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Résumeé

Les protéines sont les nanomachines moléculaires de la nature et leurs diverses fonctions sont
essentielles au fonctionnement de tous les mécanismes cellulaires. Une grande partie de la
recherche fondamentale en physiologie se concentre présentement sur I'étude de la structure et
de la fonction des protéines. L'objectif général de cette thése est d'élargir la compréhension des
canaux potassiques voltage-dépendants (Ky), un groupe de protéines gouvernant la signalisation
"électrique de divers aspects physiologiques, en particulier la propagation de potentiels d'action

dans le systeme nerveux central et dans les cellules musculaires.

Dans le but d'obtenir des indices quant a la dynamique des canaux Ky, la thése met |I’enphase sur
['utilisation d'un acide aminé non naturel et fluorescent (Anap) comme outil moléculaire pour
étudier les changements de conformation protéique avec la fluorimétrie en voltage imposé (FVI).
L'avantage de la technique Anap-FVI par rapport aux techniques traditionnelles de marquage
fluorescent, tient au fait qu'il n'y a pas de restriction sur le site d'intérét. Ainsi, Anap est
incorporé génétiquement dans des régions clés du canal Shaker Ky en utilisant la technique de
substitution du "codon-stop amber", en utilisant une paire orthogonale d'ARNt/synthétase avec

les ovocytes de Xenopus laevis comme modéle d’expression protéique.

Tout d'abord, la comparaison directe des deux extrémités du senseur de voltage (SV) est rendue
possible par FVI bicolore dans lequel une cystéine externe est marquée avec TMR
(tetramethylrhodamine), tandis que I'acide aminé (Anap) est incorporé du c6té intracellulaire. On
constate que la partie intracellulaire du SV s'active de fagon similaire a la partie externe (chapitre
3). En outre, on constate que les portes S6 intracellulaires s'ouvrent essentiellement en deux

étapes.

Ensuite, Anap a été inséré aux deux extrémités de la boucle cytoplasmique S4-S5 afin d'en
étudier le mouvement pendant le couplage électromécanique (chapitre 4). Les expériences FVI
bicolores démontrent que la partie N-terminale de la boucle se déplace avec le senseur de
voltage alors que le mouvement de la partie C-terminale est retardé. Les résultats supportent un

modele de couplage électromécanique dans lequel I'énergie est stockée au centre du de la



jonction S4-S5. En outre, il est a noter que la boucle qui relie S4 et S5 subit des mouvements
indépendants et coopératifs - une découverte qui s'aligne avec un réle central de la boucle dans

le transfert d'énergie du senseur de voltage vers le pore.

Dans un troisieme projet, Anap a été inséré dans diverses positions de I'extrémité N-terminale
cytosolique afin d'en sonder le mouvement pendant l'inactivation de type N (chapitre 5). Les
données FVI montrent que la région hydrophile de la balle d'inactivation (Bl) subit un
mouvement qui est étroitement lié a l'inactivation mais qui ne joue pas un réle dans I'obstruction
finale du pore. Par contre, la pointe hydrophobe de la BI, subit un mouvement supplémentaire
qui est sensible a I'état du pore, suggérant qu'il subit un mouvement qui impacte |'obstruction du
pore. Les résultats supportent un modéle d'inactivation sous la forme de mécanisme d'étapes

séquentielles d'au moins deux transitions.

Enfin, un quatriéme projet se distingue de I'objectif général de la these. Il est démontré que les
canaux avec un codon-stop N-terminal s’expriment malgré I'absence d'Anap (chapitre 6). Cette
expression de fuite est causée par la réinitiation de la traduction de '’ARN messager, a des
codons d’initiations non-canoniques en aval, et peut étre réduite en supprimant ces codons. Les
résultats mettent en évidence l'importance des expériences de contrbles lors d'utilisation

d'acides aminés non naturels.

Mots-cléfs : Canaux Ky, acides aminés non-naturels, Anap, fluorimétrie en voltage imposé



Abstract

Proteins are the nature’s molecular nanomachines and their diverse set of functions are crucial to
the workings of all cellular mechanisms. A great part of fundamental research today is therefore
focusing on the elucidation of protein structure and function. The general objective of this thesis
is to expand the understanding of voltage-gated potassium (Ky) channels, a group of proteins
which governs electrical signalling in various physiological aspects, in particular the propagation

of action potentials in the central nervous system and in muscle cells.

In the pursuit of obtaining dynamic information of Ky channels, the focus in this thesis has been
on exploring the applicability of a fluorescent unnatural amino acid (Anap) as a molecular tool to
study protein conformational changes using voltage clamp fluorometry (VCF). The advantage of
the Anap-VCF technique over traditional post-translational fluorescence labeling techniques is
that there are no restrictions regarding the choice on the site of interest. Anap is genetically
incorporated into key regions in the Shaker Ky channel by using the amber stop codon
suppression technique using an orthogonal tRNA/synthetase pair, and Xenopus laevis oocytes are

used as expression system.

The first project involves direct comparison of both ends of the voltage sensor (VS) and is made
possible by two-color VCF, in which an external cysteine is labeled with TMR
(tetramethylrhodamine) while Anap is incorporated on the intracellular side (chapter 3). We
found that the intracellular part of VS activates together with the external part. Moreover, it is

found that the intracellular S6 gates open in a sequential two-step transition.

Next, to investigate electromechanical coupling, Anap was inserted into both ends of the S4-S5
linker (S4-S5L, chapter 4). Two-color VCF experiments demonstrates that the N-terminal part of
S4-S5L moves with the VS. On the other hand, the movement of the C-terminal part of the linker
is delayed with respect to the VS. The findings support a model for electromechanical coupling in
which energy is stored in the middle of the S4-S5L, and not in the C- or N-termini. Moreover, it is
found that the S4-S5L undergoes both independent and cooperative movements — a finding

which agrees with a pivotal role of the S4-S5 linker in energy transfer from the VS to the pore.



In a third project, Anap was inserted into various positions on the flexible and cytosolic N-
terminus to probe the movement during N-type inactivation (chapter 5). VCF data show that the
hydrophilic chain region of the inactivation particle (IP) undergoes a motion which is closely
related to inactivation but is not involved in the final step of pore block. The hydrophobic tip of
the IP, on the other hand, undergoes an additional motion which is sensitive to the state of the
pore, suggesting that it causes pore block. The findings support a model for inactivation as a

sequential step mechanism of at least two transitions.

Finally, a fourth project stands out from the general objective of the thesis. It is demonstrated
that channels with N-terminal stop codons still express despite the absence of Anap (chapter 6).
This leak expression is caused by translation reinitiation at downstream non-canonical start
codons and can be reduced by removing the start codons. The findings highlight the importance

of control experiments when using unnatural amino acids.

Keywords: Ky channels, unnatural amino acids, Anap, voltage clamp fluorometry
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Chapter 1

Introduction

The electrical signalling which governs cell-cell communication in the nervous system, heart and
muscle, form the molecular foundation of our heartbeat and how we store memory, perceive,
react and move our limbs, among many other physiological aspects. Excitable cells convert
chemical or mechanical signals intro electrical signals by means of ion channels which are
proteins that selectively conduct potassium, sodium or calcium ions across the cell membrane.
The neuronal electrical signaling is generated by action potentials which are millisecond-long

signals that propagate along the nerve fiber.

Excitable cells have a negative resting membrane potential of about -70 mV which arises from
the activity of molecular pumps which transport sodium ions out of the cell and potassium into
the cell. This creates an electrochemical gradient where, at rest, the concentration of potassium
is high inside, and the concentration of sodium is high outside. When the membrane potential
reaches a threshold above -50 mV, rapid activation of voltage-dependent sodium (Nay) channels
leads to a Na* influx which depolarizes the cell membrane. Voltage-dependent potassium (Ky)
channels also activate leading to the influx of K* which repolarizes the membrane back to rest.
These components of an action potential, or the nerve impulse, constitutes the fundamental

brain signalling throughout the animal kingdom.

The story of ion channels begins with the famous experiments performed by Alan Hodgkin and
Andrew Huxley in 1952. Their discovery of Na* and K* currents as the fundamental events
underlying the nerve impulse, were made possible by the development of the voltage-clamp
concept as introduced to them by Kenneth Cole [1]. By insertion of axial wires into a giant squid
axon, a feed-back system could maintain the membrane potential and circumvent the unstable

character of the action potential [2]. This way, Hodgkin and Huxley identified independent Na*
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and K* currents [3], characterized their kinetic properties [4, 5], and developed a model which
predicted the action potential from the regulation of conductance by four sets of charged
particles [6] - a gating process which today is known to be controlled by the four voltage sensors
in Nay and Ky channels. The pioneering work of Hodgkin and Huxley awarded them the Nobel

prize in 1963.

The field of ion channels as we know it today is based on several key discoveries in the following
decades. First, the notion that ions would cross the membrane through transmembrane proteins
in a channel-like manner was suggested in the 60’s by the findings that tetradotoxin (TTX) and
tetraethylammonium (TEA) selectively blocked Na* and K* currents, respectively [7, 8].
Furthermore, the presence of ion-conducting channels was confirmed by the invention of the
patch clamp technique which enabled measurements of electrical activity in small areas of
membrane giving rise to single channel recordings [9]. The development of this technique by Drs.
Neher and Sakmann lead to the Nobel prize in 1991. Then, in the 80’s, gene cloning and
recombinant manipulation began to be applied in the field of ion channel research. The cloning of
voltage-gated ion channels [10, 11] paved the way for emerging molecular biology methods to be
used to identify the role of individual amino acids. Site-directed mutagenesis not only allowed for
better understanding of how point mutations could alter channel function and result in diseases,
but also became a useful method in the elucidation of fundamental workings of ion channels. The
90’s highlight a decade during which biophysical properties of the voltage sensor and the pore
were established using electrophysiology and mutagenesis (gating currents, cooperativity, ion
selectivity) [12-16]. Finally, atomic structures of voltage-dependent bacterial and eukaryotic
potassium channels solved by X-ray crystallography [17, 18] made it possible to relate structural
data with gating function, and questions on subunit assembly, pore conformation and
permeation could now be addressed structurally. Dr Mackinnon was awarded a share of the
Nobel Prize in 2003 for the work. The crystal structures also confirmed a number of structural
features postulated by Bertil Hille more than 20 years earlier [19]: These ion channels contain a
selectivity filter located towards the extracellular end of the pore, with a voltage sensor

controlling a cytoplasmic gate.

Although a wealth of functional and structural data has been provided by electrophysiology and

X-ray crystallography in the field of ion channels, they are limited when it comes to unfolding the
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molecular dynamics which drive the channel from one state to another. Research in dynamics
today is characterized by the parallel emerging of two technological areas. First, experimental
findings based on advances in fluorescence-based techniques have yielded kinetic information on
conformational changes and relative distance changes, such as voltage clamp fluorometry (VCF),
forster resonance energy transfer and lanthanide resonance energy transfer. Second, important
advances in highly sophisticated computational approaches is continuously expanding, allowing
for the elucidation of microscopic factors governing structural dynamics and ion permeation.
There is no doubt that as computational power grows, the theoretic prediction of channel
behaviour will play a key role in the future. Also, the recent advances in cryo-electron microscopy
which resulted in snapshots of various conformational states of a sodium-activated K* channel,

surely has shed light on cryo-EM as a valuable tool in capturing transitions [20].

1.1 Potassium channels

The importance of understanding the detailed molecular basis of ion channel function is
highlighted by their widespread roles in numerous physiological aspects. The group of K*
channels is, with 78 members, the largest within the ion channel family [21]. The group is divided
into 4 subfamilies based on function and homology: Calcium- and sodium-activated K* channels
(Kca and Kna), inwardly rectifying K* channels (Ki), two P domain K* channels (K2P), and voltage-
gated K* channels (Ky). The majority of the potassium channel subunits consists of 6
transmembrane domains, but Ki and K2P consists of 2 and 4 transmembrane domains,
respectively, and some Kca channels have 7 transmembrane domains. There is one structural
feature which all K* channels have in common, and that is a GXG signature sequence which is
responsible for the selective permeation of K* ions over other ions (X is a tyrosine except in some

K2P channels where it can also be a phenylalanine).

Kca channels are present in a large range of both excitable and non-excitable cells, where they are
involved in neuronal excitability, transmitter release and Ca?* homeostasis [22]. They are tightly
coupled to, and regulate, the amount of intracellular Ca?*. When activated by Ca?*, the channels
open and repolarize the membrane, which in turn causes the closing of voltage-gated calcium

channels thus limiting the influx of Ca?*.
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Kna channels are predominantly expressed in neuronal tissue. They are activated by high
concentrations of intracellular Na?*, suggesting that they are coupled to local increase of sodium
in connection with opening of voltage-gated sodium channels and/or in restricted compartments
like dendritic spines. Single amino acid mutations in some Kna channels result in devastating

effects causing epilepsy and intellectual and physical disabilities [23].

Kir channels allow ions to move into the cell rather than out, due to intracellular block by Mg?* or
polyamines at positive potentials. Their physiological function is diverse and depend on type and
location. When potassium flows at negative potentials it allows the channels to control the
resting membrane potential. Some Kir channels are regulated by G protein-coupled receptors and
others are ATP-sensitive and are directly involved in regulation of insulin secretion in pancreatic

beta cells.

The structure of K2P channels is markedly different from the other potassium channels in that it
is a homodimer of two 4 transmembrane subunits. They play several roles in excitable cells
where they give rise to leak K* currents to stabilize the negative resting membrane potential.
They are regulated by voltage-independent factors like pH, stretch and temperature and a range

of intracellular signaling pathways.

Finally, Kv channels are found in all excitable cells with channel open probabilities which depend
on changes in the membrane potential, and they carry a voltage sensor which is central to their
function. The channels generate action potentials where they are responsible for returning the
depolarized cell to resting state. With their different voltage-dependencies and inactivation
properties, they regulate action potential duration and firing patterns and sets the resting

membrane potential.

The molecular diversity of potassium channels is enhanced by the possibility of heteromeric
assembly of different subunits within a subfamily. Furthermore, post-translational modifications
(splicing, phosphorylation, glycosylation) and regulation by auxiliary subunits also diversifies the
channel properties, creating a wide and complex distribution of K* channel function. To better
understand the function of Ky channels, which are the subject of the thesis, they are described in

more detail in the following section.
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1.2 Voltage-gated potassium channels

As Hodgkin and Huxley showed in the squid axon, the action potential consists of rapid feedback
processes involving voltage-gated ion channels: Nay* channels which first activate by positive
voltage causing sodium ions flowing into the cell which depolarizes the membrane. This step is
the rising phase of an action potential. Then, activation of Ky* channels causes potassium ions to
flow out of cell which allows the cell to return to the resting potential. The different current
profiles of Ky channels makes them capable of shaping and regulating the action potential
(amplitude, duration, frequency) leading to different patterns of action potentials. This way, in
neurons, the types of ion channels in the membrane can vary across the cell, which gives
the dendrites, axon and cell body their different electrical properties. Kv channels play an active
role in action potentials of heart, brain, spinal cord, sensory neurons and muscle, but are also
involved in regulation of cell volume, proliferation, apoptosis and migration of a wide range of

cell types.

The Kv channel subfamily are encoded by >40 genes in the human genome and make up half of
the potassium channel family. Ky channels are divided into 12 molecular subgroups (Ky1-12)
which display different voltage-dependent activation and inactivation properties. They open
upon membrane depolarisation and selectively conducts potassium ions across the cell
membrane according to the electrochemical gradient of potassium. Ky5, Kv6, Ky8 and K9 families
give rise to homomeric channels that are electrically silent likely due to their retention in the
endoplasmic reticulum. Instead, these silent subunits assemble with members of other Ky groups

to form heteromeric channels.

1.2.1 Why is it important to understand the function of Kv channels?

Kv channels shape and regulate neuronal and cardiac action potentials [24], and participate in
apoptosis [25] and cell differentiation [26] among other functions. Furthermore, Ky channels are
necessary for the release of neurotransmitters and hormones [27, 28] and regulate cell volume,
proliferation and migration [24]. The critical roles and physiologically diverse implication of Ky
channels makes them a major therapeutic target for treatment of many neurological, metabolic
and cardiovascular disorders, in which the cause of the disease affects the function of these

channels.
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Another reason for studying Ky channels is that malfunction due to genetic mutations result in
channelopathies such as cardiac arrhythmias (short and long QT syndromes), episodic ataxia,
epilepsy, and deafness, and has also been associated with impaired glucose tolerance, insulin

insensitivity and atrial fibrillation [29].

Small molecules and peptide toxins have been developed and identified as drugs for targeting Kv
channels as a pharmaceutical strategy, and are also being used as research tools to characterize
channel structure and function [29]. Peptide toxins can bind to the outer vestibule of the ion
conduction path and block K* flow (e.g. charybdotoxin) [30], or they can interact with the voltage
sensor to favor the closed state of the channel (e.g. hanatoxin) [31]. Most binding sites for small
molecules reside in the inner pore region or are located on the intracellular side, where they can
act as channel openers (e.g. retigabine) [32] or blockers (e.g. 4-aminopyridine) [33]. The current
U.S. Food and Drug Administration (FDA) requires that all drug candidates for human use are
evaluated for potential Ky11.1 activity (encoded by the human Ether-a-go-go related gene, hERG)
to prevent arrhythmia side effects [34]. The broad pharmacological aspect of Ky channels makes

them a group of proteins with great therapeutic potential.

Human health has benefited directly from detailed knowledge about ion channel function
because channelopathy diseases can now be readily diagnosed. For example, genetic testing of
the cystic fibrosis transmembrane conductance regulator, the CFTR ion channel, helps diagnosis
of the cystic fibrosis disease which affects about 1 in 3000 new born in Northern Europe, giving
the possibility of early treatment. The continued advances in the field of ion channels from
researchers in academia and pharmaceutical companies, will extend this benefit to diagnose and

prevent diseases, and develop highly selective drugs targeting ion channels.

Overall, the therapeutic importance and social benefit of understanding Ky channel function is
evident. From a biophysical point of view, the elucidation of voltage sensing mechanisms and
dynamics of conformational changes is first and foremost driven by our scientific curiosity and
fascination by nature. As humans we wish to know how nature works to ultimately answer what
we are made of and where we come from. The need to understand nature’s origin constitutes

the main motivation factor in fundamental research. Ky channels are highly evolutionarily
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conserved ion channel families playing fundamental roles in all living organisms, making the

study of these channels a prerequisite to understand life and its origin in full.

