studies indicated a possible role of S3-S4 linker in voltage sensitivity of K,
channels (Sand et al., 2013 and Gonzalez et al., 2001). Inter-helix loops are one of
the highly variable regions of the channel. Contribution of such variable regions
in setting the Vso of a channel indicates a possible mechanism of fine-tuning of
voltage sensitivity that can vary between channel types. In this thesis the effect of
S3-S4 loop length and composition on the voltage sensing mechanisms of mouse
K,1.2 and jellyfish K, 1 channel jShaklare compared. jShak1 and mouse K, 1.2 are
evolutionarily highly divergent from each other and possess some differences,
interesting and important for the study. In jShakl the residue at postion 227,
within the S2 helix, that is conserved as glutamate in most other K,1 channels is
replaced by neutral asparagine. jShak1 also has a S4 helix with one less positively
charged motif compared to mouse K,1.2 and most other K,1 channels and a very
short S3-S4 linker, consisting of only five amino acid residues. Previous studies
indicated a possible constraint on the movement of the S4 helix, caused by the

extremely short natural S3-S4 loop of jShak1 (Klassen et al., 2008).
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In this study, the natural S3-S4 loop of both jShakl and mouse K,1.2 were
replaced with synthetic homo-polymeric loops varying in length (3aa, 5aa, 10aa)
and composition (glycine, serine, glutamic acid). To study the effect of the C-
terminal region of the loop, hetero-polymeric loops were made by mutating only
the C-terminal regions in both mouse and jShakl. I also mutated the E226 and
N227 in the S2 helix of mouse K,1.2 and jShak1 respectively to study the nature
of interaction between the S2 and S4 helices. Double mutations were made in
both mouse K,1.2 and jShakl by combining mutations in S2 helix with the
synthetic homo and hetero-polymeric loops to evaluate how the interaction
between S2 and S4 helices are affected by S3-S4 loop length and compositions in

two different channel backgrounds.

From the comparative studies on two different K, 1 family members, I have found
that in mouse K, 1.2 the 3aa long loops of serine, glycine and glutamic acid shift
channel Vs to more positive, compared to the wild type channel. As the loop
length increases, glutamic acid (E) homo-loop channels tend to shift the Vs, left-
ward, the E5 loop approaching the wild type Vso and the E10 loop making the
channel Vs even more hyperpolarized than the wild type mouse K,1.2 (Fig-3.9).
Glycine loops in mouse K,1.2 show a positive correlation between the length and
the Vs values, shifting the Vo to more positive with increasing length of glycine
loops (Fig-3.9). Serine loops, on the other hand, show a positive shift in Vs, with
increasing length from S3 to S5 and a negative shift in V5o with increasing loop

length from S5 to S10 (Fig-3.9). Unlike mouse K,1.2, all the synthetic loops in a
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jShak1 background have shown a clear effect of increasing loop length in shifting
the channel Vs to more negative, i.e. longer synthetic loops shifted channel Vs

more negative compared to respective shorter loops in jShakl (Fig-4.2A).

Besides the length effect, I have also found that the synthetic loop of same
composition affects Vso differently in mouse K,1.2 and jShakl, indicating a
possible qualitative difference in interactions between the S3-S4 loop and the two
different channels. To describe the interaction pattern between the S3-S4 loop and
the channel, the loop is divided in two functional regions: (i) the C-terminal part
of the S3-S4 loop that is pulled downward in between the VSD and the PD turret
in the closed state (Jensen et al., 2012) and (ii) the N-terminal region that remains
outside of the VSD vestibule in the closed state. The C-terminal residue is a
positively charged lysine (K278) in jShakl, but a neutral alanine (A) in mouse
Ky1.2. The sequence of the PD turret is also different between mouse K,1.2 and

jShakl.

To evaluate the effect of the N-terminal region of the S3-S4 loop in the voltage-
sensitivity of mouse K,1.2, I have compared the Vs, values within the hetero-loop
mutants (S7TQQA, G7QQA, E7QQA) and with the wild type channel. Both the
wild type channel and the hetero loop mutants contain QQA in their C-terminal
regions. The N terminal parts of the loop are the only variable regions among
these channels. No significant difference are observed between the Vs values of

S7QQA and G7QQA, indicating no major difference in interactions between the
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S7 and G7 part of the loop with the rest of the channel. The V5o values of wild
type mouse K,1.2 and E7QQA are highly negative compared to S7TQQA and
G7QQA, E7QQA being more negative than the wild —type channel. This indicates
a possible interaction of the channel with the wild-type loop (AEKPEDAQQG)
and the E7 loop that either stabilizes the open state or destabilizes the closed state.
I suspect a possible charge-charge interaction between the N-terminal region of
the loop and the rest of the channel. The E7 loop being completely negatively
charged could mediate an interaction with the channel stronger than the wild type
loop, which has three negatively charged residues in the N-terminal region. The
G7 and the S7 loops having no charges, fail to mediate any significant interaction
with the channel. From the homology model of the closed state mouse K, 1.2, the
negatively charged PD turret appears to have the most potential to interact with
the N-terminal region of the loop. However more studies are needed to confirm

this supposition.

To evaluate the effect of the C-terminal region of the S3-S4 linker in the Vsy of
mouse K,1.2, I have compared the longest synthetic homo-loops (S10, G9 and
E10) with respective hetero-loop mutants (S7TQQA, G7QQA and E7QQA). The
comparison indicates that when the 3 C-terminal residues of the loop are glycine
(G3), the closed state is significantly stabilized over the natural QQA sequence
with G7 sequence in the N-terminus of the loop. Three residues of serine (S3) and
glutamic acids (E3) in the C-terminal region of the loop apparently make no

difference compared to QQA, in the context of S7 and E7 in the N-terminal
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regions respectively. Comparison of several combinations of N and C terminal
mutations suggest that the C-terminus of the S3-S4 loop affects the channel Vs
differently depending on the nature of its side chain. However, the C-terminal
effect is overwhelmed by the effect of possible electrostatic interactions between

the N-terminus of the loop and the rest of the channel (Sand et al., 2013).

In the closed state, the C-terminal end of the S3-S4 loop is pulled downward,
closer to the VSD and PD turret, which makes the C-terminal QQA exposed to
interaction with both the PD turret and the S3 helix (Jensen et al., 2012). While
comparing between the homo and hetero loop mutants, no significant differences
are observed in the Vs values of the E10 loop channel and the E7QQA, indicating
that in the context of E7 N-terminal region, the C terminus do not make a
significant contribution in setting the Vso of the channel. An interaction between
the negatively charged PD turret and the trimer of glutamic acid (E3) in the C-
terminus of the E10 loop is expected to cause a repulsive force to destabilize the
closed state compared to QQA sequence, which is not true for the results. From
the results of our past (Sand et al., 2013) and current studies (chapter 3 and 4), I
suggest that in the closed state, the C-terminus of the S3-S4 loop of mouse K,1.2
is pulled down-ward, passing most of the charged residues of the PD turret,
placing the C-terminus of the loop near the hydrophobic residues of the S3 helix.
During this process, I suppose that part of the N-terminus of the loop becomes
exposed to the negatively charged region of the PD turret (Fig-3.10 and 3.11).