1.2.2 The Drosophila Shaker channel

The first cloned potassium channel was the Drosophila Shaker Ky channel [11], which was
discovered based on a leg-shaking phenotype under ether-induced anesthesia [35]. The shaking
is caused by neurons which fail to repolarize as quickly as normal neurons (figure 1.1), making
them exceptionally excitable, resulting in abnormal muscle contractions. What happens on the
molecular level is that in the absence of Ky channels at the axon of the neuromuscular junction,
the action potential is prolonged. In turn, voltage-gated calcium channels at the axon terminal
which close upon repolarization, remain open for a longer time than normal, thus increasing the
time for Ca?* influx. The increase of intracellular Ca?* stimulates the neurotransmitter release
from the synaptic vesicles into the synaptic cleft. This way, postsynaptic receptors are excessively

triggered, resulting in abnormal action potentials in the muscle fibers.

neuron

muscle fiber

Figure 1.1 Cartoon of neurotransmitter release in the neuromuscular junction

When the neuronal action potential comes down the axon and reaches the axon terminal, it activates Cay
channels which open upon depolarization. The increase of intracellular Ca?* leads to fusing of the synaptic
vesicles with the membrane, so that neurotransmitter molecules diffuse into the synaptic cleft and activate
neurotransmitter activated receptors on the target cell, which is muscle fiber cells in the case of the
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neuromuscular junction. The voltage-gated potassium channel at the axon are representative of Ky1 channels in
human and Shaker channels in Drosophila.

Recently, the Shaker channel has been shown to play a role in controlling Drosophila sleep, in
which a point mutation in the first transmembrane helix S1 (a threonine to isoleucine
substitution) was identified to cause short-sleeping phenotypes with preserved performance
[36]. The molecular link between neuronal firing and sleep in relation to Shaker channels is not
known, but it highlights the fundamental and diverse implication of Shaker-related channels in

Drosophila, as it also is in mammalians.

1.3 Kv1 channel family

Mammalian Kyl channels are homologues of the Drosophila Shaker channel and are also called
the Shaker-related Ky channels. The group consists of 8 members (Kv1.1, Kv1.2, Ky1.3, Ky1.4,
Kv1.5, Ky 1.6, Ky1.7, Ky1.8) displaying sustained potassium currents, except Ky1.4 which display a
transient “A-type” (fast inactivation) current, when heterologously expressed as homomeric

tetramers.

Kvl.1, Kv1.2 and Kv1.4 are those which are most abundant in the mammalian brain, localized to
axons and nerve terminals where they exist in a complex heterogenous subunit association
controlling neuronal action potentials and presynaptic transmitter release [37]. Episodic ataxia 1
is a neurological disorder which leads to myokymia and episodes of spastic contractions of
skeletal muscle. 30 genetic mutations in the KCNA1 gene encoding for Ky1.1 have been identified
to be the underlying cause for episodic ataxia 1 [38]. Most of the mutations lead to altered
biophysical properties such as positive shift of activation voltage dependency or slower activation
kinetics among others, while some abolish channel activity. Several drugs improve symptoms, but
no single medication has proven efficient. How Ky1.1 mutations result in episodic ataxia 1
phenotypes are not clearly understood. Patients having the same mutation do not necessarily
respond to the same drugs, nor do they necessarily demonstrate the same disease
characteristics, which means that there are likely other factors than Ky1.1 mutations which are
involved. Mutations in Kv1.1 and Kv1.2 have also been identified in a subset of patients to be
involved in certain epileptic disorders with seizures associated to episodic ataxia 1 (Kv1.1) and

epileptic encephalopathy (Ky1.2).
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Kv1.6 exist in interneurons in the spinal cord, and also in dendrites together with Ky1.1 and Ky1.2
[37], and Kv1.3 is predominantly expressed in the cerebellum. In the brain, Ky1.5 is restricted to
glial and endothelial cells, but is also expressed in vascular smooth muscle cells together with
Kvl.2 and Ky1.4 [39]. Kv1.7 and Ky1.8 have not been detected in the brain, but Ky1.7 exist in
skeletal muscle and heart, and has also been suggested to play an active role in insulin secretion
in pancreatic beta cells [40]. Kv1.3 and Ky1.8 are highly expressed in the kidney where they

stabilize the membrane potential in the renal tubule [41].

Finally, in the heart, Kv1.4 and Ky1.5 play critical roles in the cardiac action potential [42]. One
loss-of-function mutation in Ky1.5 has been shown to cause atrial fibrillation [43], which is a
condition characterized by abnormal electrical activity in the heart, and predisposes the patient

to stroke and heart failure .

The expression pattern listed here is not comprehensive but highlights the predominant
localization of members in the Kyl subfamily. It remains a challenging task to make a complete
list of Ky channel tissue distribution and to identify the molecular function and cellular role of

each localised potassium channel gene.

1.4 Kv1 channel structure

The full amino acid sequence of Shaker is ~70% identical to the Kyl channels, with no homology
in the N- and C-termini, whereas the sequence of the transmembrane regions and the
intracellular tetramerization domain (T1) is ~90% identical (figure 1.2). Due to the early cloning
of Shaker in 1987 [11] and its high expression efficiency in Xenopus oocytes, the majority of
interpreted gating data is based on measurements obtained from Shaker. The first mammalian Ky
channel crystal structure, which was determined in 2005, was Ky1.2 from rat in complex with a
beta subunit (B2) [18], and was followed by a complete structure determination in 2007 at 2.4 A
of the Kv1.2/2.1 chimera [44]. Finally, a complete structure of the native Kv1.2 channel was
obtained by using a refinement method in 2010 [45]. These structures are the only available
mammalian Ky structures and have thus often served as models to explain functional data
obtained from Shaker. Overall, the Ky channel field has two structures, the bacterial KvAP and the
mammalian Ky1.2 channels and both are in the open state. The validity of interpretation of

functional measurements from Shaker using the Ky1.2 crystal structures is that both channels are
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related closely enough such that correlation of their data is appropriate. The high sequence
similarity between Shaker and Kyl channels (figure 1.2), as well as the correlation between
predicted structural features of Shaker and the Ky channel crystal structures, indicate that
functional Shaker data can be interpreted with Ky structural data. Shaker and Ky1.2 both exhibit
high sensitivity to channel block by 4-aminopyridine (4-AP) (Table 1) and voltage clamp
fluorometry studies show that the top of the S4 helix correlates with charge movement in both
channels [46, 47]. The two channels differ only slightly in gating charge, activation midpoint
voltage (Vso) and in the time course of C-type inactivation (Table 1). Considering the dissimilarity
in the loop regions (figure 1.2) such differences would be anticipated. However, Shaker and Ky1.2
differ in sensitivity to tetraethylammonium (TEA) block, which is due to a single amino acid

difference in the outer pore region [48].

Shaker Kv1.2
Gating charge 12-14 e( [49, 50] | 10-13 e [51, 52]
Vso 20 mV [53,54] | -8 mV [55]
4-AP ICso <1 mM [56] <1 mM [57]
TEA ICso 27 mM [58] >100 mM [48]
C-type inactivation time | 3.5 s [59] 5.55[59]
constant

Table 1 Comparison of selected functional parameters for Shaker and Ky1.2
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Figure 1.2 Amino acid sequence alignment of Kv channels

Amino acid sequence alignment of Shaker and the human Ky1 subfamily with locations of secondary structures.
Green residues are identical and blue residues indicate similarity. The C- and N-termini have been omitted for
space-saving purposes. Alignment is generated using T-coffee (http://tcoffee.crg.cat/apps/tcoffee/index.html)
with input sequence IDs: Shaker-P08510, Kv1.1-Q09470, Kv1.2-P16389, Kv1.3-P22001, Kv1.4-P22459, Kv1.5-
P22460, Kv1.6-P17658, Kv1.7-Q96RP8, Kv1.8-Q16322.
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Common to all Shaker-related channels is the structural architecture of tetrameric symmetry.
Each monomer consists of six transmembrane helices (51-56). A top-view of the channel shows
that the first four helices (51-S4) assemble in the periphery, linked to the pore domain by the
intracellular S4-S5 linker that behaves like a protruding arm, and S5 and S6 assemble in the
center to form the pore domain (A-B). This organization allows the S1-S4 region to act as
independent voltage sensors controlling the ionic pathway. A Ky signature sequence, PXP, is
located at the intracellular end of S6 and constitutes the main activation gate which bends open
upon pore opening (red residues in figure 1.3C) [18, 60]. A re-entrant loop of the S5-S6 linker
forms a narrow selectivity filter which contains the GYG signature sequence [18]. High K*
selectivity is obtained by the unique ion binding sites which consist of carbonyl oxygens oriented
towards the pore (dark blue residues in figure 1.3C). When entering the selectivity filter, the K*
ion’s interaction with water molecules is replaced by interaction with the carbonyl groups [14,
61]. The ions pass through the selectivity filter in a single file diffusion arrangement where each
ion binds strongly to the selectivity filter but at the same time is destabilized by repulsion of the
neighboring ion [61]. This is how the channel exhibit both high K* selectivity and a high K*
permeation rate. The flexible glycines in the GYG motif allows the selectivity filter to adopt

different conformations which prevent ion conduction (C-type inactivation).
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4 x voltage sensors (S1-S4)

A

Figure 1.2 Overview of Ky channel structure and function

A) Crystal structure of the tetrameric Ky channel showing the top view (PDB: 2R9R). The four voltage sensors are
symmetrically arranged as modules around the central pore which contains the selectivity filter. B) Cartoon of
the relative rearrangement of the four subunits shows how this organisation allows independent VS movement
and cooperative pore movement C) Ky1.2 crystal structure showing the S5-S6 helices of two subunits. Potassium
ions are shown as grey spheres and the selectivity filter residues are highlighted in dark blue. The PXP motif at
the bundlecross is highlighted in red, and in yellow is shown the interaction between Trp434 and Asp477.

There exist four main conformations of the Shaker channel which dictates the flow of K* ions
(figure 1.4). In resting state or when deactivated, the channel is closed by the bundlecrossing of
the four S6 intracellular C-termini. In the open activated state, the bundlecrossing widens and
allows K* ions to pass. A third state is the N-type inactivated state in which the channel’s N-
terminus functions as a plug that inserts into the intracellular opening and blocks the pore.
Finally, there is the C-type inactivated state in which a gate at the extracellular portion of the

pore obstructs the ionic pathway.

13



CHAPTER 1

INTRODUCTION
selectivity
closed filt —VS
[ '.' l,": I'." :1 \

S4-S5L S6 bundlecross

N-type inactivated C-type inactivated

e ~ Ce SN . —
[T ( ,.-E:/ \ ? S ) f,:.?r+!,-

\*y

Figure 1.3 Main conformational states of Shaker

Cartoon illustrating the different states which regulate the flow of K* ions through the pore. When closed, the
voltage sensors are deactivated and the S6 bundlecross blocks the intracellular pathway. In the open state, the
voltage sensors are activated and the S6 bundlecross has widened to allow K* to flow through. The intracellular
N-terminus of either the a subunit (Shaker) or the B subunit (Ky channels) enters the pore and blocks the ionic
pathway leading to N-type inactivation. In absence of N-type inactivation, the selectivity filter rearranges which
also blocks the ionic pathway and results in C-type inactivation. For clarity, only two subunits are shown.

1.5 Mechanism of Ky channel activation

The process by which Ky channels transition from the deactivated state to the open activated
state can be divided into three distinct but tightly coupled mechanisms: Voltage sensing,
electromechanical coupling and pore opening. Each mechanism is accomplished by
rearrangements in different parts of the channel which are connected structurally and/or
energetically. The probability of an open channel is regulated by the voltage sensor which in turn

depends on the membrane potential.

The voltage-dependency originates primarily from four arginines in the fourth transmembrane
helix, S4. The number of translocated charges per channel has been determined experimentally
[49] and theoretically [50] to be 13 elementary charges. Numerous biophysical and
computational studies have investigated the resulting motion of the S4 helix, and although they

differ in relative distances, a current understanding of the voltage sensor movement has
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converged towards a general consensus model [62, 63]. Upon membrane depolarisation, the S4
helix undergoes a 7-10 A vertical displacement to accommodate the change in the electric field.
The electric field has been shown to be highly focused in water-exposed crevices in the VS
domain facing the intracellular and extracellular compartments during hyperpolarization and
depolarisation, respectively [64]. This explains why the arginines do not need to traverse the
bilayer completely to account for the displacement of 13 elementary charges. A second S4 helix
movement is accompanied by a tilt and a rotation around its helical axis. The first movement (Q1)
occur independently in each VS, applying a force onto the S4-S5 linker. Then, during the second
S4 charge movement (Q2), energy is released to the pore domain in a cooperative
conformational change which finally results in widening of the bundlecross at the intracellular S6

gates.

The VS movement does not exclusively depend on the rearrangement of charges but requires
also a network of stabilizing residues. Substitution studies, performed in Shaker, in the region
surrounding the gating charges have identified several hydrophobic residues to play a key role in
shaping the steric and energetic landscape as the voltage sensor moves from resting to activated
state [65]. These residues are collectively called gating pore residues and are situated close to the
membrane center within S1-S3. While one residue (Ser240) allows the passage of arginines,
others make up a narrow constriction forming a barrier as a hydrophobic plug (lle237 and 11e287)
[65]. Finally, two phenylalanines form molecular clamps and stabilize the arginines in the

activated state via cation-pi interactions (Phe244 and Phe290) [66, 67].

Although complex, the described VS process is relatively well understood. However, when it
comes to how the VS governs the state of the pore, the underlying mechanism remains less clear.
A fraction of the displaced charges has been shown to be associated with pore opening [67-69]
during which the S4 helix also moves [70]. Since pore opening is a transition that requires a
cooperative movement of all four subunits, it means that the VS movement is not exclusively
independent but also includes a cooperative component. In agreement with this, VS movement
has been found to consist of the two major components, Q1 and Q2, which accounts for
approximately 80% and 20% of the total displaced charge, respectively [13]. Electromechanical
coupling of voltage sensor movement to pore opening is an ongoing subject as the molecular

mechanism behind the cooperative motion is not fully understood. The tetrameric organisation
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of the channel shown in figure 1.2B, gives an idea of how cooperativity regulates pore opening.
The pore region (S5-S6) of each subunit overlaps with that of the adjacent subunit suggesting

that intersubunit interactions are required for the pore to open.

Box 1.1 Two-state closed-open channel

When considering the state of the channel pore as a two-state closed-open process in which the
voltage sensor either resides in the closed deactivated state or in the open activated state, the

transition barrier depends on the relative free energy,

AG = AG; + AG,, (1.2)
where

AG; = RT - In(K) (1.2)
is the voltage-independent chemical energy difference with the equilibrium constant K, and

AG, = zZFV (1.3)

is the voltage-dependent electrical work required to activate the voltage sensor, where z is the
displaced charge in response to the voltage V, and F is the Faraday constant. The probability of
being in the open state Py, is given by:

P, 1 1 1

_ _ _ _ _ (1.4)
Po+FP; 1+Py/Pc 1+exp(%) 1+exp(RT ln(RI?-*_ZFV)

Py

At equilibrium, K can be written as zFV1/,, where Vi, is the voltage at which 50% of the voltage

sensors have activated (or 50% of the channels are open). Equation 1.2 then rearranges to:

1

V_ Vl/z !
dv

P, = (1.5)

1+exp(

where the midpoint value of activation is Vi/,, and the steepness of the curve dV=RT/zF which is
related to the number of displaced charges, are useful comparative parameters in characterizing
effects of mutants on the open probability (P,). Voltage sensor activation is experimentally
measured as gating currents which are caused by movement of charges within the membrane
[12]. The voltage dependency of charge displacement is then obtained by plotting the integrated
gating currents as a function of voltage (QV curve) which then can be fitted to the Boltzmann

function, equation 1.3, to obtain dV and Vi,».
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1.5.1 Electromechanical coupling
The S4-S5 linker is the covalent link between the VS and the pore region (figure 1.5A). Early
indications on its pivotal role in coupling VS movements to pore movements showed that a
voltage-dependent channel was functional as long as the S4-S5 linker and the S6 tail were
compatible, as in from the same channel [71, 72]. The S4-S5 linker lines the intracellular
membrane leaflet in a radial position well situated to translate S4 motions to pore movements
(figure 1.5A). A general understanding of the coupling process is that the combined movement of
the S4 helix during activation exerts a mechanical force on the S4-S5 linker which in turn acts on
the S6 bundlecross. In the Ky crystal structure monomer, the S4-S5 linker is closely situated in
parallel to the bundlecross, which could explain how the linker mechanically affects the state of
the pore (red subunit, figure 1.5B). Indeed, it has been shown that hydrophobic interactions
between residues of each region are critical for coupling VS movement to pore opening (light-
pink residues in Figure 1.5B) [73, 74]. However, such intrasubunit interactions are not exclusively
responsible for electromechanical coupling and cannot account for cooperativity. In fact, the
coupling of movements is more complex than a simple push-and-pull mechanism. Substitution
studies show that the ILT triple mutant (V369I, 1372L, S376T) situated in the S4 helix, disrupt an
energetic coupling between the VS and the pore, such that the final cooperative step is isolated
from the early independent VS movements, and is shifted to very positive voltages [68, 70].
Another group of mutations situated on the inner S5 helix also perturb the transition towards the
concerted opening [75]. Interestingly, these two groups cluster together in close physical
proximity in the Ky channel crystal structure of adjacent subunits (yellow residues in figure 1.5B).
Their individual profound effects on coupling of independent VS movements to concerted pore
movement, and their possible intersubunit interactions strongly suggest that they play a key role
in electromechanical coupling as well as cooperativity. Finally, an intersubunit interaction
between the S6 and the corner of the S4-S5 linker and S5 has been shown to be crucial for
stabilization of the open state (blue residues in Figure 1.5B) [76]. Taken together, the transfer of
movements between VS and pore involves a network of stabilizing molecular interactions, but

the exact structural implications and sequence of events of these interactions remain unresolved.
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Figure 1.4 Shaker channel topology and gating residues

A) Ky channel topology B) Ky2.1 crystal structure [18] showing parts of two adjacent subunits (red and green)
with gating residues and interactions important for electromechanical coupling and pore opening. The group of
hydrophobic residues in the S4 helix (ILT: V369, 1372, S376) [68] and the inner S5 residues (L398, F401, F402,
1405) [75] are shown in yellow. Residues involved in intersubunit interactions between the S6 tail and lower S5
helix are shown in blue [76]. Annealing of the S4-S5L (L382-T388) to the S6 helix (Y481-H486) is shown in light
pink [72, 73, 77]. The voltage sensor of the red subunit has been removed for clarity.

1.6 Mechanism of Ky channel inactivation

Voltage-gated ion channels can undergo inactivation, which is a mechanism where the pore
becomes non-conducting before the intracellular gates open (closed-state inactivation) or has
already opened (open-state inactivation). The various inactivation mechanisms display a wide
range of rates (from milliseconds to minutes) and provide functional diversity for cells to shape
action potentials and to regulate their physiological roles. Ky and Nay channels can be inactivated
by binding of a cytoplasmic region to the pore which prevents ion flow. For Ky channels, it is the
N-terminal region [78, 79] which binds only after pore opening [80] (N-type inactivation),
whereas for Nay channels, it is a cytoplasmic loop [81, 82] which can bind to both a closed and an
open pore [83]. A second usually slower inactivation mechanism in Nay and Ky channels involves
global conformational changes surrounding the pore region and the selectivity filter (slow
inactivation or C-type inactivation) which in Ky channels result in pore constriction (discussed
below) whereas the mechanism is less understood in Nay channels [84]. U-type inactivation is a

different kind of slow inactivation which has been identified in certain Kv channels, including

18



CHAPTER 1

INTRODUCTION

Kv1.5, Kv2.1, Kv3.1 and Shaker [85-87]. U-type inactivation exhibit different properties than C-
type inactivation (e.g. in voltage-dependency, sensitivity to external potassium and blockers) and

the molecular determinants are much less understood.

1.6.1 N-type inactivation

N-type inactivation in Ky channels modulates neuronal excitability and signaling by means of
shortening the time that current passes through the channel. In N-type inactivation, the long and
flexible N-terminus of one of the four subunits enters the side window of the cytosolic
tetramerization T1 domain (T1) and physically occludes the open pore to block the ionic pathway
in a ball-and-chain mechanism (Figure 1.6A) [78, 79, 88]. Inactivation can be eliminated by
removing the N-terminal sequence and be restored by cytoplasmic application of the N-terminal
peptide to the channel [78, 79]. Shaker, Ky1.4, Ky3.4 and Kv4.2 channels are intrinsically
inactivated by the N-terminus [78, 89-91], while other Ky1 channels are inactivated by the N-
terminus of auxiliary 1 or B3 subunits [90, 92] (except Kyl.6 which has an inactivation
prevention domain [93]). The other Ky families do not undergo N-type inactivation. Derived
peptides of the inactivating N-terminus, or inactivation particle (IP), of Shaker, Kv1.4 and Ky3.4
are capable of blocking Kv1 channels although there is no sequence similarity in the IPs [94-96]
(figure 1.6B). Therefore, in contrast to the molecular mechanisms of VS activation and pore
opening, the binding of the N-terminus does not seem to require specific amino acid interactions.
Instead, the rate of inactivation depends on long-range electrostatic interactions between the
chain and putative receptor sites [18, 79, 97, 98], and final pore block depends on general
hydrophobic interactions between the tip and pore region [88]. In agreement with this
understanding, the first 5-9 amino acids of the IP (inactivation particle) are mainly hydrophobic,
while the downstream 20-40 amino acids, which act as the chain, are mainly hydrophilic carrying

a net-positive charge (figure 1.6B).
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Shaker MAAVAGLYGLGEDRQHRKKQOQQOQOHOKEQLEQKEEQKKIAERKLOLREQOLORNSL +2

Kvl.4 MEVAMVSAESSGCNSHMPYGYAAQARARERERLAHSRAAAAAAVAAATAAVEGSGGS 0
Kv3.4 MISSVCVSSYRGRKSGNKPPSKTCLKEEMAKGEASEKIIINVGGTRHETYRSTLRTL +6
KvB3 MQOVSIACTEQNLRSRSSEDRLCGPRPGPGGGNGGPAGGGHGNPPGGGGSGPKARAAL +3

KvBl.1 MOVSIACTEHNLKSRNGEDRLLSKQSSTAPNVVNAARAKFRTVAITIARSLGTETPQOH +5
KvBl.2 MHLYKPACADIPSPKLGLPKSSESALKCRWHLAVTKTQPOAACKPVRPSGAAEQKYV +5
KvBl.3 MLAARTGAAGSQISEENTKLRROSGESVAGKDKSPKKASENAKDSSLSPSGESQLRA +4

Figure 1.5 N-type inactivation in Ky channels

A) Structural overview of the ball-and-chain mechanism where the N-terminus of either the alpha (left) or the
beta (right) subunit enters the side window of the T1 subunit (in yellow) and binds to the open pore B)
Comparison of N-termini of Shaker and of human Ky channels and of B subunits (residues 1-60) which are
responsible for N-type inactivation. Hydrophobic residues are colored in red and charged residues in blue. To

the right is noted the net charge. Sequence Uniprot IDs: Shaker-P08510, Kv1.4-P22459, Kv3.4-Q03721, KvB3-
043448, Kvf1.1-Q14722.2, KvB1.2-Q14722.3, KvB1.3-Q14722.

It is interesting that different IPs can block the same channels. It suggests that the inactivation
pathway is not identical although the receptor site is the same. As an example, the N-terminal
glutamates in Ky1.4 (E2 and E9) are of unique importance for efficient inactivation [99], whereas
insertion of glutamates in the same region of the Shaker N-terminus has the opposite effect (L7E)

[78].
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In the Kyv1.2 crystal structures [18, 45], the channel is in complex with a B subunit which do not
cause N-type inactivation (B2), so the position and structure of the IP is not known. NMR studies
of IPs indicate different conformations ranging from unstructured (Shaker) to structured (Kv1.4
and Ky3.4) [100, 101]. These observations suggest that the IP could either always be disordered
and available to bind inside the channel after the pore opens, or that binding to early receptor
sites trigger a structural unfolding. Interestingly, a recent computational study with Shaker shows
that an IP adopting a helical structure spontaneously enters the inner cavity of the pore, and then

inserts the tip deeply into the pore when driven by voltage [102].

1.6.2 C-type inactivation

The other inactivation mechanism in Shaker is C-type inactivation and occurs at the selectivity
filter. The structural basis of the C-type inactivated state is well understood. First, molecular
dynamic simulations of the KcsA channel shows that flexibility provided by the glycines in the
GYG motif allows the selectivity filter to adopt several conformations which disturb coordination
of the ions, which in turn prevents ion conduction [103]. In agreement with this, X-ray
crystallography studies of inactivated KcsA channels show a confirmation in which the selectivity
filter is pinched inward at the GYG motif [88, 104]. Also, C-type inactivation is highly sensitive to
external K* [105, 106], pore blockers [107, 108], cations [109, 110] and mutations in the region
surrounding the pore [105, 111, 112], but the mechanism which initially drive the filter to
rearrange and cause inactivation is less clear. One hypothesis is that K* dissociation from the pore
caused by the occasional entry of cations favors the inactivated state [110]. Alternatively,
opening of the S6 helical bundlecross has shown to be allosterically coupled to the inactivation
gate via a network of steric contacts which in the end cause the filter to collapse [112]. C-type
inactivation is a complex process which may involve both mechanisms. Possibly, coupling of the
S6 gates to the inactivation gates constitute an intrinsic way for the channel to ensure
inactivation, whereas ion vacancy is an extrinsically regulated pathway which accelerates the

transition into inactivation further.

An interesting feature of the C-type inactivated state is the presence of water molecules behind
the selectivity filter, as demonstrated by molecular dynamic simulations on the KcsA structures

[113]. It is shown how recovery of the pinched GYG motif requires release of the water molecules
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to the extracellular side. However, the molecular determinants behind the initial entry of the
water molecules is not corroborated, yet, and it is not certain whether the water molecules are in
fact causing the pinched state. To get a complete understanding of C-type inactivation, it is
necessary to find out how and if, activation of the S6 helical bundle and/or K* dissociation leads

to entry of the inactivating water molecules behind the filter.

Molecular dynamic simulations on Ky1.2 [114] support a link between C-type inactivation and
water molecules as “gate keepers”. A hydrogen bond between Trp434 and Asp477 (yellow
residues in figure 1.3C) keeps water away from entering behind the selectivity filter [114]. The
W434F mutation is a well known mutant used to abolish ionic currents without affecting the
intracellular gate [115] and it has been shown that this mutation results in a constitutively C-type
inactivated channel [111]. W434F has therefore been widely used to investigate gating currents.
The absence of a hydrogen bond between Trp434 and Asp477 in W434F channels is probably
what is accelerating the transition into the C-type inactivated state, by allowing water molecules

to enter from the external solution.

1.7 Genetic incorporation of unnatural amino acids

Given the important roles of proteins in biology, it is desirable to be able to manipulate proteins
for understanding structure-function relationships and for generating proteins with new
properties. Many efforts have been made to incorporate UAAs into proteins to introduce new
functional groups different from those found in canonical amino acids. To add a new amino acid
to the genetic repertoire, a codon is needed that uniquely specifies that amino acid. The 20
canonical amino acids are encoded by 61 triplet codons, leaving the remaining three stop-codons
(TAG, amber; TAA, ochre; and TGA, opal) as candidates for suppression for the incorporation of
an UAA. The amber stop codon has been the most used for UAA incorporation as it is the least
frequent stop codon in E.coli (9%), yeast (24%) and mammalian cells (~18%) [116] thus limiting

UAA insertion at endogenous sites.

In 1989, Dr. Schultz reported for the first time the incorporation of UAAs into a protein in a cell-
free system via chemical aminoacylation of a suppressor tRNA [117]. In the following decade it
was established that the nonsense suppression method could become a general tool in modifying

proteins enabling unprecedented structure-function studies. Indeed, in 1995 the approach was
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expanded to function in living cells in Xenopus oocytes where the amino-acylated tRNA was
injected with the UAA and protein-encoding mRNA [118]. The high expression efficiency of
Xenopus oocytes combined with the high sensitivity of electrophysiology made it possible to
probe UAA insertion, and once again did Xenopus oocytes play a valuable role in developing a
tool for the understanding of ion channels. Today, more than 20 channels and receptors have
been expressed with more than 100 different UAAs using the chemical aminoacylation strategy
[119]. Although successful, the technique is limiting as the stoichiometry of injected amino-

acylated tRNAs still produces relatively small amounts of protein.
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tRNA charged tRNA chain
\, j ‘ ribosome
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Figure 1.6 Cartoon of genetic incorporation of UAAs via in vivo aminoacylation.
The UAA is specifically aminoacylated to the tRNAAYC by the tRNA synthetase. The charged UAA-tRNA®A is then

recognized by the ribosome when translation of the protein mRNA reaches the amber codon, and the UAA is
then inserted into the growing peptide chain.

An alternative technique relies on in vivo aminoacylation using an engineered aminoacyl tRNA
synthetase (aaRS) which specifically charges the tRNA with the UAA without cross-reaction with
endogenous tRNAs or amino acids (orthogonality) (figure 1.7). Orthogonality is achieved by
identifying aaRS/tRNA pairs from other organisms, which then are altered to specifically
recognize an UAA via directive evolution using large libraries of mutant aaRS’s. In 2001, the
Schultz laboratory generated an orthogonal tRNA/synthetase pair to function in E. coli by
importing it from the archaea Methoanoccus jannaschii whose tRNA™Y" identity elements differ
from those in E.coli [120]. In the following years, the genetic code expansion advanced rapidly to
also include yeast and mammalian cells, in which bacterial aaRS/tRNA pairs are generally
orthogonal [121]. So far, three bacterial (tyrosyl, leucyl, tryptophanyl) and one archaea

(pyrrolysyl) aaRS/tRNA pair have been used to incorporate distinct UAAs in mammalian cells
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[121]. Today, almost 200 different UAAs have been incorporated into proteins in prokaryotic and

eukaryotic organisms using the in vivo aminoacylation strategy [122].

1.8 Protein translation

While orthogonality between the UAA and the engineered synthetase/tRNA pair is necessary to
obtain specificity and high incorporation fidelity, it is not a guarantee. There are other
mechanisms of the translational machinery in the cell, which can cause unwanted expression of
proteins lacking the UAA.

The process of translation is a step in gene expression during which the single stranded mRNA is
translated into protein, according to the genetic code. Each group of three bases in the mRNA
molecule codes for an amino acid. Within all eukaryotic cells, translation occurs in a specialized
complex called the ribosome, which is located in the cytoplasm, and consists of two large RNA
molecules (40S and 60S) and a subset of ribosomal proteins.

When the mature mRNA has left the nucleus, translation begins at the 5’end of the mRNA and
ends at the 3’end. An initial complex structure of three initiation factor proteins and the small
40S ribosomal subunit assembles and binds a methionine-charged tRNA. Subsequently, this
complex binds to the mRNA 5’end (figure 1.8) and starts to scan the mRNA for the 5’-proximal
AUG codon. The large 60S ribosomal subunit binds to the complex and initiation factors are
released (figure 1.8). The next step is elongation during which incoming charged tRNAs are
recognized by the ribosome according to the mRNA codon, and peptide bonds are formed
between the amino acids to create a growing polypeptide chain (figure 1.8). Elongation continues
until the ribosome encounters a stop codon, and release factors then binds to facilitate release of
the ribosome from the mRNA.

Most mammalian mRNAs follow the straightforward model of linear ribosome scanning, in which
initiation occurs exclusively at the 5'-proximal AUG codon, and termination occurs at the
downstream stop codon at the end of the open reading frame (ORF). Factors such as sequence
context and RNA structure can influence the scanning efficiency and cause alternative translation
resulting in different proteins [123]. Both start and stop codons can be “ignored” by the
ribosome (readthrough and leaky scanning) resulting in alternative ORFs [123, 124]. Resumption

of scanning after termination on the same mRNA is also a mechanism in eukaryotic ribosomes
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(reinitiation), adding possibilities to the mRNA coding potential [124]. In this case, the 40S

subunit is not released from the mRNA, but stays in a complex with the mRNA. This only happens

when the first ORF is short (e.g. 10-20 codons), such that initiation factors are still connected to

the ribosome, thus allowing a resumption of scanning for another start codon further
downstream.

initiation
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Figure 1.7 Protein translation

Cartoon of the eukaryotic translation machinery. Yellow boxes represent initiation factors which form an
initiation complex with a methionine-tRNA, the mRNA and the 40S ribosomal subunit. When scanning for the 5’-
proximal AUG start codon, the 60S subunit binds to the complex and initiation factors are released which marks
the beginning of the next step, elongation. The ribosome reads the mRNA codons in a base-by-base fashion,
binds to the corresponding tRNAs and creates peptide bonds of the incoming amino acids to form a polypeptide
chain.

If a stop codon resides near the initiation site (by spontaneous mutation or naturally occurring),
there is a possibility that gene expression is compromised. In figure 1.9A is shown an example of
an mRNA ORF (blue frame is translated). Then, in figure 1.9B is shown three translation scenarios,
in the case where a premature stop codon is mutated in close vicinity to the start site. Linear
scanning would result in ribosomal release and give one short ORF. On the other hand, stop-
codon readthrough would ignore the stop codon and yield a full length ORF. Since the stop codon
is close to the first initiation site, it is also likely that initiation factors are still bound and allows

for resumption of initiation at an alternative downstream start codon, thus yielding two ORFs.
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When using UAA incorporation with non-available UAA-charged tRNAs, a number of things can
happen depending on the position of the stop codon. Ideally, the ribosome stops translation
when it encounters the amber stop codon and releases from the mRNA such that no functional
protein is translated. This scenario constitutes an intrinsic control for UAA expression, but only if
the stop codon is not situated in the C-terminal portion such that a C-terminal truncated and
functional protein would be expressed. On the other hand, if the stop codon is situated in the
near N-terminal portion, the ribosome may reinitiate translation and result in N-terminal
truncated proteins. The latter scenario is demonstrated in chapter 6 where we shed light in
important translational factors. Therefore, for each amber stop mutation for any UAA
incorporation in any protein, it is important to consider all translational scenarios and measure
the amount of leak expression in absence of the UAA to be able to evaluate potential effects of a

mixed population during UAA experiments.
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Figure 1.8 mRNA open reading frames and premature stop codons

A) Example of an mRNA ORF where the blue frame indicates translated area. In B) are shown three translation
scenarios in case of a premature stop codon. Normal linear scanning results in a short ORF, whereas
readthrough of the premature stop codon would result in a full length ORF as in A). Reinitiation of translation at
a downstream start codon would result in two ORFs.
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1.9 Cut-open oocyte voltage clamp

Two-electrode voltage clamp (TEVC) and patch clamp are powerful tools which have
characterized numerous functional properties of electrogenic membrane proteins in oocytes. In
TEVC, a current-injecting and a voltage-sensing electrode are inserted into the oocyte to control
the membrane potential of the whole membrane. In TEVC, the oocyte membrane is large
compared to the single points through which current is injected and voltage is sensed, which
likely causes a non-homogenous clamp before the whole membrane is fully charged (space
clamp). The oocyte membrane is also highly invaginated, adding further to a non-homogenous
clamp. It means that the measurement of fast kinetics is compromised by imperfect space clamp,
and that recording of fast currents (currents with the same timescale as the time it takes to
charge the membrane) do not necessarily originate from a population of channels which is
experiencing the same voltage, but is rather a sum of differently clamped channels. In addition to
the space clamp issue, the speed with which the membrane potential is changed is not fast
enough to resolve fast currents in TEVC (clamp speed). In other words, charging the membrane

capacity takes longer time than the kinetics of certain currents of interest.

In order to optimize accurate recordings of fast signals, Drs. Bezanilla and Stefani built the cut-
open oocyte voltage clamp (COVC) technique in the 1990’s [12, 125-127]. One way to improve
the clamp speed, is to limit the access resistance originating from the current-injecting pipette. In
COVC, this is done by injecting the current through a “cut-opened” oocyte, giving electrical access
to the cytosol. This is obtained by mounting the oocyte onto an apparatus of three electrically
isolated compartments (the bottom chamber, guard shield, and top recording chamber) as
illustrated in figure 1.10. The concept of separating different parts of the cells via electrical
insulations is inspired by the sucrose and vaseline gap methods, which were developed to

measure the membrane potential in nerve or muscle fibers [128, 129].
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Figure 1.9 lllustration of the COVC and VCF setup

A permeabilized oocyte is mounted on a chamber of three electrically separated compartments. The bottom
chamber is clamped to 0 mV (as measured by V1), while the top chamber and guard shield are clamped to the
command potential (as measured by V2). V1 senses the voltage under the membrane and current is injected
into the oocyte via the bottom chamber. For fluorescence measurements, the excitation light is directed
towards the oocyte surface via a dichroic mirror and the emitted light is detected by a photodiode. Inset to the
right illustrates the difference between COVC and TEVC. The red lines indicate injected current flow, and the
bold part of the membrane highlights the clamped region.

The current is now injected via the solution in the bottom chamber through a saponin-
permeabilized part of the oocyte. By eliminating the pipette resistance, the membrane can be
charged within less than 1 ms (in optimal conditions, even a 24 us charging time constant can be
achieved [127]). The COVC configuration also improves the space clamp issue as only the upper
chamber is clamped, and the geometrical arrangement of the clamped area and the area of
current injection are comparable in size (inset, figure 1.9) Finally, the intracellular solution can
also be controlled in COVC, allowing application of intracellular blockers or changing the ionic

composition.
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During COVC recording, the bottom chamber is connected to ground and maintained at 0 mV as
measured by the voltage-sensing electrode impaling the oocyte in the top chamber (V1). The top
chamber and the guard shield are clamped to the command potential (V2). The purpose of the

guard shield is to prevent electrical leakage between the lower and top chamber.

Protein expression in xenopus oocytes is not symmetrically distributed, but is polarized in the
animal versus the vegetal pole [130, 131]. Different levels of heterogenous channel expression
can yield different current phenotypes (e.g. by external K+ accumulation in the case of high
Shaker channel density). Also, asymmetrically distributed endogenous auxiliary subunits may
affect open probabilities. It is therefore preferable if the fluorescence in VCF is collected from the
same region which is clamped, such that fluorescence and current data originate from the same
channels. Since the main purpose of VCF is to compare fluorescence with current signals and
relate their kinetics and voltage-dependencies to each other, the COVC configuration is more
suitable compared to TEVC, since in TEVC, the whole membrane is clamped, and in COVC, only
the upper chamber is clamped. Moreover, due to the non-uniform space clamp during the time it
takes to charge the membrane in TEVC, the issue becomes even more important when accurate

comparison of fast fluorescence and current signals is needed (< 1ms).