However, the PD turret might still have smaller effect on the C-terminal region. In
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mouse K,1.2, the conserved D259 of the S3 helix is surrounded by a cluster of
hydrophobic residues (1227, 1226, 1229, V230, A231), which appear to have
potentials to make weak hydrophobic interactions with the C-terminal region of
the S3-S4 loop in the closed state. I propose that in wild type channel, the C-
terminal alanine (A) makes a weak hydrophobic interaction with 1229, V230 and
A231, stabilizing the closed state of the channel (Fig-3.11A). Mutant channels
with three glycine residues (G3) in C-terminus make stronger hydrophobic
interactions with the hydrophobic residues of the S3 helix, stabilizing the closed
state more compared to the wild-type QQA sequence (Fig-3.11B). Trimers of
serine (S3) and glutamic acid (E3) in the C-terminus of the loop fail to interact
with the hydrophobic residues of the S3 helix, which result in showing no
significant differences between the Vsy values of S10 and S7TQQA and between
E10 and E7QQA channels (Fig-3.11, Table-3.1). However, this C-terminal effect
is overwhelmed by the stronger electrostatic interaction between the negatively
charged residues of the N-terminal region of the wild type loop and the negatively
charged residues of the PD turret (Fig-3.11). Similarly I suppose that the highly
negative Vs values of both the E10 and the E7TQQA channels are mostly caused
by the first seven E residues (N-terminal E7) of the channel, overwhelming the C-
terminal effect and in turn showing no significant differences in the Vso values of

the E10 and the E7QQA channel.

According to my results the C-terminus of the S3-S4 linker of jShakl is likely

involved in an electrostatic interaction with the negatively charged residues of the
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PD turret. The results from K278 point mutations in jShakl show the most
negative shift in the channel V5o by negatively charged E and D at the C-terminal
position, followed by the neutral G (Fig-4.3A). K278A mutation shifts the Vs, of
the channel to a more positive value (Fig-4.3A). The homology model of jShakl
at closed state shows that the C-terminus of the S3-S4 loop is positioned in close-
proximity to the negatively charged PD turret of the adjacent subunit (Fig-4.4).
The S3-S4 loop of jShakl being extremely short appears more stretched by the
downward transition of the S4 helix in the closed state compared to mouse K,1.2.
I suggest that the negatively charged E338 of the PD turret interacts with
positively charged K278 to stabilize the closed state of jShakl (Fig-4.4). In
K278E and K278D mutants, the E and D at position 278 repeal E338 and
destabilize the closed state, shifting the V5o more negative compared to the wild
type channel. In K278G, glycine with no side chain shifts the Vs, value more
negative compared the wild type channel possibly by allowing more structural
flexibility to the C-terminal region or by avoiding electrostatic interactions with
E338 of the PD turret, making the channel opening easier than the wild-type
channel. The positive shift in V5o of K278 A mutant may be mediated through
effects on backbone conformation rather than inter-residues interaction, since

there are no apparent side-chain interactions.

To evaluate the effect of the N-terminal region of the jShakl S3-S4 loop in
voltage sensitivity of the channel, I have compared the Vs, values between S4K,

G4K and E4K hetero-loop channels, which varied from each other only in their

131



N-terminal regions (Fig-4.5A). The V5 values of E4K and G4K are more positive
than the Vso value of S4K; this result suggests that charge-charge interactions
between the N-terminal region of the loop and the rest of the jShakl channel are
not a significant factor in the Vs, shifts, unlike what I proposed for mouse K,1.2.
This comparison also indicates that serine residues in the N-terminal region of the
loop can stabilize the open state (or destabilize the closed state) compared to

glycine and glutamic acids in that region.

I have further compared the Vsy values of the homo-polymeric (S5, S10, G5, G10,
ES5) loop channels with the respective hetero-polymeric loop (S4K, S9K, G4K,
G9K, E4K) channels (Fig-4.5). Whereas the K278 mutations in wild type jShak1
background showed significant effect of the C-terminal region in voltages
sensitivity, the hetero-polymeric loops with a C-terminal K in homo-loop
background failed to show any significant effect on Vs values for G4K, G9K and
S9K compared to the respective homo-loop channels (Fig-4.3 and 4.5). This
suggests that the effect of the C-terminal regions become dominant only in the
context of wild type N-terminal sequence, as observed with the C-terminal loop
mutations in jShakl background (K278 mutants). Comparing the Vs, values
between the S5, S4K, K278S and the wild type channel, I suggest that the N and
C-termini of the S3-S4 loop mediates a coordination that is necessary for the
expression of the C-terminal effect (detailed in page-95). Mutations in the N-
terminal region change the natural co-ordination between the N and C termini of

the loop, suppressing the effect of the C-terminal region. For example, in G5 and

132



G4K mutants, the effects of C-terminal regions are suppressed by the N-terminal
glycine residues that fail to mediate the hypothetical co-ordination with the C-
terminal region as is found in wild type channel. For this reason, a change in K to
G does not show any effect in G4K and G5 loop mutants, whereas, the same K to
G change in wild type background shows significant left shift in the Vs, value of

K278G mutant (Fig-4.3 and 4.5).

Mouse K,1.2, like most other K,1 channels, has evolved with a negatively
charged residue, E at 226 position, which forms a salt-bridge with the positively
charged R residues of the S4 helix in the open state. Replacement of E with D
(which has a shorter side chain than E) shows a positive shift in the Vs, value,
indicating possible inefficiency in forming the salt bridge compared to the wild
type mouse K,1.2. I reason that the natural absence of E in the S2 helix of jShak1
is one of the reasons for which the longer homo-polymeric loops fail to make the
Vs of the channel any more negative than the wild type jShakl. Point mutations
N227D and N227E in jShakl were previously shown to shift the V5o highly
negatively compared to the wild type channel (Klassen et al., 2008), indicating
possible salt-bridge formation between the negatively charged D/E with the R
residues of the S4 helix to stabilize the open state, similar to mouse K,1.2. The
N227E mutation in jShakl shift the channel Vsy more negative compared to
N227D, similar to what was observed in mouse K,1.2, further illustrating the

importance of side-chain length in stable salt-bridge formation.
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The TEV loop mutants with single and double cut sites in jShakl background
show a large shift in Vs value, significantly more negative than the wild type and
any of the homo-polymeric synthetic loops (Fig-4.9). Similar TEV loop in mouse
K,1.2 showed no significant difference in V5o value compared to the wild type
mouse K,1.2 (Sand et al.,, 2013). This further indicates a channel specific
interaction between the loop and the rest of the channel that stabilizes the relative
open state in jShakl. I propose that in jShakl the S3-S4 loop is adapted to
mediate an interaction with the channel that helps to stabilize the relative open
state without forming a salt-bridge between the S2 and S4 helices. However,
when a negatively charged residue is present at 227 position of S2 helix, jShak1
can efficiently form a salt bridge to stabilize the open state. Unlike mouse K,1.2,
The nature of the C-terminal region of the jShakl loop affects the mechanistic
cooperativity of the channel (slope, b) when combined with a negatively charged
residue in the S2 helix (Fig-4.7B), indicating a possible change in the underlying

mechanism caused by such double mutants.