1.10 Voltage clamp fluorometry

While electrophysiology provides functional information about voltage-dependent states of a
channel, insights into the underlying conformational changes are lacking. The ability of certain
molecules (fluorophores) to emit photons has been used for decades to investigate molecular
and cellular mechanisms, and advanced fluorescence-based techniques have become an
important tool in biophysical research due to the diverse utilization of fluorophores. Voltage
clamp fluorometry (VCF) takes advantage of a fluorophore’s sensitivity to the local environment,
and thus it’s ability to sense certain structural changes within proteins. Before describing VCF, the

underlying concepts of fluorescence is introduced first.

1.10.1 Fluorescence basics
Whether a molecule can fluoresce depends on the energy levels of the electrons within the

molecule. For the molecule to absorb a photon, the energy of the photon must correspond to the
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electronic transition between the ground state (SO) and a higher electronic state (S1) (figure
1.11A). Usually, the absorbed photon contains more energy than is necessary for the S0-S1
transition, which results in excitation to a vibrational level. Following vibrational relaxation to the
S1 state, the fluorophore can return to SO through non-radiative processes or by emitting a
photon (figure 1.11A). The probability of a molecule absorbing a photon is described by the
extinction coefficient (€), while the probability of emitting a photon is described by the quantum

yield (QY), and the “brightness” of a fluorophore is proportional to both factors.

Box 2.1 Photophysical parameters of fluorescence

The extinction coefficient € (L-mol™*-cm™) is given by the Lambert-Beer formula:

_log%_A -
T cTTc 2D

, Where A is the absorbance which depends on the intensity before lp and after | absorption, [ is

the length of the absorbtion path (cm) and C is the molar concentration (mol/L).

The QY is expressed as the number of emitted photons/sec divided by the sum of all pathways to
the SO ground state:

kr

y=—tA
ey

(2.2)

, Where ks is the radiative rate constant leading to fluorescence, and kxr is the non-radiative rate

constant.

When the fluorescence intensity during VCF recordings changes due to a protein rearrangement,
it is caused by one of two possible mechanisms. Quenching is a mechanism where the
fluorophore’s ability to emit photons is decreased due to contact with another molecule (a
qguencher). The effect of quenching can be seen as a decreased excitation spectrum (figure
1.12B). The quenching efficiency is strongly distance-dependent and requires physical contact,
i.e. overlap of the van-der-Walls radii (~ 2-3 A). An efficient quencher which decreases the QY of
most fluorophores is molecular oxygen. Other quenchers include aromatic or aliphatic amines
and the heavy atom quenchers iodide and bromide. A relevant group of quenchers regarding VCF

is amino acids within the protein itself. While tryptophan and tyrosine quenches fluorescein

30




CHAPTER 1

INTRODUCTION

[132], Alexa fluorophores are also quenched by histidine and methionine [133]. Tryptophan itself,
a fluorescent amino acid, is quenched by lysine, tyrosine, glutamine, asparagine, glutamic and

aspartic acid and most efficiently by cysteine and histidine side chains [134].
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Figure 1.10 Fluorescence parameters
A) Jablonski diagram illustrating excitation of a molecule from the SO ground state to a vibrational level of the
S1 excited state. The molecule returns to ground state either via a non-radiative pathway (knr) or by emitting a
photon (kf). The energy of the emitted photon depends on the solvent hydrophobicity. B) Example of
absorption (purple) and excitation (turquoise) spectra, with the effects of fluorescence modulation by either
quenching or solvent relaxation.

While quenching is observed as a reduction of the fluorescence intensity, the energy of the
emitted photons is also a valuable parameter, which brings us to the second factor that
modulates fluorescence in VCF. When the fluorophore’s intrinsic dipole moment changes during
excitation, while surrounded by dipoles such as water molecules, the energy difference between
SO and S1 decreases due to two reasons. In the ground state, the surrounding dipoles will have
aligned with the SO dipole moment. Upon excitation, the (now) S1 dipole moment is no longer in
alignment with the surrounding dipoles, leading to a higher energy state. This difference defines

the wavelength of excitation. The surrounding dipoles will now align to the new S1 dipole
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moment, effectively lowering the energy of the excited state (figure 1.11A). When the electron
returns to the ground state, the (now again) SO dipole moment is no longer aligned with the
surroundings, increasing the energy level of the SO state upon emission (figure 1.11A). For this
reason, the shift between excitation and emission is increased, leading to a shift of the emission
to longer wavelengths (figure 1.11B). This is called solvent relaxation and is the reason why the

spectrum shifts towards higher wavelengths when the environment becomes more hydrophilic.

The high sensitivity of the fluorophore to the surrounding microenvironment reflects the useful
application of fluorescence in studying local protein rearrangements. Whether the
rearrangements are associated with changes in the surrounding solvent hydrophobicity or with
quenching by nearby amino acids, the fluorophore is capable of probing relative conformational
changes within the immediate vicinity. Moreover, typical fluorophore lifetimes are in the
picosecond to nanosecond range which, in principle, permits detection of protein conformational
changes with high temporal resolution. In practice, the detection is limited by the temporal
resolution of stimulation initiating the protein movement (voltage/clamp speed, ligand

application, light activation) and of the detection system.

1.10.2 How conformational changes are detected with VCF

Voltage clamp fluorometry was developed shortly after the COVC technique in the Drs Bezanilla
and Isacoff laboratories [46, 135]. The approach for fluorophore labelling is based on scanning
cysteine accessibility mutagenesis, where exposed residues are identified via agents which
specifically react with accessible cysteines [136]. The protocol includes insertion of a cysteine at
the site of interest which needs to be extracellular and accessible. Also, removal of intrinsic
cysteines that could be accessible, is important to prevent unspecific labelling. Following
injection and oocyte incubation, the oocytes are incubated with a maleimide dye for 20 minutes
which, via thiol chemistry, becomes covalently linked to the available cysteines on the oocyte

surface (including endogenous cysteines).

The VCF setup used for the experiments in the thesis is based on the one described by Drs Cha
and Bezanilla (1998) [137]. An upright fluorescence microscope with a photodiode detection
system installed at the optical exit port on the microscope is used and a 100 W-12 V halogen

lamp is used as excitation source. The wavelength of the incoming light is selected by passing
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through an excitation filter. The light directed towards the oocyte surface via a dichroic mirror
and through a water-immersed 40X objective (figure 1.10). After excitation of the fluorophores
present at the oocyte membrane, the emitted fluorescence is collected by the objective and
passes through an appropriate emission filter (to exclude scattered emission) and is detected by
the photodiode which is connected to a signal processor to digitize the data. An electrical shutter
between the light source and the excitation filter is inserted to synchronize the light with the

applied voltage protocol.

In summary, the current and fluorescence in VCF is detected simultaneously in real time from the
same region of the oocyte, allowing direct comparison of gating current or channel opening
kinetics with associated conformational changes as experienced by the fluorophore. The use of
VCF is not limited to COVC or TEVC, but has also been successfully combined with patch clamp
and total internal reflection fluorescence microscopy [138-142]. Moreover, instead of
environment changes, the technique can be used to measure distance changes using fluorophore
pairs for Forster- and lanthanide-based resonance energy transfer (FRET and LRET) techniques

[143, 144].

The use of VCF with Shaker in Drs Bezanilla and Isacoff laboratories was a success [46, 135, 137,
145]. Extracellular voltage sensor domains had been TMRM-labeled and conformational changes
of the S4 corresponded to charge movements both kinetically and voltage-dependently,
confirming the role of S4 movement in channel activation. It rapidly led to application of the
technique in other research groups. As a result, key findings of several ion channel dynamics
followed, including voltage-dependent sodium and calcium channels [146, 147], ether-a-go-go K+
channels (EAG) [148], HCN and CNG channels [142, 149] as well as a voltage-dependent
phosphatase (Ci-VSP) [150]. In all the studies, the VS was TMRM-labeled and characterized and
compared to VS activation, pore opening or inactivation. Since sodium and calcium channels
consist of one large polypeptide chain, VCF allowed the study of individual VS movements. The
channels consist of 4 domains of same topology (6 transmembrane segments) but each domain
differ in primary structure and thus also contribute differently to channel function. In sodium
channels it was found that domain Ill and IV rearrange during inactivation. In calcium channels it
was found that domain Il and Ill moved during channel opening. The findings underline the

difference with respect to potassium channels, which consist of four identical subunits with equal
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contribution to the activation process. The S4 helix in EAG channels rearranged during gating, but
also at more hyperpolarized potentials where no electrical measurements show channel activity.
In HCN channels, S4 movements were identified during mode shift, and the S4 movement in CNG
channels unraveled a role in the cooperative opening mechanism. Together, the VCF experiments
confirm the role of voltage sensor movement during charge movement in ion channels, but also
demonstrate that the voltage sensor is involved in other mechanisms. The VCF study of Ci-VSP is
interesting because the protein exists as an isolated monomeric voltage sensor of S1-S4 while
also lacking a pore. Probing the S4 movements showed that the protein would still undergo
multiple rearrangements despite the absence of pore opening, indicating that the VS is

structurally stable on its own and undergoes several rearrangements as an independent module.

1.11 Thesis objectives

Because of their widespread physiological implications, ion channels are often involved in
mechanisms which are affected by the cause of diseases leading to a range of disorders and
symptoms complicating disease treatment, and further reduce life quality and life expectancy.
Therefore, in-depth studies of ion channel structure and function are not only necessary to
understand and diagnose channelopathies, but also contribute to the development of
therapeutic treatments for a range of many other diseases. Many antiarrhythmic drugs approved
by the FDA act on several types of ion channels due to their non-specific mode of action resulting
in various side effects and limiting their clinical use. A detailed atomic understanding of how ion
channels work would contribute to the development of drugs targeting a specific subset of
channels. High-throughput screening of ion channel drugs are useful techniques to identify drugs,
but without knowledge of why and how they affect channel function, development of highly

effective therapeutic treatments remains suboptimal.

The broader scientific issue is that we do not have the full picture, yet, of exactly how these
crucial proteins work on a detailed molecular and atomic level. What makes them change
between conformational states and what are the consequences? lon channels are nanomachines
which are responsible for communication between cells, keeping our body and mind working.
They are a fundamental force in biology and if we understand a given role of each amino acid

which is involved in fundamental workings of ion channels, we have the opportunity to
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understand how single mutations can cause drastic changes to function and cause disease,
allowing early diagnosis and efficient therapeutic treatment. We can target the channels, we can
copy them, we can enhance them, and we can control them, allowing the development of highly
sophisticated drugs. Such opportunities not only concern channelopathies, but all diseases in
which ion homeostasis plays a role directly or indirectly, which to the best of my knowledge

comprehend the totality of diseases.

Researchers have used a combination of electrophysiology, mutagenesis, X-ray crystallography,
molecular dynamics and optical methods to obtain a detailed biophysical characterization of
voltage-gated ion channels. Those techniques have provided most of what we know about the
structure and function of ion channels. Today we have an in-depth insight of three main
mechanisms of the Ky1 channels: ion conduction, voltage sensor activation and pore opening. We
also know the structure of the open activated state and we have a good understanding of the C-
type inactivated state of the selectivity filter. However, exact mechanisms explaining
electromechanical coupling between voltage sensor and pore, subunit cooperativity, the
molecular mechanism leading to C-type inactivation, and finally, the molecular pathway of the IP
during N-type inactivation, are incomplete. None of these mechanisms are limited to the
extracellular portion of the channel but develop within the transmembrane segments and/or in
the intracellular portion. Crystal structures of closed and inactivated states would provide
valuable structural information, but independent dynamic information is necessary to get a full

picture of the ion channel workings.

The introduction of fluorescent probes into proteins provides a powerful tool to study protein
dynamics. One method is the genetical fusing of fluorescent proteins (e.g. GFP) but due to the
large size >50 A and the typical requirement for C- or N- terminal fusing, the usage for local
probing is limited. A more useful method is based on the post-translational site-specific labeling
of fluorophores (e.g. TMRM) via thiol-reactive linkers and has indeed been successfully used to
probe conformational changes with voltage clamp fluorometry (VCF, described in section 2.3.2).
However, sites for fluorophore labeling must be accessible from solution (extracellular) and
cannot be within the lipid bilayer or buried deep within the protein. In addition, to avoid
unspecific labeling, cysteine-less constructs are needed which may modify the function of the

protein. These requirements limit the choice of sites and proteins to be studied considerably.
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The voltage clamp fluorometry (VCF) technique gives simultaneous functional and structural
information in an extremely high temporal resolution in a living cell. Much of what is known
about voltage-dependent channel movements facing the extracellular side in Kyl channels has
been provided by this approach. If such dynamic information could be obtained from any
location within the protein, and not just from sites which are accessible from the extracellular
side, it would have great potential in expanding our knowledge about the missing information of

Kv1 function and that of other voltage-gated ion channels.

With the recent advances in genetic incorporation of unnatural amino acids and the availability of
an orthogonal tRNA/synthetase pair capable of incorporating a small and environmentally
sensitive fluorophore (Anap) into eukaryotes [151, 152], we saw an opportunity to overcome the
limits of traditional VCF. By using Anap as a fluorescent probe, it would be possible to address
unanswered questions regarding rearrangements of intramembranous and intracellular regions
in Kyl channels. In my thesis the objectives consist of one technical issue concerning the
implementation of the Anap-VCF technique, and four main structure-function related issues

concerning Kyl channels:

1. The technical issue was to assess if incorporation of an fUAA using the in vivo amber
suppression method would be efficient enough for VCF. The initial challenge was to find out
whether high expression levels with Anap incorporation in Xenopus oocytes was possible.
Next, we would test if Anap even would be capable of emitting high enough fluorescence
intensity changes when probing protein rearrangements, by inserting it at a site where
fluorescence changes have already been reported with conventional VCF. Furthermore, since
use of the Anap tRNA/synthetase pair had not been described in Xenopus oocytes before, we
wanted to characterize the amount and origin of leak expression, if any, and determine
success of incorporation in general.

2. The scientific issues which we wanted to address using the Anap-VCF technique was first to
obtain information about the intracellular portion of the voltage sensor movement. This
would contribute to a complete understanding of the activation mechanism. The consensus
model of gating describes the charge displacement during activation to consist of at least two
charge components (Q1 and Q2), and of at least two main conformational changes in the

form of vertical displacement followed by twist and tilt [63]. Does the whole voltage sensor
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undergo the same movements? Or do different parts undergo different movements and if
yes, do they happen simultaneously or consecutively? We also wanted to investigate the
possibility that the bottom of the voltage sensor rearranges during pore opening since it is
bound to the S4-S5 linker which plays an important role in electromechanical coupling. By
comparing externally TMRM-labeled voltage sensor movement with internally Anap-labeled
voltage sensor movement in the same mutant, we would be able to answer these
fundamental questions about Ky1 channel activation.
Despite being independent modules, the voltage sensors are also intimately coupled to the
pore region via numerous interactions. The S6 bundlecross is known to widen during pore
opening as controlled by the voltage sensors, but there exists no direct physical measure of
the S6 bundlecross dynamics. Does pore opening really occur in one concerted step? Or are
there initial voltage sensor movements which translocate to the pore, even before pore
opening? Does the pore region also rearrange after pore opening?
Activation of the voltage sensors give rise to gating currents originating from the
displacement of charged amino acids within the transmembrane segments and widening of
the S6 bundlecross give rise to ionic currents originating from the passing K* ions. The
electrogeneric behavior of these regions is directly related to conformational changes which
is why these mechanisms are well characterized. However, dynamic information about the
S4-S5 linker movement is less understood because it is not intrinsically electrogenic and it is
not accessible for fluorophore labeling either. How does the linker move in relation to S4 and
in relation to pore opening? Is it just a passive mechanical arm, or is it directly implicated in
electromechanical coupling? Does it move as one rigid helix or as a dynamic and flexible unit?
Does it rearrange principally with the independent or with the concerted steps during
activation?
The last structural issue concerns N-type inactivation. When Ky1 channels undergo this rapid
inactivation (A-type currents), it shapes the length of the repolarization phase of an action
potential. The faster the channel inactivates, less channels are open and less current runs,
resulting in a longer period of repolarization, and vice versa. Moreover, when channels
inactivate, there is a refractory period during which the inactivated channels need to recover

from inactivation, determining the number of channels available for the next action potential
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(the IP needs to leave the binding site, for the voltage sensors to deactivate). Ky1.1 and 1.2
channels are often coexpressed with the auxiliary B subunit which is responsible for rapid
inactivation, and N-type inactivation is therefore a crucial mechanism in neuronal excitability.
Structural information about this mechanism is limited due, in part, to the flexible and
dynamic nature of the process. This is why voltage clamp fluorometry is a suitable technique
to investigate the dynamics of N-type inactivation. Electrophysiological, structural and
mutational studies of Shaker, Ky1.4, and Kyl channels coexpressed with auxiliary B subunits,
all suggest that the IP first enters the openings of T1 side windows followed by binding to the
open pore [78, 88, 153, 154] but any direct dynamic measurements about the process is
missing. The two main questions which we wanted to address was: How does the IP

rearrange to enter the pore binding site and where does the IP reside at rest?
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Chapter 2

Methodology

2.1 Oocyte handling and injection

Oocytes from the South African clawed frog Xenopus laevis have become a widely used
expression system for heterologous proteins since the discovery of their ability to express
proteins when injected with foreign mRNA in 1971 [1]. Due to their large size (1 mm), easy
handling and relatively limited number of endogenous membrane proteins [2], the oocytes are
especially well suited for investigating membrane transport mechanisms on a cellular level using
electrophysiology. Finally, RNA or DNA is easily introduced into oocytes for heterologous
expression using simple injection apparatus, and the oocytes can be cultured up to several days.
To give an example of the expression efficiency in oocytes, the channel density for
heterogeneously expressed WT Shaker channels can reach up to 5000/um? !, whereas the

endogenous population of proteins is approximately 250/um? [3].

The procedure for oocyte isolation is based on Goldin 1992 [4] with minor modifications. Mature
oocytes of stage V or VI are obtained upon surgical removal of ovary nodes of a X. laevis female
which is anesthetized with 3-aminobenzoic acid ethyl ester. The nodes are carefully opened using
two forceps and transferred into a sterile 50 mL tube containing 1 mg/ml collagenase in SOS
solution? (three nodes/tube). The collagenase digests the extracellular structure of the ovarian
follicular layer by breaking the collagen peptide bonds. The tube is agitated for 20-30 min on a
horizontal shaker and oocytes are then washed three times with SOS solution. Spherical oocytes

of 1 mm in diameter with a distinct black animal pole and a bright vegetal pole are individually

! Calculated from 30 nC of charge movement by using 13.2 e/channel and the formula for the area of a spherical
cap (the clamped area in COVC). The invaginations were approximated by doubling the area.
250S solution in mM: 102 NacCl, 2 KCI, 1 MgCl,, 5 Hepes; pH 7.2
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selected and incubated in Barth’s solution at 18 °C. Often, oocytes are injected one day later to
screen for damaged oocytes and to avoid contamination from dead oocytes. Also, the
collagenase treatment has been shown to affect the metabolic state of the oocytes at least 8
hours after treatment [5], possibly because the requirement of a calcium-free medium severely

affects protein synthesis [6].

2.2 Incorporation of Anap into Shaker expressed in Xenopus oocytes

In the years following the successful implementation of VCF, it had come to a point where many
of the external sites in ion channels and transporters had been investigated, whereas numerous
guestions remained unanswered for dynamics of non-accessible regions (intramembrane and
intracellular). Three fUAAs had already been incorporated into proteins expressed in oocytes by
injecting chemically aminoacylated tRNAs (figure 2.1). First, NBD-Dap ( 3-N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)-2,3-diaminopropionic acid ) reported on relative distance changes in isolated
membranes expressing neurokin-2 receptors [7]. Then, Aladan (an alanine derivative of prodan,
N,N-Dimethyl-6-propionyl-2-naphthylamine) was incorporated into Shaker and Kir channels to
show that the fUAA expression was compatible with the translation machinery by assessing the
ionic currents [8]. Finally, lys(BODIPYFL) was incorporated into muscle nicotinic acetylcholine
receptors for single-molecule detection using total internal reflection fluorescence microscopy
[9]. This was the first time a fUAA was probing conformational changes in a living Xenopus
oocyte. Although the chemical aminoacylation strategy was useful for fluorescence steady-state
measurements and single-molecule detection studies, the technique did not allow VCF studies of
protein conformational changes due to limited expression efficiency. A way to circumvent the
limited expression could be to use the amber suppression method to incorporate a fUAA. Among
other fUAAs, a tRNA/synthetase pair for Anap had been successfully incorporated into proteins in
yeast by the Schultz laboratory, which led us to try and express Anap in Xenopus oocytes in
Shaker. Surprisingly, we were able to produce robust expression levels which were sufficient to
capture fluorescence changes for the purpose of VCF. The implementation of this method forms

the technical foundation of this thesis.
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NBD-Dap Aladan lys(BODIPYFL) Anap
[ I I I )
1996 2002 2009 2013

Figure 11.1 fUAA timeline for expression in Xenopus oocytes

Timeline for fUAAs incorporated into proteins expressed in Xenopus oocytes. fUAAs marked in red were
incorporated with the chemical aminoacylation technique and marked in blue is Anap which was incorporated
via a tRNA/synthetase pair.

2.3 Experimental procedure

2.31
1.

10.

11.
12.

Molecular biology

Mutagenic primers of 20-40 bases in length are designed such that they contain the
desired mutation in the center and terminate with a G or a C.

Point mutations are generated using site-directed mutagenesis (QuikChange; Agilent
Technologies)

1 ul Dpnl restriction enzyme is added to digest template DNA

Heat pulse transformation into XL1-Blue supercompetent cells is followed by adding 300 ul
of SOC medium. Sample is put to 1 hour incubation with shaking at 250 rpm at 37 °C

200 pl are plated on LB-ampicilin agar plates and incubated overnight at 37 °C

Single colonies are selected and are incubated in 5 ml LB medium and 100 pg/mL
ampicillin, with shaking at 250 rpm at 37 °C overnight

A Spin Miniprep Kit (Qiagen) is used to obtain isolated 200 ng/ul DNA in 50 pl

Sequences are verified in an in-house sequencing facility

DNA is amplified with a second round of transformation into XL1-Blue supercompetent
cells. 10 pl is plated on LB-ampicilin agar plates and incubated overnight at 37 °C

Single colonies are selected and are incubated in 250 ml LB medium and 100 pg/mL
ampicillin, with shaking at 250 rpm at 37 °C overnight

A Midiprep Kit (Qiagen) is used to obtain isolated 1.5 ug/pul DNA in 20 pl

The DNA is linearized with Notl restriction enzyme and used for RNA in vitro transcription

with the mMMESSAGE mMACHINE® T7 Ultra Kit (ThermoFisher)
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13. RNA is extracted with phenol/chloroform and precipitated with ethanol to obtain a pellet
which is resuspended in 20 pl nuclease-free water. Typically, 2 pg/ul of pure RNA is

obtained and is ready for injection into oocytes. RNA is stored at -80 °C.

2.3.2 Expression

The pAnap plasmid, a pCDNA3.1* vector (Addgene #48696), encodes for an E.coli leucyl

synthethase and 8 copies of E.coli tRNAU(CUA),

The injection protocol used for all the projects presented in my thesis is the same and has also
been visualized [10]. That is, 4.6-9.2 nl of 0.1 pg/ul of pAnap is injected into the oocyte nucleus,
6-24 hours prior to co-injection of 2-40 ng of mRNA and 23 nl of 1 mM Anap, in a total volume of
46 nl. The 1 mM Anap stock solution is diluted in nuclease-free water with 1% 1N NaOH and is
stored at -20°C. The oocytes are then incubated at 18°C in Barth’s solution® supplemented with
5% horse serum for 1-3 days after which they are ready for VCF recordings. The amount of DNA
and RNA, and the incubation time depends on individual mutant expression efficiency and

expression level needed.

Principally, both injections could be done concurrently, but to ensure high yield and to limit leak
expression of channels lacking Anap, it is preferable to allow tRNA and synthetase expression
before injection of channel mRNA. That way, there will be immediately Anap-charged tRNAs

available for insertion when the ribosome encounters the amber stop codon during translation.

The success rate for robust expression varies within the mutants and within batches of oocytes.
When the most efficient mutants express, they show robust currents in 75% of the injected
oocytes. The least efficient mutants generally exhibited a success rate of 25%. Regardless of the
expression efficiency, it would occasionally happen that a batch of oocytes or injections exhibit

no currents at all.

2.4 Data analysis
Current and fluorescence are recorded and registered using the GPatch acquisition software and

data is analyzed with Analysis software (Department of Anesthesiology, University of California,

3 Barth’s solution in mM: 90 NaCl, 3 KCI, 0.82 MgS04, 0.41 CaCly, 0.33 Ca(NOs)z, 5 HEPES, 100U/mL penicilin,
100pg/L streptomycin, 10mg/100mL kanamycin
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Los Angeles, CA). Currents and fluorescence changes are elicited by a typical voltage 10 mV step

protocol ranging from -120 mV to +50/150 mV from a holding potential of -90 mV.

2.4.1 Ionic currents
Steady state ionic current amplitudes from conducting mutants are analyzed at the end of the

voltage step (orange line in figure 2.2) from which the conductance G, is calculated using G =

1 . . . . .
— where | is the current amplitude, V is the voltage and Vo is the reversal potential. The GV
—Yo

curve is obtained by plotting the normalized conductance as a function of voltage (figure 2.2).

5.00 pA GV
10.00 ms
1— ‘,v‘“
G=I/(V-V,) &
E— 85—
w’j‘
-0.2 -0.1 0 0.1 0.2

Figure 2.212 lonic currents and GV

Example of raw data from a Shaker L382Anap expressing oocyte eliciting outward ionic currents in response to a
voltage step protocol. The current amplitudes denoted at the orange line are converted to conductance G and
plotted as a function of voltage (GV)

2.4.2 Gating currents

Gating currents from W434F mutants are obtained by subtracting the capacitive currents using
the P/4 procedure [11]. After each voltage step, a pulse in the region of no charge movement and
of the same magnitude as the applied voltage step, is added or subtracted online, depending on
the direction of the subtraction step (figure X.X). To prevent membrane breakdown at large
voltage steps, the subtraction step is divided into 4 equal steps. The equivalent gating charge of
the elicited gating currents, is the integral of the gating current that flows when the ion channel
moves within the electric field. The QV curve is then obtained by plotting the calculated charge at

the end of the voltage step (orange line in figure 2.3) as a function of voltage and normalize.
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Figure 2.3 Gating currents and QV

Example of a Shaker L382Anap-W434F expressing oocyte eliciting transient gating currents in response to the
same voltage step protocol as in figure 2.2. Gating currents are isolated from the capacitance current via the
P/4 procedure. Next, the gating charge is calculated by integration, and values are plotted at the orange line as
a function of voltage (QV).

2.4.3 Fluorescence changes

The fluorescence intensities are detected simultaneously with the currents. Because of
fluorophore bleaching between the voltage steps, the intensity of each trace decreases over
time. The bleaching effect is corrected for by baselining each trace to the same value before the
voltage step (small arrows in Figure 2.4). The fluorescence intensity amplitudes at the end of the
voltage step (orange line in figure 2.4) are then normalized and plotted as a function of voltage,

giving the FV curve.
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Figure 2.413 Fluorescence intensity and FV

Example of fluorescence data from the same oocyte as in figure 2.3. Bleaching effects are accounted for by
baselining each trace before the voltage step. The fluorescence intensities are then plotted at the orange line as
a function of voltage (FV).

2.4.4 Fitting the data
To demonstrate the validity of GV, QV and FV curves, data is obtained from 4-10 oocytes from at
least two different batches of oocytes. The normalized average is plotted as a function of voltage

with mean standard deviation error bars calculated as

_n2
mean SD = /me)l

where x is the sample value, X is the mean of all the values and n is the sample size.

Next, the Boltzmann distribution function is used to fit the sigmoidal GV, QV and FV curves as we
assume that the channel can be in either of two energy levels e.g. open/closed for the pore (GV),
deactivated/activated for the voltage sensor (QV) and either of two conformational states (FV)

(see box 1.1 section 1.2).

Finally, kinetic information is obtained by fitting the time course traces to an exponential

function (figure 2.5), or the sum of two or three when necessary,

y=A-exp(t/r)+B,

where A is the amplitude, t is time, T is the time constant and B is the baseline. The time constant

is a useful fitting parameter to characterize the dynamics of a process.
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| 10.00 ms

Figure 2.5 Exponential fit of a fluorescence time course
Example of a fluorescence time course fit to one exponential component (red) yielding a time constant of 6.6
ms
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3.1 Abstract

Atomic-scale models on the gating mechanism of voltage-gated potassium channels (Kv) are
based on linear interpolations between static structures of their initial and final state derived
from crystallography and molecular dynamics simulations, and, thus, lack dynamic structural
information. The lack of information on dynamics and intermediate states makes it difficult to
associate the structural with the dynamic functional data obtained with electrophysiology.
Although voltage-clamp fluorometry fills this gap, it is limited to sites extracellularly accessible,
when the key region for gating is located at the cytosolic side of the channels. Here, we solved
this problem by performing voltage-clamp fluorometry with a fluorescent unnatural amino acid.
By using an orthogonal tRNA-synthetase pair, the fluorescent unnatural amino acid was
incorporated in the Shaker voltage-gated potassium channel at key regions that were previously
inaccessible. Thus, we defined which parts act independently and which parts act cooperatively

and found pore opening to occur in two sequential transitions.

3.2 Introduction

Voltage-gated potassium channels (Ky) are essential for generating action potentials in the
central nervous system and, when defective, are linked to severe familial diseases including
cardiac arrhythmias and epilepsy. The voltage-sensing domains (VSD) of Ky channels
(transmembrane helices S1-S4; figure 3.1A) undergo a major conformational change upon
membrane depolarization driven by the positive charges in the S4, which finally leads to opening
of the pore domain (transmembrane helices S5-56). Based on the consensus on the closed
(initial) and open (final) state structures [1-6], the gating movement has been predicted; the S4
helix is projected to slide upward and tilt with respect to the membrane normal, and this
movement pushes the S4-S5 linker and the S6 helix inward and closes the ion-conducting pore.
However, this projection relies on linear interpolations between the closed and open state and

lacks any information on dynamics or intermediate states.

As a result, the projected movement does not suffice to explain fundamental characteristics of
voltage sensor and pore domain kinetics, detected as “gating” and “ionic” currents, respectively.
Such functional electrophysiology measurements revealed that, first, at least one intermediate

state has to exist during voltage sensor movement [7] and that, second, voltage sensor

56



CHAPTER 3

DYNAMICS OF INTERNAL PORE OPENING IN K(V) CHANNELS PROBED BY A FLUORESCENT UNNATURAL AMINO ACID
movement and pore opening do not occur simultaneously. Each channel consists of four voltage
sensors controlling a single central pore. It is thought that the four voltage sensors activate
independently, and only after all four have activated, the central pore opens cooperatively [8, 9].
This mechanism implies that the energy generated by the movement of the first three voltage
sensors has to be “conserved” in the system and has to be released to the pore during opening
[10]. The linear interpolations between closed and open structures leave the basis of both

cooperativity and energy conservation unknown.

The most effective way to link dynamic functional and structural information of electrogenic
membrane proteins is voltage-clamp fluorometry (VCF) [11, 12] - simultaneous electrophysiology
and site-directed fluorescence spectroscopy monitoring local rearrangements. By labeling a
specific position in the protein, rearrangements of this position can be monitored in real time and
can be correlated with the functional data recorded simultaneously. VCF has been successfully
used to follow movements in a variety of membrane transport proteins including ion channels

[12-19], transporters [20-23], and receptors [24].

Despite its power, VCF has been restricted to rearrangements on the external surface of the
transport proteins due — mainly - to the thiol-reactive chemistry used for labeling. Labeling in the
cytosol has proven very difficult owing to the large number of cysteines present there. Similarly,
residues buried in the protein or in the membrane were not accessible. Here, we overcame these
limitations by using intrinsically fluorescent unnatural amino acids (fUAAs), which are

incorporated into the protein during synthesis and, thus, do not underlie the above limitations.

Previously, unnatural amino acids with various properties have been incorporated into ion
channels by injecting chemically aminoacylated tRNAs into Xenopus oocytes [25-27] including a

fUAA [28]. Here, we used a fUAA to successfully carry out VCF experiments. We achieved higher

expression levels by using an orthogonal tRNA?ﬁZp/tRNA-synthetase pair to introduce the fUAA

3-(6-acetylnaphthalen-2-ylamino)-2-aminopropionic acid (Anap) [29] into the protein (figure 1B).
Because it is genetically encoded by an amber nonsense codon (TAG), no limitations are set on
the site of labeling. Anap has properties similar to an organic dye, although it is only slightly more
voluminous than tryptophan (figure 3.1C). Anap was incorporated at strategic locations in the

Shaker potassium channel to follow the dynamics of their movements (i) on “top” of the S4,
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Figure 3.1

A) Structure of Kv1.2/2.1 chimera (PDB ID code 2R9R, two subunits) and topology (transmembrane segments
S$1-56). The position of the mutations V234, A359, and H486 are displayed in green, and the potassium ions in
the selectivity filter in red. B) Principle of expression of fUAA. First, the plasmid to express the AnapRS and the
corresponding tRNA is injected. On the subsequent day, fUAA and channel mRNA are injected, which leads to
incorporation of the fUAA into the channel. C) Structure of Anap. D) Position of A359 (red) with respect to the
arginines in the S4 (blue; PDB ID code 2A79). E) Fluorescence response and gating currents of A359Anap in
response to pulses from -90 mV to potentials between -180 and 50 mV. F) Fluorescence voltage (FV, red
circles), gating charge voltage (QV, black squares), and conductance voltage (GV, blue triangles) relations of
A359Anap. The GV was fitted to a Boltzmann relation (V1/2 = -29.1 mV, dV = 12.6 mV). The QV and FV were
fitted to a sum of two (Vi1 = -66.3 mV, dV1 = 19.1 mV, Vi = -35.2 mV, dV, = 5.4 mV) and three Boltzmann
relations (Vi/21 = -134.6 mV, dV; = 32.8 mV, V12, = -62.2mV, dV; =15.1 mV, V123 = -41.6 mV, dV3 = 11.6 mV),
respectively.
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the gating segment, (ii) in the bottom of S1 proximal to the transition from the S4 to the S4-S5
linker and (iii) at the C-terminal S6 close to the cytosolic gate and the S4-S5 linker C terminus

(figure 3.1A) (top and bottom refer to the extracellular and cytosolic surface, respectively).

3.3 Results

The gating process is initiated by the positively charged S4 moving in response to depolarization
of the membrane potential. To follow the movement of the outer S4, we introduced Anap on top
of S4 at position A359Anap (figure 3.1A). The fluorescence voltage relation (FV) featured three
components, two of which coincided with the major charge movements (QV; figure 3.1 E and F),
i.e., with the upward translation and tilt of the S4 moving the positive charges through the
electric field. Our results not only suggested that the top of S4 rearranges during the major
charge movements [11, 12, 30], but also that this rearrangement occurs in two distinct
movements of S4 as evidenced by the opposite direction of the two fluorescence components
(figure 3.1 E and F and figure S3.1A). An alternative interpretation of the fluorescence change
would be that the surrounding residues changed their position; however, in other biphasic FV
relations found by labeling positions proximal to A359 at the top of S4 (5352 and M356) [11, 31,
32], also the two components coincided with the two major charge movements, and accessibility
and VCF studies showed that the S4 itself is altering its position with respect to its surrounding

during each movement [31].

Anap labeling, in contrast to organic dye labeling, enabled us to detect movements that occurred
at strongly hyperpolarized potentials (Vi = -134.6 mV) beyond the detectable charge
movements. Cole and Moore [33] postulated, based on a delayed onset of the ionic current, a
number of closed-state transitions in this voltage range occurring before the two major gating
charge-carrying transitions. The fluorescence changes of A359Anap indicate that these early
closed-state transitions induce structural changes in the N-terminal S4. In this voltage range,
gating currents with time constants faster than 20 ps have been detected when measuring with
very high bandwith [34]. These gating currents might thus be related to the rearrangements we
observed. Although the structural origin of these fast gating events remains unclear, charge
movements in this time range have been observed to be related to an outward shift of the basic

side chains in the S4 in molecular dynamics simulations [35]. Such side chain “flips” were
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suggested earlier to occur during gating [3]. This mechanism would explain why these
arrangements are sensed by Anap and not by organic labels, because Anap is located right above
the first arginine, whereas an organic label, covalently linked to the —SH group of a cysteine,
would be further away from the backbone (figure 3.1D). However, this interpretation remains
highly speculative as long as in long-term simulations no separation between fast and slow
events is observed [5] or until similar rearrangements are observed in simulations at lower

potentials where no major charge movement occurs.

3.3.1 Rearrangements in the C-Terminal S4 Region.

Next, we tested the dynamics of the lower S4, because no information about its movements is
available yet. To this end, we introduced Anap in the lower S1 (V234Anap) in close proximity to
the C terminus of the S4 helix (figure 3.1A). Remarkably, mutation of V234 in the N terminus of
the S1 helix led to partial uncoupling of the S4 movement from pore opening, similar to different
mutants in the lower S4 and S4-S5 linker [30, 36] (figure 3.2B). As in other uncoupled mutants,
charge movement (QV) and pore opening (GV) were separated. Our finding that a mutation in
the lower S1 led to uncoupling indicated that the VSD surrounding the S4 helix (S1-S3) does not
merely form a passive cocoon but contributes to the gating movement. In addition, the
separation between QV and GV had the advantage that it allowed us to better associate the

structural rearrangements with the electrophysiological signals.