E226D, E226N and E226QQ mutations in mouse K,1.2 produce leak current
passing through the omega pore in the VSD. Use of pore blocker agitoxinl
confirms the nature of the non-canonical omega current (Fig-3.5). The amount of
omega current passing through the VSD is much higher in E226N and E226Q
mutants, compared to E226D. From my electrophysiological studies and 3D
models I propose that a stable salt-bridge formation is essential in mouse K,1.2 to

both stabilize the open state and to prevent the omega current through the VSD.
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The conformation of the VSD (specially the S4 helix), attained at the open state of
this channel by stable salt-bridge formation can make a constriction in the water
crevices of the VSD that prevents omega current through this region. In E226D
mutant D contains a shorter side chain than E, which widens the omega pore
compared to the wild type channel and allows some current through the VSD at
hyperpolarized potential. At depolarized potential, the S4 helix moves towards the
S2 helix and forms an inefficient salt-bridge with D226 that blocks the omega
current. But for E226N and E226Q mutants, no salt-bridges are formed between
neutral N or Q at 226 with the positively charged R residues of the S4 helix. This
results in omega current both at hyperpolarized and depolarized potentials.
jShak1, on the other hand is naturally adapted with a neutral N at position 227 of
the S2 helix, showing no omega currents. The 3D homology model also shows no
trace of omega pore through the VSD (Fig-3.6K). I propose that the helices in the
VSD of jShak1 are more compactly packed together than are the helices in mouse
K,1.2. For this reason, shortening and neutralizing the side-chain at position 226
in mouse K, 1.2 creates an omega pore, whereas lengthening and adding negative
charge to the side-chain at position 227 in jShak1 shifts the voltage sensitivity of

the channel to more negative values without changing the nature of the current.

This study extends our knowledge in understanding channel specific mechanisms
that have evolved to fine-tune the voltage sensitivity. The study was performed in
Kyl family channels from two species: mouse and jellyfish that are both

physiologically and evolutionarily different from each other (detail in chapter 1).
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Comparison between two such divergent members of K,1 family reveals the
importance of the S3-S4 loop length and composition in setting the specific Vs of
the channel. Results from the same synthetic loops in two different channel
backgrounds have helped to evaluate channel-specific interactions between the
S3-S4 loop and the rest of the channel that are important for the dynamics and
stability of the VSD. Based on the electrophysiological results several possible
interactions have been proposed in this study, which needs to be verified by future
experiments. Several approaches are available to confirm possible interactions
between amino acid residues. One possible experiment that could be done to
identify interacting residues in our available laboratory facilities was to replace
the potential residues by cysteine and then break the cys-cys bond by treating the
channel with reducing agents like Dithiothreitol (DTT) or 2-Mercaptoethanol
(BME). Another approach to identify the possible interactions between charged
residues could be to replace the candidate residues with histidine and analyze the
channel behaviour at different pH, as the net charge of His varies at different pH.
Both the above mentioned approaches were attempted in this study, but neither of
them could be used as the jellyfish channel jShakl was sensitive to DTT, BME
and high pH. In this context, a possible approach for further studies would be to
mutate the potential candidate charged residues with neutral or oppositely charged
residues to identify the specific residues in the loop and the channel that are
interacting differently in mouse K,1.2 and jShakl. Such an approach would help
to better understand the channel specific fine-tuning mechanism of voltage

sensitivity.
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Background: Potassium channels change conformation in response to transmembrane voltage.
Results: The loop connecting the voltage sensing helix to an adjacent helix affects the voltage sensitivity.
Conclusion: Loop length and charge distribution on the interacting surfaces of the voltage sensor and pore domain are

responsible for this effect.

Significance: Variation in loop length and composition is a factor in determining the voltage sensitivity of voltage-gated

channels.

Many proteins function by changing conformation in
response to ligand binding or changes in other factors in their
environment. Any change in the sequence of a protein, for
example during evolution, which alters the relative free energies
of the different functional conformations changes the condi-
tions under which the protein will function. Voltage-gated ion
channels are membrane proteins that open and close an ion-
selective pore in response to changes in transmembrane voltage.
The charged S4 transmembrane helix transduces changes in
transmembrane voltage into a change in protein internal energy
by interacting with the rest of the channel protein through a
combination of non-covalent interactions between adjacent
helices and covalent interactions along the peptide backbone.
However, the structural basis for the wide variation in the Vy,
value between different voltage-gated potassium channels is not
well defined. To test the role of the loop linking the S3 helix and
the S4 helix in voltage sensitivity, we have constructed a set of
mutants of the rat K,1.2 channel that vary solely in the length
and composition of the extracellular loop that connects S4 to S3.
We evaluated the effect of these different loop substitutions on
the voltage sensitivity of the channel and compared these exper-
imental results with molecular dynamics simulations of the loop
structures. Here, we show that this loop has a significant role in
setting the precise V; of activation in K,1 family channels.

Voltage-gated potassium (K,)® channels are transmembrane
proteins essential for the electrical activity of excitable cells (1).
K, proteins, similar to other voltage-gated ion channels, con-
vert changes in membrane potential into useful work (2) open-
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ing and closing the ion permeation pathway (3). Four a subunits
assemble to form a functional channel, with the pore domain
(PD) regions interlocking in the center to form the ion pathway
and potassium selectivity filter (4, 5). The surrounding voltage-
sensing domains (VSDs) contact the PD from an adjacent sub-
unit (6) but are otherwise largely surrounded by membrane
lipids (4, 7, 8).

Each K, channel subunit consists of six transmembrane hel-
ices, the linker sequences that connect them, and N- and C-ter-
minal modulatory domains. Helices S1 through S4 constitute
the VSD, and helices S5, S6, and the intervening re-entrant pore
loop make up the PD. The VSD response to changes in mem-
brane potential originates from the S4 helix, which contains
four to seven positive amino acids (depending on the channel
type) and translocates through the changing electric field of the
membrane to drive the opening and closing of the channel
(9-11). Under depolarizing conditions, each VSD traverses a
number of pre-opening conformations before the channel
undergoes a final, cooperative step that opens the pore (12—-14).

A combination of three-dimensional crystal structures (5, 8)
and molecular dynamics simulations (15-19) support a “sliding
helix” model of K|, activation. The predominant feature of this
model is a significant translation and rotation of the S4 helix
relative to the rest of the VSD. The movement of S4 is con-
strained by and acts on the rest of the channel by non-covalent
interactions with adjacent helices in the VSD and by covalent
interactions with the extracellular loop that links the S3 and S4
helices as well as the intracellular loop that links the S4 and S5
helices. Thus, when the force on the S4 helix changes with
membrane potential, the overall conformation of the channel
protein changes. The sum of these energetic interactions within
the protein and between the protein and the lipid bilayer is
ultimately responsible for setting the V, of the channel, the
voltage at which half of the channels are in an open state and
half are in a closed state.

Although there is a growing consensus regarding the struc-
ture of K, channels in the open and closed states, the mecha-
nisms by which voltage sensitivity is modulated remain unclear.
Even within the same subfamily, V;, can vary widely between
K, channels. In the K, 1 group, for example, published V;, val-
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ues range from —46 mV in a lobster channel (20) to +22 mV in
ajellyfish channel (21). Human channels K 1.1 and K, 1.2 share
80% sequence identity and yet differ in voltage sensitivity by 25
mV, with V;, values of =30 mV and —5 mV, respectively (22).
These differences in V, despite sequence conservation indi-
cate that precise control of V;, ultimately resides in the more
variable, and generally less studied, regions such as interhelical
loops.

Besides the membrane lipid head groups (23, 24) and acidic
residues in adjacent helices (25, 26), the S3/S4 linker has been
implicated in the regulation of voltage sensitivity in K,1 chan-
nels. In a cnidarian K1 channel, the role of one of the S2 acidic
residues in setting the V;, can be modified by the constraints of
ashort S3/S4 loop (27). Sequential truncation of the S3/54 loop
in the Shaker channel also changes voltage sensitivity and gat-
ing kinetics (28, 29); however, this simple reduction of the wild
type loop length could have several confounding effects that
cannot be distinguished in a single truncation mutagenesis
series.

In this study, we have varied both the length and composition
of the S3/54 loop in the K 1.2 channel to evaluate their contri-
butions to the overall voltage sensitivity of the channel. The
experimental results from the mutant channels were combined
with molecular dynamics simulations of the same loops con-
strained by models of open and closed states of the channel. We
found that both the length and the composition of the loop are
responsible for an energetic constraint on the transition
between the opened and closed states. We conclude that the
highly variable range of lengths and compositions of S3/54 link-
ers found in nature is one factor in the quantitative evolution of
voltage sensitivity in the K1 family of voltage-gated cation
channels.

EXPERIMENTAL PROCEDURES

Channel Construction and Expression—Full-length mouse
K,1.2 was purchased (OpenBiosystems, Huntsville, AL) and
subcloned into the Xenopus laevis oocyte expression vector
pXT7 (30); note that mouse and rat K, 1.2 have identical amino
acid sequences. To create loop variants, two opposing BbsI sites
were introduced into the $3/S4 loop by overlapping PCR
mutagenesis to create a construction vector. Annealed oligonu-
cleotides with the correct sequence and overhangs were ligated
into the BbsI-digested K,1.2 vector. Sequences of all plasmids
were confirmed by Sanger sequencing. Plasmids were linear-
ized with Xbal (Promega, Fitchburg, WI) for in vitro mRNA
transcription with T7 RNA polymerase (Ambion, Austin, TX).
Injection volumes of the in vitro-transcribed mRNA were opti-
mized to produce between 4 and 18 pwA maximal current, as
currents larger than ~20 uA cause local distortions in mem-
brane potential (31) and because some channels have been
shown to be sensitive to high extracellular [K*] (32). Oocytes
were incubated at 18 °C in modified Barth’s medium (33) prior
to experiments. During experiments, oocytes were bathed in a
solution containing 96 mm NaCl, 2 mm KCl 2, 1.8 mm CaCl,, 1
mm MgCl,, 5 mm HEPES, 1 mwum diisothiocyanatostilbene-2,2’-
disulfonic acid to block native chloride currents (34), pH 7.4.

Electrophysiology—Ionic currents were recorded 24—48 h
post-injection from X. laevis oocytes at room temperature

APRIL 5,2013+VOLUME 288-NUMBER 14

using two-electrode voltage clamp as described previously (35).
Traces were filtered at 1 kHz and sampled at 10 kHz with P/4
leak subtraction. Cells were held at a potential of —90 mV and
test pulses were 50-ms in duration. Conductance was derived
from tail current amplitudes fitted with double exponential
decay functions. Individual G-V curves were normalized and
fitted to a Boltzmann equation of the form (36).

G/Gmax = 1/(1 + exp((vm - VSO)/b)4) (Eq‘ 1)

The Vj, in this equation is of one subunit; channel V, values
were calculated by solving for V,, when G/G,,, = 0.5. Data
were collected and analyzed using pClamp (version 9; Molecu-
lar Devices, Sunnyvale, CA) and SigmaPlot (version 12; Systat
Software, Inc., Point Richmond, CA).

Molecular Models—The open state models for rat K 1.2 are
based on the Protein Data Bank code 3LUT refinement (37) of
the crystal structure (5). The closed state models are based a
structure inferred by Jensen et al. (16), based on the structure of
a K 1.2/K2.1 chimera; the K 2.1 segment from that chimera
was replaced with the homologous K 1.2 sequence using
SWISS-MODEL (38). The structures of the various sequence
variants were obtained by using SWISS-MODEL for homology
modeling and PyMOL (39) for simple mutagenesis; as such,
these models should be considered as heuristic.

Molecular Dynamics Simulations—Peptide structures were
constructed in Protein Data Bank format using PyMOL (39),
with the N terminus capped with an acetyl group and the C
terminus capped with an amine group. Protein Data Bank files
were processed using the GROMACS suite of programs (40),
using the AMBER99-SB force field to produce a peptide in an
aqueous environment with a NaCl concentration of 96 mm. An
initial ensemble of conformations was generated by performing
simulation under constant pressure and temperature (NPT)
conditions (after appropriate pre-equilibration) for 100 ns. 10
conformations at 10-ns intervals were then selected and used as
starting points for independent free energy simulations. For
free energy calculations, each selected conformation was repro-
cessed into an aqueous environment with NaCl concentration
of 96 mm, energy minimized, equilibrated under a constant vol-
ume and temperature regime followed by an NPT regime, and
simulated under NPT conditions for 2 ns under an end-to-end
distance constraint ranging from 0.5 to 2.5 nm in 20 equal
increments, collecting data necessary for free energy calcula-
tions. The results of the simulations were processed to obtain
estimates of the free energy differences between adjacent dis-
tance increments using the Bennett Acceptance Ratio (41) as
implemented in the g_bar program from the GROMACS suite.

RESULTS

Design and Construction of Mutant Channels—The structure
of the S3 and S4 helices in the closed (Fig. 14) (16) and open
(Fig. 1B) (37) state models show that the extracellular ends of
the helices are translocated away from each other during chan-
nel closing. We wanted to determine whether the distance
between the ends of the helices, and therefore the length of the
linker, was the only constraint on the Gibbs free energy of acti-
vation (AG,,,.,,) or if the loop was interacting with the rest of the
channel to modulate V.
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C Kvl.2 wt

HomoLoops
HeteroLoops
wt/EndLoops
TEVLoop

271:GTEL MSLAILRVIRLVRVFRIFKLSRHSK
271:GTEL< 2-10 res >MSLAILRVIRLVRVFRIFKLSRHSK
271:GTEL<7 and 3 res>MSLAILRVIRLVRVFRIFKLSRHSK
271:GTEL MSLAILRVIRLVRVFRIFKLSRHSK
271:GTELGGENLYFQ/GG---SLAILRVIRLVRVFRIFKLSRHSK

FIGURE 1. Sequence and structure of the S3/54 loop of K, 1.2. lllustration of
the relationship between the S3 and 54 helices and the loop connecting them
in the closed state structure of rat K, 1.2 (A), as modeled onto a closed state
structure from Jensen et al. (16), using SWISS-MODEL (38), and S3, S4, and
connecting loop in the open state (B), from the Protein Data Bank code 3LUT
refined crystal structure of rat K,1.2 (37). S3 and S4 are colored in green; the
connecting loop is colored in orange with a lighter hue for the section that is
replaced in the synthetic mutants. The distance lines indicate the 2.02 nm
(20.2 A) distance between the nitrogen atom in the N terminus of the loop
and the carbon atom at the C terminus of the loop in the closed state and the
1.37 nm (13.7 A) distance between the same atoms in the open state. C, illus-
tration of the wild type loop sequence (Gly-271 through Met-288) and the S4
helix, the sequence into which were inserted the various homopolymeric and
mixed loop sequences (same color key as in A and B) and the mutation that
was created to introduce the site of cleavage by TEV protease (red text). The
letter X represents any of the amino acid residues (Glu, Gly, or Ser) that were
used in the WT/endloop constructs.