The fluorescence traces of V234Anap displayed two opposite fluorescence changes, indicating
that two transitions occur in the lower S4 region (figure.3. 2 A and B). The first coincided directly
with the charge movement (figure 3.2B); the dynamics of gating charge movement superposed
with the fluorescence changes of the first component (figure 3.2C). Considering that the upper S4
(A359Anap) also followed gating charge movement, the question arises as to whether both ends
of the S4 move as one entity or whether the movement is initiated by either the upper or lower
part, pulling the other one in a second transition into its final position. Comparison of the kinetics
would let us gain insight into this question, however, the V234Anap mutant is partly uncoupled
and, thus, kinetics intrinsically differ from the A359Anap mutant. We therefore decided to
monitor the movement of both ends of the S4 in the V234Anap-W434F mutant simultaneously.

To this end, we introduced the mutation A359C and chemically linked a tetramethylrhodamine
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(TMR) via a maleimide linker to this position. As excitation and emission spectra of Anap and TMR
are well separated, we were able to obtain the kinetics of the upper S4 and of the lower S4 from

the same oocyte by monitoring TMR and Anap fluorescence, respectively.
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Figure 3.2 Two-colour VCF results of V234Anap-A359C

A) Gating currents and fluorescence responses of a TMR-labeled oocyte expressing V234Anap-A359C in
response to pulses from —-90 mV to potentials between -150 and 100 mV. B) Anap fluorescence voltage (FV, red
circles), gating charge voltage (QV, black squares) and conductance voltage (GV, blue triangles) relations of
V234Anap-A359C. The GV and QV were each fitted to Boltzmann relations (GV: Vi, = 20.3 mV, dV = 20.6 mV;
QV: Vi2 = -61.4 mV, dV = 14.5 mV). The FV was fitted to a sum of two Boltzmann relations (V12,1 = -56.7 mV,
dVi =11.8 mV, Vi3 = -1.0 mV, dV, = 25.4 mV). F1V refers to the first component of the FV. C) Comparison of
time dependence between charge movement (black) and fluorescence changes of V234Anap-A359C (red, Anap;
green, TMR) for depolarizing pulses to voltages indicated in Inset. D) TMR fluorescence voltage (FV, green
diamonds) relation of V234Anap-A359C and the QV and GV with colors coded as in B. The FV was fitted to a
sum of two Boltzmann relations (V12,1 = -68.7 mV, dV; = 14.3 mV, V12, = 0 mV, dV; = 23.0 mV). E) Comparison
among time constants of charge movement (black), Anap (red), and TMR (green) fluorescence of V234Anap-
A359C. (F) Anap fluorescence voltage relation of the conducting mutant V234Anap. G) Superposition of
fluorescence traces obtained from a prolonged depolarizing pulse to 50 mV of oocytes expressing the
conducting V234Anap mutant in absence (gray) or presence of 5 mM external 4-AP (red) and the nonconducting
V234Anap mutant (black). The traces are normalized to the value at the end of the pulse. (Inset) Shown is the
correlation between ionic current and fluorescence decay for the V234Anap-conducting mutant.

In a superposition of the fluorescence signals at voltages below pore opening, Anap fluorescence
(lower S4) responded faster to a voltage change than the TMR fluorescence (upper S4; figure
3.2(). Fitting the traces to single exponentials revealed that the region around the lower S4
moved about twice as fast as the region around the upper S4 (figure 3.2E). Nevertheless, both
signals followed the same voltage dependence (figure 3.2 B and D), signifying that both events
are prompted by the same transition. If we had a sequential two-step process with the lower S4
region moving during the first and the upper during the second step, we would expect a temporal

delay in the onset of the TMR signal, which is not observed. However, the delay would be
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“hidden” if the TMR also senses the first transition to a small fraction. We would still observe
only one exponential. Alternatively, two fully independent transitions both triggered by the
positive charges in the S4 are possible. In either case, both regions do not undergo the
conformational changes simultaneously, but the upper S4 region settles slower during charge
movement after the initial transition in a second, voltage-independent step. Although
accessibility studies suggest that the S4 itself moves during both steps [30], we can only detect
movements relative to the surrounding with fluorescence. Therefore, we are not able to clearly
distinguish whether also the upper and lower end of the S4 helix move differently or whether the
S4 moves as one entity during one of the transitions followed by a relaxation of the surrounding

around the N terminus.

3.3.2 C-Terminal S4 Region Moves During Opening and C-Type Inactivation.

In addition to the charge-related movement, the lower S4 region undergoes another
conformational change as reported by the second component in the fluorescence voltage
relation. During this second transition of V234Anap-W434F, the fluorescence is decreased,
whereas it increased during gating charge movement. However, in the conducting mutant
V234Anap, a second component occurred with the inversed sign, i.e., the fluorescence increased
and, thus, changed in the same manner as during charge movement (figure 3.2F). Because the
amplitude of this component was small, it remained uncertain whether both signals coincided
exactly. Nevertheless, the only difference between these constructs is the mutation W434F,
which is thought to render the channel instantaneously C-type inactivated [37], suggesting that
the lower S4 region rearranges during C-type inactivation. To confirm this hypothesis, we
monitored the fluorescence signal during prolonged depolarization (figure 3.2G) and, indeed,
fluorescence in the conducting mutant underwent a slow fluorescence decay correlating with
entry to the C-type inactivated state (figure 3.2G). Although the W434F mutant entered the
inactivated state rapidly, we were able to follow this entry because the fluorescence follows the
probability of a single subunit, whereas the current is already blocked when a single of the four
subunits inactivates [37] and because pore opening is likely a prerequisite. Blocking the late
transitions to pore opening with the potassium channel blocker 4-aminopyridine (4-AP; refs. [38]

and [39]) prevented the fluorescence decrease during C-type inactivation (figure 3.2G).
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Based on these results, we can speculate about the movement in the lower S4 region during
gating. S1 and S4 likely move relative to one another during the first component, because charge
movement coincides with S4 rearrangements [31] while our marker is located on the S1. The
second fluorescence change occurs in the same direction, so it might be the S4 continuing in the
same direction and might include the S4-S5 linker. The S4-S5 linker has been shown to move
during gating [6]. It is covalently linked to the S5 and also anneals to the C terminus of the S6,
which forms the cytosolic gate of the ion-conducting pore [30, 40-42]. Alternatively, the relative
fluorescence change might be caused by a movement of the S1 or a surrounding helix. For
instance, involvement of S1 and S2 in conformational changes of the voltage sensor has been
demonstrated for BK [43] and Shaker channels [11]. Finally, in the C-type inactivated
conformation, the helices are reoriented such that fluorescence of V234Anap reduces. This
movement is probably associated with the S4, because movement of the N-terminal S4 during C-

type inactivation and relaxation has been shown [30, 44-47].

3.3.3 Final Pore Opening Occurs in a Two-Step Process.

The synchronism of the voltage dependencies of the first component of the V234Anap
fluorescence signal and the major charge movement signifies that lower S4 movement still
occurred independently for each voltage sensor if we assume that major charge movement
occurs independently for partially uncoupled mutants [32]. Thus, the S4 helix does not yet

contribute to the cooperative pore opening.
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Figure 3.3

A) Fluorescence response and gating currents of H486Anap in response to pulses from -90 mV to potentials
between -140 and 150 mV. B) Fluorescence voltage (FV, red circles), gating charge voltage (QV, black squares),
and conductance voltage (GV, blue triangles) relations of H486Anap. QV and GV were fitted to Boltzmann
relations (QV: Vi, = -47.2 mV, dV = 16.2 mV; GV: V15, = 75.7mV, dV = 20.9 mV). The FV was fitted to a sum of
two Boltzmann relations (V121 = 0.5 mV, dVi1 = 14.2 mV, V12, = 75.7 mV, dV, = 16.4 mV. C) Comparison of time
dependence between conductance (black) and fluorescence (red) of H486Anap. Fluorescence changes are
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observed in the absence of ion conduction and clearly precede ion conduction at -20 mV and +40 mV,
respectively.

To find the location, which no longer shows independently but only cooperatively moving
components, and to answer the question how this internal pore gate behaved with respect to the
lower S4, we incorporated Anap at position H486 in the C-terminal S6 close to the attachment
site to the S4-S5 linker [30, 40-42, 48] (figure 3.1A). The corresponding FV contained two
components (figure 3.3 A and B and figure S3.1B): The first component was situated between QV
and GV, whereas the second component was closely related to the GV. Because no component
superposed with the QV directly, the associated movement at the internal gate of Ky did not
occur independently for the four subunits. The C-terminal S6 may thus be interpreted as the first
position in the gating path not to act independently but cooperatively as postulated [8].
However, this first transition did not coincide yet with the GV, indicating that, in contrast to
previous models [8], the first cooperative step after activation of all four voltage sensors did not
yet open the pore, but that a second transition of the internal gate is required as suggested by
Schoppa and Sigworth [9] and Bezanilla et al. [7]. This finding is confirmed in a superposition of
the fluorescence change with the ionic current; here, movement of the C-terminal S6 evidently
preceded ion conduction (figure 3.3C). Pore opening (GV) is finally related to the second
component of the FV (figure 3.3B). All in all, fluorescent tracking of the internal gate revealed two
features for pore opening: (i) Movement of the C-terminal S6 is the first cooperative movement
and (ii) the first cooperative transition of the internal pore gate is not yet sufficient for pore

opening, but a second transition is required.

3.4 Discussion

If we combine the fluorescence results in this study, we are in a position to describe the
structural dynamics of the entire gating sequence from the early “pregating” closed state
transitions to pore opening. The gating sequence begins at strongly hyperpolarized potentials
with closed-state transitions only observed at the N-terminal S4. It is followed by the predicted
translocation and tilt of the S4 generating the two major gating charges. Despite identical voltage
dependence of both the C- and N-terminal ends of S4 during the major charge movement, the

conformational changes in both regions are not simultaneous. Instead, the upper S4 region
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“slowly” eases into its final state. The movement observed around the C-terminal S4 still occurs
independently for every voltage sensor. The first cooperative movement in the gating sequence,
once all voltage sensors have activated, is the first transition of the C-terminal S6, during which
the pore enters an additional permissive, nonconducting state. It is followed by the final pore
opening step (second S6 transition). Finally, the voltage sensor undergoes a global

rearrangement during C-type inactivation and the related relaxation.

We can also compare the structural information obtained by the fluorescence measurements
with the kinetic models based on electrophysiology. Although initially a single concerted step
during pore opening was proposed by kinetic modeling [8], two concerted steps had been
predicted in some models [7, 9]. Schoppa and Sigworth [9] suggested three independent steps of
each voltage sensor followed by two concerted transitions. In good agreement, we also found
three transitions in the voltage sensor—one during the deep-closed states and two during major
gating charge movement—followed by two concerted steps, which we detected at the C-terminal

S6 in the pore domain.

Mannuzzu and Isacoff [32] found the second major charge movement in the S4 (Q;) to show
cooperativity, and they suggested this cooperativity either to be an intrinsic property of the
voltage sensors or to be imposed by a cooperative subsequent transition. If the energetic
coupling between pore domain and voltage sensor is strong, the cooperativity would be detected
in the voltage sensor transitions although they are intrinsically independent. Energetic
uncoupling of both domains in the L382V mutant removed the cooperativity in Q, confirming the
intrinsically independent movement of the voltage sensors [32]. The partial uncoupling in
V234Anap and H486Anap allowed us, too, to separate the late transitions leading to pore

opening, and our data seem to confirm that the concerted movements begin in the pore domain.

This effect of partial uncoupling leads to the question of energetic coupling between voltage
sensor and pore domain. Remarkably, the final pore opening step that we detected was not
related to major charge movement in the voltage sensor but seemed to have its own voltage
dependence. Such a final voltage-dependent step for pore opening was postulated in models
explaining the coupling between voltage sensing and pore domains—the electromechanical

coupling [10, 30, 48-50]. The separation between charge movement and pore opening by
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uncoupling demonstrates that energy is transferred between voltage sensors and pore domain
during gating. Because the first three voltage sensors move before pore opening, the generated
energy has to be conserved in the system. It is transferred to the pore domain during gating most
likely via the structure separating the independent from the concerted movements. According to
our results, this structure would be the S4-S5 linker annealed to the C-terminal S6. This finding is
in accordance with earlier ones that mutations in the S4-S5 linker, and the C-terminal S6 lead to

energetic uncoupling of voltage sensing and pore domain [30, 40, 49-51].

Our use of a fUAA provided dynamic structural information collected from the cytosolic side of
the channel. VCF from the cytosolic side of the channel was not possible with chemical labeling
because of the large number of unwanted binding sites in the cytosol. Labeling with fUAAs also
disposes of the need to construct cysteine-free mutants, which are often impaired in function
and expression. Anap has a size comparable to tryptophan and may be introduced at virtually any
position in the protein. The smaller size compared with organic dyes makes it more sensitive
even to small rearrangements (as seen in A359Anap). Because fUAAs may be readily
incorporated in any protein with minimal genetic manipulation, we expect voltage-clamp

fluorometry in combination with fUAAs to find widespread application in structural biology.

3.5 Materials and Methods

3.5.1 Molecular Biology and Channel Expression.

Mutations were introduced into a plasmid encoding the Drosophila Shaker gene H4 in the pBSTA
vector with N-type inactivation removed by deletion of amino acids 6-46 [52]. Gating currents
and fluorescence traces were obtained from the nonconducting W434F mutant. The
tRNA/AnapRS encoding plasmid and the fUAA Anap [29] were kindly provided by Peter G. Schultz
(Scripps Research Institute, La Jolla, CA). For functional expression of channels harboring Anap,
0.5 ng of cDNA encoding the tRNA/AnapRS pair was injected into the nucleus of oocytes from
Xenopus laevis situated in the animal pole and incubated for 24 h at 18 °C to allow tRNA
transcription and synthetase expression. Subsequent steps were performed under light not
exciting the fluorophore (>610 nm). 5-35 nanograms of in vitro transcribed RNA was coinjected

with 23 nL of 1 mM Anap. Oocytes were incubated in Barth solution for 1-3 d at 18 °C. In the

66



CHAPTER 3

DYNAMICS OF INTERNAL PORE OPENING IN K(V) CHANNELS PROBED BY A FLUORESCENT UNNATURAL AMINO ACID
absence of the tRNA/AnapRS pair and/or the fUAA, no channel expression was detected for all
three mutants, verifying that only proteins with the inserted unnatural amino acids were

trafficked to the membrane.

3.5.2 Voltage-Clamp Fluorometry

Voltage clamp was performed with a CA-1B amplifier (Dagan). Currents were recorded in the cut-
open oocyte voltage-clamp configuration as described [30] and analyzed by using GPatch
(Department of Anesthesiology, University of California, Los Angeles). Capacitive currents were
subtracted from gating currents by using the P/4 protocol [53]. For fluorescence measurements,
an upright fluorescence microscope (Axioskop 2FS; Zeiss) and a Photomax 200 photodetection
system (Dagan) were used. Boltzmann relations were of the form y = (1+exp((V12-V)/dV))* and y
= (1+exp((Va2,1-V)/dV1)(1+exp((Vi/2,2-V)/dV,)) ™ for first (single transition) and second (for two
sequential transitions) order, respectively. Data are shown as mean + SD with n = 4-7 of at least

two independent injections.

The external solution used for ionic current recordings contained 5 mM KOH, 110 mM NMDG, 10
mM Hepes, and 2 mM Ca(OH),, whereas for gating conditions, 115 mM NMDG, 10 mM Hepes,
and 2 mM Ca(OH); was used. The internal solution contained 115 mM NMDG (gating) or KOH
(ionic), 10 mM Hepes, and 2 mM EDTA. TMR labeling was accomplished by incubating oocytes for
20 min in 5 pM TMR-maleimide (Invitrogen) in depolarizing solution [115 mM KOH, 10 mM
Hepes, and 2 mM Ca(OH),]. All solutions were adjusted to pH 7.1 with Mes.
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Comparison of fluorescence-voltage dependencies of the conducting (open squares) and nonconducting (filled
squares) mutants of A) A359Anap and B) H486Anap.
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CHAPTER 4
THE S4-S5 LINKER MOVEMENT DURING ACTIVATION AND INACTIVATION IN VOLTAGE-GATED K+ CHANNELS

4.1 Abstract

In voltage-gated ion channels, the electromechanical coupling between the peripheral voltage-
sensing domains and the central ion conducting pore is mainly occurring at the cytosolic surface
of the channels. The S4-S5 linker is the physical link between the voltage sensor and the pore
domain and plays an important role in the electromechanical coupling. While numerous
dynamical studies have been performed on voltage sensor movement, less have focused on the
S4-S5 linker movement due to the inaccessibility for fluorophore labelling and lack of electric
readout for the movement of the linker. To understand the movements of the gating machinery
during activation and inactivation, we have incorporated a fluorescent unnatural amino acid at
four positions in the S4-S5 linker of the Shaker Ky channel (L382, R387, K390 and A391). Using
two-color voltage clamp fluorometry, we directly compared S4-S5 linker movements with charge
displacement, S4 movement and pore opening. We found that the N-terminal portion of the
linker moves together with the S4 helix throughout the gating process, while the C-terminal
portion undergoes a separate motion related to late gating transitions. Both pore and S4-S5
linker undergo rearrangements during C-type inactivation, however, in presence of accelerated
C-type inactivation (W434F mutation), the energetic coupling between movement of the C-

terminus of the S4-S5 linker and pore opening disappears.

4.2 Introduction

Voltage-gated potassium (Ky) channels are responsible for repolarization of the membrane
potential during neuronal and cardiac action potentials, and regulate neuronal excitability among
many other physiological processes. Mutations in Ky channel genes thus result in severe neuronal
and cardiac diseases such as episodic ataxia, epilepsy and cardiac arrhythmia, collectively named
channelopathies. Its central role in heart and brain underscores the importance of understanding
the mechanisms of Ky channels in detail. Ky channels thus constitute therapeutic drug targets for

treatments of diverse diseases [1].

All mammalian Shaker-like Ky channels (Ky1 channel subfamily) share the characteristic assembly
of four subunits which each consists of six transmembrane helices containing a voltage sensor
(51-S4) and a pore region (S5-S6, figure 4.1A) [2, 3]. The voltage sensor (VS) contains positively

charged arginine residues in the S4 helix which are responsible for the generation of gating
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currents as they rearrange according to changes in the electric field they sense across the
membrane [4]. This conformational change results in pore opening through a mechanism called

electromechanical coupling [5].