We prepared 39 mutants of the mouse K 1.2 channel (acces-
sion no. NM_008417), which is identical in amino acid
sequence to the rat K 1.2 channel (hereafter we will refer to this
as a rat channel for consistency with other published results
using the same amino acid sequence). Fig. 1C illustrates the
mutagenesis where the 13 amino acids from the middle of the
18-amino-acid-long S3/S4 loop were replaced with the follow-
ing: (i) homoloops, homopolymers of glutamate (Glu), glycine
(Gly), and serine (Ser) ranging in length from 2 to 10 amino
acids (except for Gly, where G, was the longest loop); (i) het-
eroloops, E-, G-, and S, loops combined with three C-terminal
residues consisting of E;, G, S;, or glutamine-glutamine-ala-
nine (QQA, the wild type C-terminal three amino acids) in all
combinations; (iii) WT/endloops - wild type K, 1.2 linker with
the C-terminal QQA replaced with E;, G, or S;; or (iv) TEV-
loop, with a sequence that contained the target site for TEV
protease. The mutants expressed in X. laevis oocytes all medi-
ated delayed rectifier currents, with distinct Vi, values and
rates of activation and deactivation.

AG,,., of Loopless Channel (AG,,,,) Reveals S3/54 Loop Sta-
bilizes the Open State—The Gibbs free energy of activation
(AG,pen) of an intact channel can be decomposed into the free
energy of the conformational change in the S3/S4 loops
(AGy,0ps) Plus the free energy of the conformational change of
the rest of the channel (AG plus an unknown interaction

core)
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energy (AG,,..,) that represents the difference in non-covalent
interaction energy between the loop and the rest of the channel

in the open and closed states.

AGopen = AGcore + AGIoops + AGinter <EQ- 2)

To characterize the unknown interaction energy for the various
mutant constructs, we first determined AG_,,, experimentally
by cleaving the S3/S4 loops with TEV protease (i.e. by making
AGyps T AG, i, €qual to zero) and determining the Vi, of this
modified channel (Fig. 24).

The V,, for the TEV digested loop mutant was —7.5 = 0.9
mV, which was significantly different from the wild type chan-
nel (—13.3 = 1.7 mV) and from the TEV mutant channel that
was not digested with the TEV enzyme (—14.7 = 1.4 mV)
(Fig. 24).

The free energy of opening was calculated as shown in Equa-
tion 3,

AGpen = 13VeoF (Eq.3)

where Fis Faraday’s constant and 13 represents the total gating
charge that translocates during channel opening in rat K 1.2
(42).

This calculation yielded a AG,,,. of —9.4 * 1.1 k]J/mol for the
TEV-digested TEV]Ioop mutant. Subtraction of AG_,, from the
AG,, ., of the wild type channel yields a net difference on AG of
—7.3 = 2.5kJ/mol (Table 1), implying that each of the four wild
type loops in the K 1.2 channel stabilizes the open state to the
extent of ~1.8 * 0.6 kJ/mol.

Length and Composition Modulate AG,,,,,,, in Loop Mutants—
Changing the length and character of the S3/5S4 loop shifted the
midpoint of steady-state activation left or right on the voltage
axis but did not greatly affect the slope in the linear portion of
the sigmoid curve (Fig. 2, B-F).

The effects of loop length and composition on Vi, were pro-
nounced among the homoloop mutants (Fig. 2, B—D). Loops
with inserts consisting of only two residues (E,, G,, and S,) had
extremely positive Vi, values, showing shifts of approximately
+40 to +55 mV compared with wild type. As the loop inserts
were lengthened V, values for all homoloop channels became
more negative, approaching and sometimes becoming more
hyperpolarized than that of the wild type channel. Glutamate
loops produced the most negatively shifted V, values; E
through E, , had significantly more negative V, values (—19 =
2 mV for Eg and —28.3 = 1.5 mV for E, ) than wild type K 1.2
(—13.3 £ 1.8 mV). Interestingly, G, and S, also manifested
significantly hyperpolarized Vj, values compared with wild
type, approximately —24 and —22 mV, respectively.

Because current models of the closing process involve the S4
helix moving a substantial distance in the intracellular direction
relative to the rest of the VSD, thus pulling the C terminus of the
S3/S4 loop into the extracellular vestibule of the VSD, we also
constructed loop mutants in which the last three residues of the
loops were swapped between all of E,,, G;,, S;, and wild type,
to test whether changing the C-terminal end of the loop would
alter AG,, .., by virtue of being pulled into a position in which it
would directly interact with other VSD residues. The relative
effects of varying just the C-terminal three amino acids in the

VOLUME 288-NUMBER 14+APRIL 5,2013
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FIGURE 2. Conductance versus voltage curves for the channels used in this study. A, comparison of wild type, TEVIoop, and TEVIoop with digestion. B, the
series of glycine homoloop mutants. C, the series of serine homoloop mutants. D, the series of glutamate homoloop mutants. £, the WT/endloop mutants and
glutamate series of heteroloop mutants. F, the glycine and serine series of heteroloop mutants. For all panels, error bars represent S.E. and n values range from

5-12 (see Table 1).

loop insert on the conductance-voltage curve are shown in Fig.
2, E and F. Clearly, the composition of the C-terminal segment
of the loop sequence has a significant effect on the channel V;,
and thus the energy difference between open and closed states.

Overall, the loop variants produced AG,,., values ranging
from —35.7 kJ/mol in Eg channels to +53.8 kJ/mol in S, chan-
nels (Table 1). Subtracting AG,,,, from AG,,,, produced val-
ues ranging from —26.3 to +63.2 kJ/mol per channel. Thus,
replacing each wild type S3/S4 linker with eight glutamate res-
idues stabilized the open state by ~6.5 kJ/mol/loop, while
replacing it with two serine residues destabilized the open state
by ~15.8 kJ/mol/loop. Recalling Equation 2, these energies rep-
resent the sum of AGy,,, and AG,,.,- To find AG,,, we esti-
mated AG,,,, through molecular dynamics simulations.

Molecular Dynamics Simulations of Loops—The first step in
estimating AG,,,,,, was to simulate untethered individual loop
peptides in water and determine the Gibbs free energy as a
function of loop end-to-end distance (Fig. 3). We then assumed
the closed (2.02 nm) and open (1.37 nm) state distances pre-
dicted by recent models (Fig. 1, A and B) and found the free
energy difference between those points on each curve. This
difference represented AG,,, in all subsequent energetic
calculations.

In addition, each curve had a single minimum corresponding
to the most energetically favored end-to-end distance for that
loop. We compared these favored end-to-end distances to the
Vo values for each loop type to see whether these minima cor-
related with voltage sensitivity. Surprisingly, the loops with

APRIL 5,2013+VOLUME 288-NUMBER 14

energy minima at end-to-end distances close to that observed
in the three-dimensional crystal structure, which is considered
typical of the open state ensemble of conformations, did not
correspond to the most negative V;, value. In fact, these loops
yielded channels with some of the most positive V;, values.
Among all loop mutants, there was no significant correlation of
V,, with the end-to-end distance of minimum energy (R* =
0.165 on linear regression of the data in Table 1).

AG,,,., of Loop Mutants Demonstrates Collateral Loop
Interactions—The difference between AG, ., and the sum of
AG . and AG,,,, is attributable to collateral interactions
between the loop and the rest of the channel (AG,,,,.,)- Thus, a
non-zero AG,,., value indicates that the energy difference
between open and closed states is not simply the sum of the
internal energy of the channel core and the end-to-end energy
difference of the loops.

Fig. 4A shows the AG,,,,., values as a function of loop length
for the homoloops series. Loop insertions of two and three have
large positive values of AG,,,,., for all three amino acids tested,
which is a reflection of the extremely positive V;, values (and
thus AG,,,,.,,) in these channels. Glycine loop inserts of lengths 5
through 9 have AG, .., values essentially equal to zero, whereas
glutamate loop inserts of lengths 5 through 10 have monoton-
ically increasingly negative AG,,., values that plateau at
approximately —47 kJ/mol. This implies a strong interaction
between glutamate loops and the rest of the channel. Serine
inserts, on the other hand, tend to have small AG. values

inter
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TABLE 1
AG values for mutant channels

Calculated values for free energy of loop stretching (AG,,, calculated from data in Fig. 3, multiplied by four to account for the presence of four loops in each functional

channel) and free energy of collateral interaction (AG,;

inter

calculated according to Equation 2) for the wild type and all mutant channels. ND, not determined.

Loop n V5o S.E. AGigops + AGier S.E. AGiops S.E. AGinier S.E.
TEV uncut 9 —14.7 14 —-9.0 2.1 —9.1 2.1 0.1 3.0
wWT 8 —13.3 18 —7.3 2.5 3.9 11 —11.2 2.8
G, 11 42 2.7 62.1 3.6 —19.7 13 81.7 3.8
Gy 7 —15.2 15 —-9.7 2.2 —12.1 0.9 2.5 2.4
G, 8 —23.8 12 —20.4 1.9 —-1.0 0.5 —19.5 2.0
Gy 9 —13.9 15 —8.0 2.2 —4.2 0.9 -39 2.4
Gy 9 —10.7 13 —4.0 2.0 —2.8 0.4 —-1.2 2.0
G, 9 —10.7 12 —4.0 1.9 —0.7 0.6 —3.3 2.0
Gy 9 —9.6 12 —2.6 1.9 —-13 0.3 —13 1.9
Gy 9 —9.2 0.8 —2.1 15 —-1.2 0.6 -1.0 1.6
S, 9 42.9 7.4 63.2 9.4 —274 1.9 90.6 9.5
S, 8 —3.3 15 53 2.2 —35.6 15 40.9 2.7
S, 11 —22.5 11 —18.8 1.8 —11.7 19 -7.1 2.6
Ss 11 —16.1 17 —10.8 2.4 —14.4 1.2 3.6 2.7
Se 9 =77 14 —0.3 2.1 —9.3 1.2 9.1 2.4
S, 9 —14.3 2.7 —8.5 3.6 19 0.8 —10.4 3.7
Sg 9 —14.6 2.7 —8.9 3.6 8.8 0.5 —17.7 3.6
Se 9 —14.2 19 —84 2.6 —8.2 1.0 —-0.2 2.8
Sio 10 —13.7 2.1 —7.8 2.9 1.9 0.8 —9.7 3.0
E, 12 29.1 15 459 2.2 —25.2 2.6 71.1 3.4
E; 9 —1.6 14 7.4 2.1 —24.9 2.1 32.3 2.9
E, 8 —9.2 15 —2.1 2.2 8.8 1.7 —10.9 2.8
E; 7 —13.9 15 —8.0 2.2 9.2 15 —17.2 2.7
Eq 9 —19.8 2 —15.4 2.8 13.8 0.7 —29.2 2.8
E, 9 —22.1 12 —18.3 1.9 19.2 11 —37.5 2.2
Eg 9 —28.5 21 —26.3 2.8 20.9 0.8 —47.3 3.0
Ey 5 —28.3 1.8 —26.1 2.5 20.6 0.9 —46.6 2.7
E,o 7 —28.3 15 —26.1 2.2 20.6 0.6 —46.7 2.3
WT-G, 9 —16.4 1.6 —11.2 2.3 57 0.6 —16.8 2.4
WT-S, 11 —21.6 11 —17.7 1.8 12.5 0.5 —30.2 1.9
WT-E, 9 —22.9 0.6 —19.3 14 —2.8 1.6 —16.6 2.1
G,-QQA 10 1.8 12 11.7 1.9 —8.0 1.0 19.7 2.1
G,-S, 9 —13.6 1.6 =7.7 2.3 —6.2 0.8 —15 2.4
G,-E; 10 —19.9 0.9 —15.6 1.6 1.9 0.7 —17.5 1.7
E,-QQA 10 —23.3 14 —19.8 2.1 20.9 0.5 —40.7 2.2
E,-G; 8 —24.5 1.7 —21.3 2.4 16.7 0.5 —38.0 2.5
E-S; ND ND ND ND ND ND ND ND
S-,-QQA 10 0.1 12 9.5 1.9 2.1 1.0 7.4 2.1
S,-G, 12 —12.9 0.9 —6.8 1.6 —2.3 0.8 —4.4 18
S-,-E4 9 —17.3 1 —12.3 1.7 —2.0 1.2 —10.3 2.1

with a periodic variation in effect that decreases in amplitude as
the length of the insert increases.

To determine the contributions of two parts of the S3/S4
loop, that which is pulled into the VSD vestibule upon channel
closing and that which remains in a relatively unordered con-
formation outside the core of the VSD in the closed state, to
the energetics of channel opening and closing, we evaluated the
heteroloops and WT/endloops series of mutants (Fig. 4B). The
range in AG,,,,., values among the mutants indicates that both
the C-terminal end of the loop, which translocates into the VSD
(Fig. 1A), and the N-terminal end interact with the channel to
modulate voltage sensitivity.

The negative value of AG, .., for wild type (Fig. 4B, WT, blue
bar) indicates that the native loops interact with the rest of the
channel to destabilize the closed state (or stabilize the open
state, but for simplicity from this point we will refer only to the
effects on the closed state). Altering the three C-terminal resi-
dues to glycine, serine, or glutamate increases the interaction
energy and further destabilizes the closed state, suggesting that
the wild type C-terminal sequence is stabilizing the closed state
relative to the other C-terminal tripeptide sequences.

The importance of the three C-terminal residues is also
apparent in the glycine series of heteroloops. The G, loop (Gg
loop plus G5 C terminus) has essentially no energetic interac-
tions outside of the constraints imposed by the change in end-
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to-end distance between the open and closed state (Fig. 44).
However, when the C-terminal three glycine residues are
replaced by the corresponding residues from the wild type loop
sequence (QQA), there is an approximately +20 kJ/mol posi-
tive interaction energy, stabilizing the closed state (Fig. 4B).
Substituting three glutamate residues in the same location
yields an approximately —18 kJ/mol AG,,,.,, destabilizing the
closed state. A similar trend can be observed in the serine series
of heteroloops. Thus, the interaction of the portion of the S3/S4
loop that translocates into the VSD on channel closing can sta-
bilize or destabilize the closed state depending on the identity of
the side chains.