Although dynamic information lacks and the underlying molecular driving forces are not fully
understood, a consensus model of the coupling process has emerged [5, 6]. First, initial S4 charge
movements (Q1) occur independently in each VS upon membrane depolarization, applying a
force onto the S4-S5 linker as they move upwards within the membrane. Then, during a second
S4 charge movement (Q2), energy is released to the pore domain in a cooperative
conformational change which finally results in widening of the bundlecross at the intracellular S6
gates. The opening step has been shown to occur cooperatively among the subunits [7, 8] and
comprises at least two transitions [9]. In addition to being covalently bound to the pore domain
via S5, the S4-S5 linker interacts directly with the S6 bundlecrossing via non-covalent interactions
of both the same [10-13] and the neighboring subunit [14] . Since dynamics of the S4 helices and
the inner S6 gate are associated with gating currents and ionic currents respectively, the role of
each region in the activation process have been well established. The S4-S5 linker movement, on
the contrary, is intrinsically not associated to any charge movement. Moreover, the intracellular
position of the S4-S5 linker has made it inaccessible for fluorophore-labelling. Consequently, only

limited dynamical information is available for the S4-S5 linker movement [15].

To investigate S4-S5 linker dynamics, we have made use of the stop codon suppression technique
for the genetic incorporation of a fluorescent unnatural amino acid (Anap) [9, 16, 17], enabling
specific labelling of intracellular sites for the use of voltage clamp fluorometry (VCF) in proteins
expressed in Xenopus oocytes [9]. We aimed to address questions as to where the transition
between the independent voltage sensor movement and the cooperative pore opening occurred;
and whether the S4-S5 linker rearranges as a rigid body throughout the gating process, or with a
degree of flexibility, allowing conservation of the energy provided by the voltage sensor. To this
end, Anap was inserted into the S4-S5 linker of the Shaker Ky channel. By labelling the external
part of the S4 helix with an thiol-reactive dye, we were able to compare movements of the

voltage sensor and of the S4-S5 linker simultaneously.
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4.3 Results

4.3.1 Assessment of functional expression with Anap

All 12 positions along the Shaker S4-S5 linker (residues 381-392) were scanned for Anap insertion
(figure 4.1B). Proper protein maturation and folding were determined from the presence of both
ionic and gating currents. Four positions resulted in robust expression and voltage-dependent
fluorescence changes with Anap inserted at L382, R387, K390, A391, while four did not express
(G381, Y385, T388, G392). The four remaining residues either showed limited expression (Q383,
L389) or defective channel opening (1384, G386). In the available Ky channel crystal structures [2,
3], the non-expressing residues face inwards towards the center of the channel (black in figure
4.1B) while expressing residues point outwards, away from the channel (red in figure 4.1B). This
finding agrees with the fact that a large amino acid like Anap is more likely to sterically disrupt
protein folding at positions which interact with the protein versus positions which point
outwards into the cytosol or into the lipid bilayer. 1384 has been shown previously to be essential

for electromechanical coupling [18].

Figure 4.1 Overview of Ky channel structure

A) Topology of a Shaker subunit with relevant positions highlighted. A cysteine was inserted at position A359 for
TMR labelling (green) and Anap was inserted into the S4-S5 linker (red). B) Bottom view of the Ky1.2-2.1 crystal
structure of the homotetrameric transmembrane segment [3]. Below is the S4-S5 linker sequence which was
scanned for Anap incorporation. Anap was successfully incorporated into positions marked in red but only those
marked with an asterisk was used to characterize the S4-S5 linker movement.

It was recently shown that Shaker channels lacking the pore domain express as functional
isolated voltage sensor domains (iVSD) giving rise to gating pore currents[19]. These currents

were also observed in mutants with a stop-codon insertion in the S4-S5 linker in the absence of
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Anap or pAnap (figure. S4.1A-B). However, while iVSD currents also occurred when Anap and
pAnap were present, their amplitude depended on the success of Anap incorporation, such that
iVSD current amplitudes were considerably smaller in oocytes expressing full length channels (4.4
WA £6.7 at -170 mV) compared to oocytes in which full length channels were absent (20.4 pA £7.9
at -170 mV, figure S4.1C). Having ensured that iVSD currents were not altering gating kinetics and
did not form heterotetramers (see supplemental material), we were able to proceed to the

analysis of the fluorescence signals.

4.3.2 The S4-S5 linker rearranges after S4 activation

The four S4-S5 linker mutants L382Anap, R387Anap, K390Anap and A391Anap of full length
Shaker exhibited robust expression levels, with Anap changes showing relative fluorescence
intensity changes (dF/F) in the range of 0.2-4% in response to depolarization (figure 4.2A). Since
fluorescent labeling either by insertion of Anap or TMR might influence kinetics and energy of
voltage sensor movement and pore opening, we can only directly compare voltage sensor
movement, movement of the S4-S5 linker and pore opening in the same mutant, i.e. tracking all
parameters simultaneously. However, we showed previously that fluorescence originating from
TMR attached to the extracellular end of S4 reliably follows gating charge movement [18].
Therefore, the stop codons were inserted in the Shaker-A359C background, to compare S4-S5
linker movement (Anap signals) with voltage sensor movement (A359C-TMR signals),

simultaneously. Pore opening was monitored electrically via development of ionic current.

As expected, the voltage dependence of voltage sensor movement (FV-TMR) for all four mutants
developed at less depolarized potentials compared to pore opening (conductance voltage
relation, GV, figure 4.2B-E). In contrast, comparison of the voltage dependencies of voltage
sensor movement (FV-TMR) and movement at the S4-S5 linker (FV-Anap) varied with the
monitored position in the S4-S5 linker. While the signals overlapped in L382Anap (figure 4.2B),
the movements at R387, K390 and A391, in the S4-S5 linker, were shifted to more depolarized
potentials compared to voltage sensor movement by 29 mV, 21 mV and 21 mV, respectively
(figure 4.2C-E and table 1). However, movement at all three positions was still occurring at less

depolarized potentials than pore opening (GV).
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Figure 4.2 Fluorescence profile of conducting channels

A) VCF recordings of ionic currents (upper) and Anap fluorescence changes (lower) obtained from oocytes
expressing each of the S4-S5 linker mutants. The arrow next to each fluorescence signal represents 1% dF/F. B-
E) Anap FV, TMR FV and GV curves of B) L382Anap C) R387Anap D) K390Anap and E) A391Anap channels. Each
data set is fitted to a Boltzman distribution (see methods and materials). Error bars indicate mean +SD. F-G)
Current and fluorescence output upon depolarization from -90mV to 20mV before and 30 min after external
application of 40 mM Barium in F) R387Anap and G) K390Anap channels. Inset shows Anap FV obtained before
and after block. H) Anap fluorescence and ionic currents of A391Anap-W434F channels upon prolonged 1 sec
depolarisation from -90mV to 50mV before and after 5 mM external 4-AP block. The ionic current before 4-AP
application is colored in red for clarity.

To ensure that the signal was caused by conformational changes at the labeling position, we
excluded that the fluorescence was influenced by potassium flux through the nearby pore
entrance. Conductance might alter local ion concentrations and, thereby, the local electric field,
which could influence fluorescence signals. We used Ba?* to block the ionic current. Ba?* has a
size similar to K* and can enter the pore but blocks conductance once it reaches the selectivity
filter with minimal effects on voltage sensor activation[20]. Despite significant block by external

Ba?* in R387Anap and K390Anap channels, the total Anap fluorescence change was not
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diminished, and the fluorescence time course and voltage dependency remained unaffected,
indicating that the fluorescence signals were indeed caused by conformational changes at the
labeling site (figure 4.2F-G). The results suggest that only the N-terminal part of the linker (L382)
moves together with the S4 helix during activation while the more distal part of the linker

rearranges later in the activation process.

TMRFV Anap FV GV
Vi dv Vi dv Vipg @y Vipp  dVp n
L382Anap -39.2 £2.7 232 £2.0| -44 0.7 13.1 £0.8| 27.8 £1.0 20.3 0.9 9
R387Anap -274 ¥2.1 196 #16| 1313 17.1 £2.1| 16.2 0.5 129 0.5 6
K390Anap -43 #19 198 #1.6| -22 +0.9 20.2 £1.5| -15.6 +0.7 14.4 0.5 12
A391Anap -46 £1.3  18.2 #1.1|-24.6 +1.0 121 #1.3| -3.2 #1.0 170 #0.1 4
Qv
L382Anap-W434F | -415 09 222 #0.6|-51.0 04 15.8 +0.5| -45.0 t0.6 17.6 #0.6 - = 6
R387Anap-W434F | -38.5 +0.8  11.0 #0.5|-26.1 0.4 104 +0.6| -58.4 +142 6.0 9.6 -28.5 453 125 +1.3| 7
K390Anap-W434F | -48.1 +0.2 9.7 #0.2|-40.5 0.5 109 0.4 -77.4 £10.2 63 4.2 -374 +31 9.2+15| 4
A391Anap-W434F| -42.9 0.4 10.6 +0.2|-39.4 10.2 73 04| -59.2 7.6 7.4 422 -349+28 53+1.1| 4

Table 2 Vi/; and dV values obtained from single or double Boltzman fits of FV, QV and GV curves of conducting
and non-conducting (W434F) mutants.

4.3.3 The S4-S5 linker experience C-type inactivation-related rearrangements

A second fluorescence component of opposite direction appeared in A391Anap at
depolarizations more positive than 60 mV (figure 4.2E). An overlap of the current and
fluorescence time course during a prolonged depolarization pulse revealed that the second
fluorescence component correlated kinetically with C-type inactivation (figure 4.2H). Moreover,
the second fluorescence component was sensitive to application of 4-aminopyridine (4-AP, figure
4.2H), which prevents Ky channels from entering the final concerted transition leading to pore

opening and thus also prevents C-type inactivation [21].

This was confirmed in non-conducting W434F mutants, in which ionic currents are blocked due to
accelerated C-type inactivation [22]. In agreement with the accelerated C-type inactivation, the
second Anap fluorescence component in A391Anap-W434F channels appeared faster and larger
than without W434F (figure 4.3A and 4.3E). The FV from A391Anap-W434F channels could no
longer be fitted to a single Boltzmann relation because the onset for C-type inactivation now

occurred at lower potentials than channel opening did (figure 4.3E). These findings indicate that
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A391Anap probes rearrangements which are associated with C-type inactivation, in addition to

those associated to activation.

Interestingly, a second smaller Anap component of opposite direction also appeared in
K390Anap-W434F channels (figure 4.3D). For both K390Anap-W434F and A391Anap-W434F
mutants, the second fluorescence component was 4-AP sensitive as demonstrated in the
fluorescence time course and in the FV obtained before and after 4-AP application (figure 4.3F-I).
Since the second fluorescence component in the conducting K390Anap channels is absent or too
small to be measured, it was not possible to verify whether the kinetics of C-type inactivation
correlated with the fluorescence signal as was the case with A391Anap (figure 4.2H). The W434F
data, nonetheless, suggest that Anap is influenced by C-type inactivation at position K390 in the

same way as at position A391.

4.3.4 C-type inactivation allows the S4-S5 linker to assume final position after
voltage sensor activation

The most remarkable difference in the W434F background was that the shift between voltage

sensor (TMR) and S4-S5 linker (Anap) movement was strongly diminished (figure 4.3C-E). The

disappearance of the shift indicates that, in presence of W434F, the entire S4-S5 linker undergoes

its conformational change upon voltage sensor activation. In the conducting channel, in contrast,

the C-terminus of the S4-S5 linker cannot enter its final position yet after voltage sensor

activation but is hindered by an additional energy barrier.

The question remains whether also the sequence of events has altered. To answer this, we
considered the dynamic information. The time constants obtained from exponential fits of the
fluorescence and gating currents were plotted as a function of the test pulse (figure 4.4A-D). The
mutants exhibited similar patterns for TMR and gating currents, each with two components —
one in the 1-10 ms range and one in the 10-100 ms range (green and black symbols, figure 4.4A-
D) except for A391Anap-W434F gating currents which only could be fitted to one exponential
(figure 4.4D). This could be either because the two components are kinetically similar (yet have
different voltage dependencies as the QV was fitted to a double Boltzmann relation) and
therefore appear indistinguishable, or because the slower component is too small or too slow to

be detected during the test pulse. In fact, A391Anap-W434F generally expressed less than the
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other linker mutants yielding maximum 1 pA of gating currents when depolarizing from -90 to
50 mV. It is therefore possible that the slow component in the gating currents disappeared within
the experimental noise. Nevertheless, these findings suggest that the kinetics of the upper S4

movement and the charge displacement were not markedly affected by the relative position of

Anap in the S4-S5 linker.
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Figure 4.3 Fluorescence profile of non-conducting channels.

A) VCF recordings of gating currents (upper) and Anap fluorescence changes (lower) obtained from oocytes
expressing each of the S4-S5 linker mutants with the W434F mutation. B-E) Anap FV, TMR FV and QV curves of
B) L382Anap-W434F C) R387Anap-W434F D) K390Anap-W434F and E) A391Anap-W434F channels. Except for
Anap FV in D) and E), each data set is fitted to a Boltzman distribution (see methods and materials). Error bars
indicate mean SD. F) Anap fluorescence of K390Anap-W434F upon depolarisation from -90 mV before (black)
and after (grey) external application of 5mM 4-AP. G) Same as F) but for A391Anap-W434F channels. H-1) Anap

FV before (filled symbols) and after (open symbols) 4-AP from G) K390Anap-W434F and H) A391Anap-W434F
channels. The FV obtained after 4-AP was fitted to a Boltzman distribution.
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In L382Anap-W434F, two Anap components were observed- one in the 1-10 ms range and
another in the 10-100 ms range (red symbols, figure 4.4A). Although the fast TMR component is
1-5 ms slower than the fast Anap component, the kinetics of TMR, Anap and gating currents are
comparable. The result agrees with the overlapping FVs and QV for L382Anap-W434F (figure
4.3B). When overlapping the fluorescence time courses and charge displacement, it is seen that
TMR relaxes slower than Anap, and that Anap is kinetically closer to the charge displacement in
the first miliseconds where the fast component is dominant (arrow, figure 4.4E). Furthermore,
the absence of a delay in the onset of the Anap fluorescence compared to TMR indicates that
their movements are prompted simultanously (black arrow, figure 4.5A). In fact, these data are
similar to earlier data of V234Anap on the S1 helix which is only 9.6 A away [9] (figure 4.4F).
Based on the kinetical analysis, and FV and QV comparisons, the results show that the L382

movement is similar to that of the voltage sensor.
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Figure 4.4 Kinetical analysis of fluorescence and gating current time course.

A-D) Time constants obtained from single or double exponentials fits of TMR fluorescence (green), Anap
fluorescence (red) and gating currents (black) for each of the S4-S5 linker mutants during a test pulse similar to
those in figure 3A. E) Overlapping TMR (green), Anap (red) and charge displacement (black) for an oocyte
expressing L382Anap-W434F. Arrow highlights kinetic correlation between the fast component of Anap
fluorescence and charge displacement. F) Structural view from the Ky1.2-2.1 crystal structure [3] showing the
four S4-S5 linker positions in red and the distance from L382 to V234 in green in S1.
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For the C-terminal part of the S4-S5 linker however, Anap fluorescence only exhibited a single
time constant (red circles, figure 4.4B-D) when disregarding the 4-AP-sensitive slow component
of opposite direction in K390Anap-W434F and A391Anap-W434F (red open squares, figure 4C-D).
In contrast to L382Anap-W434F, superposition of the TMR and Anap fluorescence time courses
revealed a delayed onset for Anap. This was best observed in R387Anap-W434F channels where
it amounted to ~0.6 ms (black bar, figure 5B). The delay in K390Anap-W434F channels was
shorter and only visible at small depolarizations (black arrows, figure 4.5C). The shorter delay was
due to the overall faster kinetics of gating and ionic currents in K390Anap-W434F (figure 4.4B-C
and 4.5). Due to the smaller Anap fluorescence change of A391Anap-W434F as a result of limited
expression, a delay of less than a milisecond would not be detectable in the noise. The presence
of a delayed onset in the Anap fluorescence of the C-terminal linker mutants means that at least
one transition needs to occur prior to linker rearrangement also in the W434F background.
Therefore, even though the S4-S5 linker is free to transition into its final position upon voltage

sensor activation, it is not an independent movement like the voltage sensors.
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Figure 4.5 Comparison of onset of TMR and Anap fluorescence signal

A-C) Overlap of TMR (green) and Anap (red) fluorescence upon depolarisations from -90mV. Arrow in A)
highlights the absense of a delayed onset, while arrows in B and C) highlights the presence of a delayed onset
for Anap compared to TMR. The horisontal bar in B) indicates a time difference of 600us. D-E) Time constants
obtained from double exponential fits of gating currents (filled symbols) and ionic currents (open symbols) of D)
R387Anap and E) K390Anap channels. F) To take into account the relative voltage-dependencies, the ratio of the
maximum ionic time constant to the maximum gating time constant was determined for both the fast (T1) and
slow (T2) component, showing that the ionic currents in K390Anap are slower than those in R387Anap relative
to the gating current.
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4.3.5 The C-terminal S4-S5 linker follows both early and late transitions
Except for L382Anap-W434F, the QVs (figure 4.3B-E) were best fit to a two-transition Boltzmann
relation, reflecting the two major charge systems Q1 and Q2 [23]. There were subtle differences
among the FVs of TMR and Anap and the QV. In fact, by comparing the midpoint values of Q1, Q2
and the FVs of the three C-terminal S4-S5 linker mutants, it is tempting to conclude that Anap
follows Q2, while TMR is closer to Q1 (table 1). However, we would have to separate both charge
movements to determine whether these subtle differences are significant. To this end, we

inserted the F290A mutation into the R387Anap and K390Anap background.

F290 is situated in the S2 helix where it stabilizes the voltage sensor in the activated state,
presumably by controlling the transfer of the fourth gating charge [24 , 25]. When mutated from
phenylalanine to alanine, the early gating transitions remain nearly unaffected while the final
transitions shift to higher potentials. In agreement with WT-F290A channels [25], the GV curve
was shifted to higher potentials when F290A was inserted into R387Anap and K390Anap (open
black circles, figure 4.6C-D) with GV midpoint values of 134.8 mV and 95.5 mV, respectively (table
2).
Anap FV av

Vipag 9V Vipp Vg Mipw Vg Vieg dViz)

-28.0 451 12.2+#34 739471 21065|-403 03 112 +0.3 1299 464 280 29
-48.9 +0.7 10.9 £0.7 70.7 £34 214 £30|-58.003 9.80.2 79.2417 10.7 415

GV (no W434F)

Va2 dv

134.8 +2.7 155 #1.0
955 1.2 194 08

F290A-R387Anap-W434F
F290A-K390Anap-W434F

5
4

Table 2 Vi, and dV values obtained from single or double Boltzman fits of FV, QV and GV curves of F290A
mutants.