Analysis of AG,,,., also shows that the N-terminal end of the
loop has a significant energetic interaction with the rest of the
channel (Fig. 4B). For example, when the three C-terminal res-
idues are the wild type QQA (Fig. 4B, blue bars), changing the
N-terminal seven residues has a large effect on AG,,,.,- Replac-
ing the N-terminal residues with glycine or serine strongly sta-
bilizes the closed state, whereas replacing them with glutamate
strongly destabilizes the closed state. In fact, all loops with
seven glutamate residues at the N terminus have highly nega-
tive AG,,,., values (ranging from —38 to —47 kJ/mol), virtually
independent of the C-terminal three residues, further support-
ing an interaction of the amino-terminal of the $3/S4 linker
with the rest of the channel.
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FIGURE 3. Graphs of free energy differences as a function of end-to-end distance for simulated loop peptides. The graphs have all been normalized such
that the minimum for each graph is 0 kJ/mol. A, the wild type loop and the loop mutation containing the TEV cleavage site (sequences shown in Fig. 1). B, the
glycine series of homoloop mutants. C, the serine series of homoloop mutants. D, the glutamate series of homoloop mutants. £, the WT/endloop mutants and
glutamate series of heteroloop mutants. F, the glycine and serine series of heteroloop mutants. For all panels, error bars represent S.E. (n = 10).

Moreover, the value of AG,,,,., is not simply a sum of effects
of the two parts. For example, the C-terminal S, (Fig. 4B, green
bars) has little or no effect when compared with G, (Fig. 4B, red
bars) when placed with the G, N-terminal sequence, whereas in
the context of the wild type and S, N-terminal sequences,
C-terminal S; causes a substantially more negative AG,,., (i.e.
destabilizes the closed state) than the G, sequence. This further
supports the idea that the S3/S4 loop interacts with the rest of
the channel via pathways other than the peptide bonds con-
necting the loop to the S3 and S4 helices, and these interactions
and their impact on V are a function of the channel-specific
loop residue side chains.

Electrostatic Properties near the S3/54 Loop Influence Voltage
Sensitivity—As the glutamate loops series manifested by far the
largest negative AG,,,.,» we sought to understand the variation
in AG,,,., by examining the electrostatic properties near the
loop in the open and closed state models. Fig. 5 illustrates the
relative positions of the loop residues in the open and closed
states to the nearest (within 1 nm) negatively charged residues
in the rest of the channel. There are five acidic residues that are
within 1 nm of at least one of the S3/S4 loop residues in the
closed state but not in the open state.

Glu-226 in the S2 helix and Asp-259 in the S3 helix have both
been shown to interact with and stabilize basic residues of S4 in
the open state (10, 26). Because they are also near the residues
from the loop that are translocated into the VSD when the
channel closes, it appears that they also play a role in destabi-
lizing the closed state, if the C-terminal end of the S3/S4 loop
contains acidic residues.

Residues Glu-350, Asp-352, and Glu-353 are present in the
extracellular vestibular loop of the PD. These residues are all
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within 1 nm of at least one of the fourth, fifth, and eighth resi-
dues in the E,; loop in the closed state (Fig. 5, A and C) but are
much farther from these residues in the open state (Fig. 5, Band
D). This suggests that residues in the S3/S4 loop that are not
interacting with the core of the VSD may be contributing to the
overall energetics of activation by interacting with residues in
the adjacent PD vestibule.

Given these results, the AG, .., values presented in Fig. 4 are
consistent with the most recent closed state structural model of
K,1.2 (18). Glycine has no side chains and polyglycine has a low
tendency to form stable secondary structures, so the interac-
tions of the glycine series loop inserts would be the least likely to
mediate non-backbone interactions with the rest of the chan-
nel. Once the polyglycine loop reaches a length of five or more
and is capable of stretching across the S3/S4 gap in both open
and closed conformations, the gating energy can be accounted
for as the simple sum of the energy change in four loops
(AGy,,p,) plus the energy change in the loopless channel
(AGore), ice. AGy,, = O (Fig. 4A).

The polyglutamate loops show a substantial non-backbone
interaction effect on gating energy. Polyglutamate inserts of five
and longer have a strong bias toward the open state reflected in
their hyperpolarized V;, values. This was unexpected for two
reasons, first because the polyglutamate loops monotonically
favor longer end-to-end distances over the lengths range tested
(Fig. 3), and yet the most current structural models predict that
the open state has a shorter end-to-end distance than the closed
state. Second, if the C-terminal end of the polyglutamate chain
translocates into the membrane voltage field in the closed state,
depolarization would be expected to stabilize the closed state
because the force of the membrane potential acting on the neg-
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FIGURE 4. Comparison of the AG;,,.., values (the effect of the loop that is
not due to simple end-to-end distance constraints) for the different loop
mutants. A, AG;.., as a function of loop length for the three homoloop series
of insets. Error bars represent S.E. n values range from 5-12 (see Table 1).
B, comparison of the effects of changing the last three residues of the loop
sequence in the heteroloop and WT/endloop mutants on AG, .., The identity
of the N-terminal part of the loop is indicated along the horizontal axis; the
identities of the C-terminal three amino acid residues in the loop are indicated
by the color coding of the bars, as per the key panel in the upper right corner of
the panel. Error bars represent S.E. (n = 10). All energies are expressed as
kJ/mol.

atively charged glutamate side chains would be opposing the
force exerted by the potential on the positively charged residues
in S4. However, if the transmembrane electric field is focused
below this vestibule, the glutamate homopolymer would be
unaffected by that potential field.

Both of the effects discussed above appear to be over-
whelmed by other interactions of the polyglutamate loop with
the channel. Although repulsion of glutamate side chains by
residues within the VSD in the closed state appears to be part of
the effect, the fact that E,G; and E;QQA inserts are as nega-
tively shifted as the E,, insert indicates that a major part of the
effect is due to the negative charge in the first seven amino acids
of the loop insert. A plausible mechanism is illustrated in Fig. 5.
The closed model indicates that when the channel closes, the
$3/54 loop region rotates into close proximity to the turret of
the PD (16). Thus, in the case of the glutamate loop inserts, two
protein regions with high negative surface potential are
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FIGURE 5. lllustration of proximities of S3/54 loop residues and acidic,
negatively charged residuesin the rest of the channel in open and closed
state models. For clarity, only the VSD from one subunit and the PD from the
adjacent subunit are shown. A and Care open state conformations of the wild
type channel, Band D are closed state conformations of the E,, mutant chan-
nel. A and B are side views from within the plane of the membrane, and Cand
D are views from the extracellular aspect. Atoms in residues in the S3/54 loop
are rendered as green spheres, with the three C-terminal residues rendered as
a lighter green than the rest of the loop. Atoms in acidic residues in the rest of
the channel are rendered as red spheres. The remainder of the channel protein
is rendered in white, ribbon format. The two acidic residues in the VSD that are
within T nm of the loop in the closed state (Glu-226 and Asp-259) are labeled,
except in D, where Asp-259 is hidden by the rendering of the extracellular
loop. The other three acidic residues (Glu-350, Asp-352, and Glu-353, unla-
beled) are in the vestibule loop of the immediately adjacent subunit.

brought into apposition when the channel subunit moves into
the closed state. Such electrostatic repulsion in the closed state
would destabilize the closed state, causing the channel to open
at more hyperpolarized transmembrane potentials.

DISCUSSION

Although loops connecting core secondary structural ele-
ments of folded protein domains, as opposed to those connect-
ing discrete domains, are often thought of as disordered and
under relatively low selective pressure, they can play a signifi-
cant role in the folding and functioning of proteins (43, 44). The
length of the loop or more precisely, the relative differences in
free energy between ensembles of different end-to-end dis-
tances, constrain the relative motion of structural elements
within domains.

The lengths of loops connecting S3 and S4 in a collection of
239 members of the K1 family of voltage-gated ion channels
vary in length from six amino acids up to 34 amino acids in
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length, with the average length being 17. In the rat K,1.2 chan-
nel, the length is 18. Thus, the range of lengths that we have
tested in these experiments, seven to 18 amino acids in length,
falls within the length range that has arisen naturally during
evolution.

We have used the fact that varying the loop sequence causes
variation in the relative energy of the loop in the open and
closed channel conformations to interrogate the energetics of
the VSD of the K 1.2 channel and explore how these loops con-
tribute to the overall voltage sensitivity of these channels. We
have combined electrophysiological data with free energies cal-
culated from molecular dynamics simulations in a novel way
that avoids some limitations inherent to protein crystallogra-
phy of dynamic transmembrane proteins and those functional
experiments that introduce bulky probes or other non-native,
tethered molecules.

The difference between the energetics of the negatively
charged loops (based on polyglutamate and wild type amino
acid sequence) and the neutral loops (based on polyglycine and
polyserine homopolymers) suggests an electrostatic interaction
between the S3/S4 loop and other parts of the channel. The
closed state model derived from unrestrained molecular
dynamics simulation (16) involves two major conformational
changes that affect interactions with the $S3/S4 loop. 1) The S4
helix translocates ~1.5 nm in the inward direction, drawing the
C-terminal end of the loop into the interior of the VSD, and 2)
the VSD rotates toward the PD, such that the S4 helix is pushed
into close proximity with the negative field produced by the
turret of the PD.

The translocation of the C-terminal end of the S3/S4 loop
into a vestibule that stabilizes the positively charged residues of
S4 in the open state can explain a significant part of the devia-
tion of the experimental channel energetics from those pre-
dicted based solely on end-to-end distance constraints. In the
case of the E; C-terminal segment electrostatic repulsion
between this segment and acidic residues within the VSD
would destabilize the closed state, leading to a shift to more
negative V;, values. On the other hand, the QQA sequence at
the C-terminal end of the wild type loop appears to stabilize the
closed state, contributing to a more positive V, value.

Electrostatic interaction between the S3/S4 loop and the PD
in the closed state but not the open state also has a role in
modulation of channel activity. The wild type loops have a
AG, ., value of —11.2 * 2.8 kJ/mol, but the C-terminal QQA
sequence of the wild type loop tends to stabilize the closed state,
i.e. contributes a positive term to G, ., (see above). Because the
remainder of the wild type loop contains three acidic residues
and one basic residue, it appears that repulsion between the
loop and the turret of the PD is acting to destabilize the closed
state, leading to the observed value for AG, .,

Interestingly, steady-state activation of channels with loop
inserts of only two or three residues is extremely right-shifted
(Fig. 2) and manifests the largest positive values of AG,, .,
(Table 1). Yet, the most energetically stable end-to-end dis-
tance of these loop peptides in MD simulations was similar to
that of the open state in the K 1.2 crystal structure. How can
these results be reconciled? Previous mutations made on the
jellyfish channel jShakl, which has an extremely short S3/S4
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loop, suggested that reducing the freedom of motion between
S3 and S4 by lengthening the S4 helix caused steric clashing
between helices in the VSD (27); this may be what is occurring
in the shortest loops tested here. Because these loops are
expected to exert significant force on the ends of S3 and S4 at
the distances characteristic of the native closed state (2.02 nm),
it appears that the shortest loop mutants in this study are forc-
ing the channels into a different functional conformational
ensemble, one that is dissimilar to the conformations identified
in the experimentally determined structural models of the wild
type K, 1.2 channel. These short loop constructs are similar to
some of the deletion mutants constructed in the Drosophila
melanogaster Shaker channel by Xu et al. (45) and by Gonzalez
et al. (28), which also caused large rightward shifts in the G-V
curves. In the case of these extremely short loops, however,
Gonzalez et al. showed that the gating charge was reduced from
12 to ~5. It is possible that the effect of the shortloops on Vi is
due to restriction of S4 motion during opening and that the
AG, e, values that we have calculated for channels with
extremely short loops could be significantly overestimated.

The opening and closing of voltage-gated ion channels is an
allosteric process (46, 47). A change in the environmental con-
ditions of the protein (i.e. membrane potential) leads to con-
certed molecular rearrangements of the protein between an
inactive, ion-impermeant conformational ensemble and an
active, ion permeant conformational ensemble. Opening of the
channel is caused by a change in outward force on the S4 volt-
age-sensing helix due to depolarization of the membrane
potential. This initial force is transduced into internal forces
that rearrange the VSD. The rearranged VSD in turn causes
channel opening by pulling on the S4/S5 intracellular loop,
which in turn pulls the cytoplasmic ends of the S5 and S6 helices
away from the central axis of the PD, opening a path into the
cytoplasm for ions that have passed through the ion selective
pore. We have delineated two mechanistic elements that affect
the allosteric response within the VSD (loop length and inter-
actions of the C terminus of the S3/S4 with charged residues
within the VSD) and one mechanistic element that affects the
allosteric interaction between the VSD and the PD (interaction
of S3/S4 loop charged residues with charged residues in the
turret of the PD).

In summary, a number of factors are responsible for the
effect of varying the S3/S4 loop on the voltage sensitivity of the
K,1.2 channel. The length of the loop sequence is important,
with very short loops (an insert of two amino acids with five
additional residues flanking the insertion site, for a total length
of seven residues) of any type causing an extreme positive shift
in voltage sensitivity. Longer loops (of the order of five or more
residues inserted with five additional residues flanking for a
total of 10 or more residues) can impose subtle energetic con-
straints by virtue of the difference in free energy between the
closed and open state conformational ensembles. However,
with the exception of glycine homopolymer inserts, the loops
do not solely act in this simple manner because the nature of
their side chains affects the interaction energy of the loop with
the rest of the channel, and this energy varies significantly
between the open and closed states. A major factor in the inter-
action energy appears to be interactions between the S3/S4 loop
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and the negatively charged turret of the pore domain, which
intensifies on channel deactivation when the movement of the
majority of the VSD away from the PD rotates the S3/S4 loop
into closer proximity with the PD turret. In addition, residues
near the C terminus of the loop, which are part of the unordered
loop in the open state, are translocated into the core VSD struc-
ture in the closed state, bringing them into proximity with
acidic residues within the VSD core. The combination of these
two kinds of interaction is ultimately responsible for shifting
the voltage sensitivity of the channel.
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