In the W434F background, wildtype (F290A-W434F) and both mutants, R387Anap-F290A-W434F
and K390Anap-F290A-W434F, exhibited a biphasic QV in which ~ 20% of the charge activated at
higher potentials (figure 4.6A-B) [24]. The second charge movement developed in the voltage
range of channel opening with Q2 (table 2). The Anap FV also split into two components (figure
4.6C-D). The first component (F1) remained shifted by 10-12 mV to potentials more depolarized
than Q1 , whereas the second component (F2) developed in the voltage range of Q2. The slight
shift between Q2 and F2 is caused by the shift of the off-gating currents versus the on-gating
currents [18]. The Q2 had to be obtained from off-gating currents because the oocytes exhibit
endogenous K* currents at potentials more positive than +50 mV [26, 27] (black arrows, figure

6A-B), making it challenging to determine the displaced charge during depolarization more
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positive than +50 mV. The F290A data show that the C-terminal part of the S4-S5 linker
rearranges at least twice during activation. The first rearrangement occurs with a voltage

dependence falling between Q1 and Q2, and the second rearrangement coincided with Q2.
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Figure 4.6 Separation of the final gating transition using F290A

A-B) Gating currents (upper) and Anap fluorescence changes (lower). The arrows highlight endogenous leak
currents during high depolarisations. C-D) Anap FV and QV for C) F290A-R387Anap-W434F and D) F290A-
K390Anap-W434F plotted together with the GV obtained from the respective conducting mutants. E) QVon
(grey) and QVos (black) obtained from the gating currents in A) and B), respectively. F) Off-gating currents from
R387Anap-W434F channels highlighting the slow component when repolarising from high potentials, as in
contrast to the fast component present in F290A channels. G-H) Anap fluorescence of G) K390Anap-W434F and
H) F290A-K390Anap-W434F upon repolarisation from 120mV to -90mV, fitted to a double exponential relation.
The two components of the fit, T1 and T2, are shown as lines. Insertion of F290A accelerated the slow time
constant from 14.1ms to a fast time constant of 406us.

4.3.6 Kinetical analysis of F290A deactivation

The off-gating currents exhibited a remarkably fast component (with a time constant T1 of 157 s
+32 us in F290A-K390Anap-W434F, red arrow figure 4.6A-B) which was absent in channels
without the F290A mutation (figure 4.6F). The same fast component also occurred in WT-F290A-
W434F channels (figure S4.3A). The fast kinetics only developed upon repolarization from high
potentials, and could be isolated from the slow kinetics by repolarizing to 0 mV instead of -90 mV
(figure S4.3B). Moreover, as the fast component was only visible upon repolarization and not

upon depolarization, it is the rate-limiting step only during deactivation. The QV curve of the off-
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gating currents obtained from 0 mV holding potential overlapped with that of Q2 obtained at -90
mV holding potential (figure S4.3C). These findings suggest that the return of the final gating
charge is accelerated in F290A channels. Deactivation currents in F290A channels were previously
also found to dramatically accelerate the deactivation currents as determined from weighted
time constants [24]. This finding led the authors to conclude that F290A destabilize the active
state due to a diminution of the deactivation energy barrier [28]. Here, we demonstrate that the
fast component caused by F290A is clearly visible in the off-gating currents and results in an

isolated peak which develops in the ps-range.

In the absence of F290A, the fluorescence time course of K390Anap-W434F channels during
repolarization to -90 mV was fitted to two exponential components with the time constants T1
and T2 (figure 4.6G). In the presence of F290A, the fluorescence time course was also fitted to
two exponentials, but T1 was significantly faster with a time constant of 0.4 ms + 0.25 ms, which
is in the same range as the fast component in corresponding off-gating currents. Moreover, the
other time constant (T2) of 2.8 ms + 0.7 ms corresponded to T2 in the off-gating current of 5.0 ms
+ 1.9 ms (figure 4.6H and B). These data suggest that Anap reports on both the rate-limiting and
the subsequent step during deactivation, which is in agreement with the findings of the previous

section, that Anap in the S4-S5 C-terminal linker probes both early and final gating transitions.

4.4 Model for the cytosolic gating machinery

In this study, the fluorescent unnatural amino acid Anap was site-specifically incorporated into
various positions in the S4-S5 linker of the Shaker channel. Two-color voltage clamp fluorometry
was used for detection of voltage-gated fluorescence changes, allowing the dynamical study of
protein rearrangements from two regions in the same protein simultaneously. Anap was
successfully inserted into both the N-terminal part (L382) and the C-terminal part (R387, K390,
A391) of the S4-S5 linker. In a previous work, we already studied the movement of the cytosolic
end of the VSD (V234Anap) and pore opening (H486Anap) [9]. By combining these results, we are
now in a position to follow the progression of the voltage-gated rearrangements throughout the
voltage-gated K* channel Shaker: the extracellular end of the VSD (A359C-TMRM), the cytosolic
end of the VSD (V234Anap), the N- and C-termini of the S4-S5 linker (L382Anap, R387Anap,
K390Anap, A391Anap) and the cytosolic pore gate (H486Anap).
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We found that the VSD moves independently coinciding with the gating charge movement. The
cytosolic end of VSD moves faster than the external surface but they share their voltage
dependence[9]. Here, we found that the N-terminus of the S4-S5 linker also follows the gating
charge movement. The C-terminus of the S4-S5 linker, in contrast, moves at potentials
intermediate between gating charge movement and pore opening (figure 4.2). The difference in
movement of the N- and C-termini indicate that, due to flexibility between L382 and R387,
energy is briefly stored in this region until the S4-S5 linker responds by relaxing into its final state.
The S4-S5 linker thus constitutes the transition between the independently acting voltage

sensors and the cooperative pore opening step.

Pore opening, monitored at H486, occurred in two steps, one of which also precedes conduction
(GV) [9]. The sequence of events would thus begin with VSD activation and S4-S5 linker bending.
This is followed by “tension” or energy relief in the S4-S5 linker and preactivation of the pore,
and finally pore opening and C-type inactivation. While the essential step of C-type inactivation
occurs in the selectivity filter [29], it has been shown to interact with the cytosolic pore gate at
the helical bundlecrossing [30]. We found accordingly rearrangements correlating with C-type
inactivation in both the N- and C-terminal end of the S4-S5 linker (figure 4.2) and the S4
(V234Anap) [9]. We therefore verified the rearrangements at the helical bundlecrossing at
H486Anap and found, indeed, a slow fluorescence change correlating with entry into C-type
inactivation upon prolonged depolarization (figure 4.7). C-type inactivation thus leads to

conformational changes in the cytosolic pore gate, the entire S4-S5 linker and the VSD.

The question remains whether the sequence of events is fixed or whether it may be exchanged,
in other words, what is the driving force? In the presence of the W434F mutation, Shaker C-type
inactivation was shown to be significantly increased [22]. Here, we found that there is no shift
between voltage sensor movement and S4-S5 linker rearrangements anymore (figure 4.3).
However, the S4-S5 linker rearrangements are temporally delayed versus the voltage sensor
movement, indicating that they do occur subsequently. In contrast, the movement of the
cytosolic pore gate (H486) is not affected by W434F and still shows two transitions that occur at
potentials more depolarized than gating charge movement [9]. These results suggest that the S4-
S5 linker is no longer hindered to directly enter its final conformation, and that it induces no

change in pore gate opening.
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Figure 4.7 C-type inactivation of H486Anap

Current and fluorescence change elicited upon a 1 sec depolarization from -90 mV to +100 mV to induce C-type
inactivation in H486Anap channels. The slow time constant in both signals was obtained by fitting with a single
exponential function.

4.5 Discussion

Our findings provide us with a detailed picture about the rearrangements following membrane
depolarization in voltage-gated K* channels including the voltage sensing domain, S4-S5 linker
and cytosolic pore gate. Temporally correlating the signals with electrical signals from gating

charge movement and ion conduction allowed us to establish a sequence of events.

It was remarkable that the C-terminal S4-S5 linker and the cytosolic pore gate react differently to
the presence of W434F. While the S4-S5 linker is free to move with the voltage sensor in W434F,
the cytosolic pore gate still opens at more depolarized potentials. Our data suggest that in spite
of an uncoupling of $4-S5 linker movement from S6 movement in the presence of W434F, the
channel still opens normally. This seems to contradict our current understanding of
electromechanical coupling, according to which the annealing of the S4-S5 linker and the
complementary C-terminal S6 leads to coinciding movements [10, 13, 18, 31-33]. A mechanism
similar to what we see here, where uncoupling of the S4-S5 linker from S6 is linked to pore
inactivation has been suggested for closed state inactivation in Kv4 channels [34], and it will thus
be interesting to investigate S4-S5 linker movement in Kv4 as well as the fast inactivating Herg

channels.

An interesting feature in the C-terminal S4-S5 linker rearrangements was that we still observed a
slow conformational change even in the presence of W434F. This component was sensitive to 4-

AP but occurred at potentials more depolarized than pore opening. It might be an indication that
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the S4-S5 linker, in spite not entering a “strained” state in presence of W434F, only enters its

final state after pore opening.

By breaking down the sequence of molecular events during protein conformational changes, we
can shed light on the underlying energies and forces and get closer to the ultimate goal of
understanding protein structure and function. Fluorescence spectroscopy remains today a
valuable tool to investigate protein dynamics in living cells and with the use of fluorescent
unnatural amino acids, the VCF technique will likely continue to add cutting-edge information to
the field in the future. We think that our findings in the Shaker K* channel can be applied to a

wide range of members of the voltage-gated ion channel family.

4.6 Methods and Materials

4.6.1 Xenopus oocyte injection

All mutations were introduced into the Drosophila Shaker H4 gene in the pBSTA vector with a
deletion of amino acids 6-46 to remove N-type inactivation[14]. For Anap incorporation, 9.2nl of
0.1 ng/nL cDNA encoding the tRNA/AnapRS pair (pAnap)[9, 17] was injected into the nucleus of
Xenopus laevis oocytes 6-24 hours prior to coinjection of 23 nL 1mM Anap (Abzena TCRS, custom
synthesis TCRS-170) and 35ng in vitro transcribed RNA. All steps during and after Anap injection
were performed under red light to avoid bleaching. Oocytes were then incubated for 1-3 days at

18°C in Barth’s solution supplemented with 5% horse serum.

4.6.2 Electrophysiology

Voltage clamp was performed with a CA-1B amplifier (Dagan). Currents were recorded in the cut-
open oocyte voltage-clamp configuration as described [18] and analyzed by using GPatch
(Department of Anesthesiology, University of California, Los Angeles). Linear capacitance currents
were subtracted online using the P/4 protocol[35], or offline using a negative pulse from -100mV
to -120mV (F290A mutants). For ionic recordings the external solution contained in mM: 5 KOH,
110 NMDG, 10 Hepes, and 2 Ca(OH),, and the internal solution contained in mM: 115 KOH, 10
Hepes, and 2 EDTA. For gating current recordings, KOH was replaced by NMDG. For blocking
experiments, 5mM NMDG or KOH was replaced by 5mM 4-aminopyridine (4-AP), and the

command potential was held at 0 mV for 5 seconds prior to recordings. All solutions were
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adjusted to pH 7.1 with methane sulfonic acid (MES). Conductance (G) was calculated from the
steady state currents (1) via G=I/(V-Viev), Wwhere Ve is the reversal potential. Conductance-voltage
relationships (GV) were fitted to a Boltzmann relation of the form G/Gmax= (1 + exp(-(V -
V12)/dV))™. The total gating charge (Q) was calculated from the gating currents by integration,
and charge-voltage relationships (QV) where fitted to a double-Boltzmann relation of the form

Q/Qumax = (1 + exp(=(V = V1,1/2)/dV1)) ™ + (1 + exp(=(V = V2,1/2)/dV2)) ™.

4.6.3 Voltage clamp fluorometry

For two-color VCF, oocytes were incubated in 5uM TMR-maleimide in depolarizing labeling
solution (in mM: 115 KOH, 10 Hepes, and 2 Ca(OH),, pH 7.1 with MES) for 20 minutes at room
temperature, prior to recordings. The oocytes were washed three times in labelling solution to
remove excess dye. Fluorescence intensities were recorded with a photodiode detection system
(Photomax 200, Dagan) using ex-545/25, dc-570, em-605/70 (TMR) or ex-377/50, dc-409, em-
470/40 (Anap) filter sets. Fluorescence-voltage (FV) relationships were fitted to a single or double
Boltzmann relation of the form dF/dFmax = (1 + exp(=(V — V1,2)/dV))™ and dF/dFmax = (1 + exp(-(V
— Vi1p)/dVi))™ + (1 + exp(-(V — V21/2)/dV2)), respectively. Bleaching effects during step
protocols were accounted for by scaling fluorescence traces using the first sweep as reference.

See Kalstrup & Blunck 2017[36] for visual demonstration of two-color VCF.
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4.8 Supplementary Material

Effect of iVSD on full length channels and potential heteromerization.

The voltage range in which iVSD conducts is opposite to that of full length channels, allowing
separation of the two current phenotypes when they express in the same oocyte (figure S4.1D).
However, oocytes never exhibited high expression of both phenotypes simultaneously, but

generally showed high full length with little or no iVSD, and vice versa. This observation can be
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explained by two scenarios. Either the full length and iVSD synthesis are competing for the
translation capacity of the oocyte, or the full length and iVSD assemble into functionally silent

heterotetramers. The latter scenario will be discussed below.

Next, to see whether iVSD affected the gating machinery of full length channels, expression of
both full length channels and iVSD were induced by mixing WT Shaker mRNA with and without
K390stop in a 1:1 ratio (in the absence of pAnap and Anap). Also, A359C which is situated on the
extracellular part of S4 was inserted for TMR-labeling to probe the voltage sensor movement[37],
and the W434F mutation was used in order to measure gating currents[22]. Following
expression, voltage-dependent ionic currents, gating currents and fluorescence-changes were
measured using standard Ky activation protocols. The oocytes exhibited outward K* currents
upon depolarization which were indistinguishable from WT currents (figure S4.1E). If the oocytes
also exhibited inward iVSD currents upon hyperpolarisation they were similar to the currents of
iVSD-only oocytes shown in figure S4.1A. These findings indicate that the two current phenotypes
are functionally independent. In agreement with this, the conductance-voltage (GV), charge-
voltage (QV) and fluorescence-voltage (FV) relationships of the full length population were
identical to those obtained from oocytes injected only with WT (figure S4.1F). When the iVSD
current amplitude was too significant, the full length recordings were impaired due to current
run-down, low membrane resting potential and leaky oocytes. The maximum iVSD current
amplitude at which full length currents could be reliably measured was estimated to be 10 pA
when pulsing from a holding potential of 0 mV to -170 mV. Fortunately, iVSD rarely expressed
above 10 pA when Anap was succesfully incorporated (figure S4.1C). Taken together, these
results show that the gating machinery of full length channels (VS movement, charge

displacement, pore opening) remained unaffected by the presence of iVSD

90



CHAPTER 4
THE S4-S5 LINKER MOVEMENT DURING ACTIVATION AND INACTIVATION IN VOLTAGE-GATED K+ CHANNELS

A. o 5pA|_ B. C. I w/ FL expression
non injected | 25 ms I w/o FL expression
£ < 30;
B 2
ge) (]
£ 3 204
Q_ H—]
E 3
(“ -
= = 10
o o
3 3 0.

WT+IVS
———

120 mv (:“;.“:‘»’nwl.' e
uE | um M\
0mV AV =+10mV VTN
170 mv

GV:

o WT

o WT+IVS

QV (W434F):

= WT

e WT+IVS

TMR FV (W434F):
= WT

o WT+IVS

-—
[=)

Normalized Q,dForG =
o .
&)}

Figure S4.1iVSD expression does not interfere with the function of full length Shaker channels.

A) Examples of oocytes expressing iVSD two days after RNA injection, as a result of translation stop in the 54-S5
linker at position L382, R387, K390 or A391. B) Demonstration of the amount of iVSD expression, shown as
recorded current amplitude, upon hyperpolarisation from 0 mV to -170 mV. No iVSD currents are detected
when the stop codon is placed in S1 (V234) or in the S6 (H486). C) For experiments with Anap and pAnap using
R387stop, oocytes were placed in two groups regarding the presence or absence of full length ionic currents
detected during a standard Ky activation protocol. Then, the amount of iVSD (if any) was determined as in B). D)
Example of an oocyte which has been injected with K390stop in presence of Anap and pAnap, and expresses
both full length and iVSD. Currents were activated as in A. E) lonic currents, gating currents and TMR
fluorescence changes of WT-only and WT+K390stop oocytes. F) QV, TMR-FV and GV of WT A359C channels
compared to those of WT A359C channels in the presence of limited iVSD expression (less than 10 pA).
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If full length and iVSD subunits were to express as stable and mature heterotetramers at the
membrane, the channel complex would either form an obstructed constitutively open pore with
little or no voltage dependency and with no ion-selectivity, or be constitutively closed by virtue of
an absent pore. The findings that the oocytes which expressed a mixed population exhibited two
current phenotypes reminiscent of the sum of WT full length and WT iVSD channels (figure
S4.1D), argues against the possibilty of a conductive heteromeric channel. Therefore, if
heteromerization occurs, it would be as a non-conducting channel, possibly with iVSD gating pore

currents.

The N-terminal T1 domains in Shaker-like Ky channels are responsible for initial assembly of the
subunits [38, 39], while other interactions are responsible for subsequent channel assembly and
folding, including the C-terminal portion and intersubunit interactions provided by the
transmembrane helices from S1 to S6 [40-42]. Some of these intersubunit transmembrane
interactions would be impaired in a heterotetramer of iVSD and full length, and it is therefore
likely that the four subunits fold independently, although they are brought together as tetramers.
By virtue of the independent nature of the VSD, it is possible that in such a heterotetramer, the
iVSD subunits would function normally and the full length subunits would exhibit gating currents.
However, the gating currents originating from full length subunits in heterotetramers would be
different from WT gating currents and lack the slow component in the off-gating currents which
reflects the stabilization of the open pore[43] caused by intersubunit interactions between the
S4-S5 linker and S6[14] and has been linked to C-type inactivation[44]. Since all three
mechanisms necessitate the presence of S5 and S6, the slow component would be absent in
gating currents originating from full length subunits in heterotetramers. However, the gating
currents elicited by oocytes which expressed both iVSD currents and full length gating currents
exhibited a slow component in the off-gating current — reminiscent of a functional pore (figure
S$4.1G). Moreover, the four S4-S5 linker Anap-mutants also exhibited the slow component (figure
4.3A). We conclude that no evidence existed for heterotetramerization. Taken together, the
results show that experiments with incorporation of Anap into the S4-S5 linker are not
compromised by iVSD (if any). In agreement with this conclusion, Anap fluorescence changes
were indeed not affected by the presence of IVS, even above the IVS limit of 10 YA (figure S4.2A-
B).
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Figure S4.2 Supplementary figure 2. Anap fluorescence in K390Anap oocytes is not affected by iVSD

A) A K390Anap-expressing oocyte with limited iVSD expression compared to a K390Anap-expressing oocyte with
high iVSD expression, and to the right is shown Anap fluorescence changes during standard Shaker activation
protocol of the same oocyte. B) Anap FV curves obtained from the oocytes in A.
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Figure S4.3 Characterization of the final gating transition separated by F290A.

A) Off-gating currents in WT-W434F compared to W434F-F290A. B) Visualization of the fast component
separated from the slow component by repolarizing to OmV in F290A-K390Anap-W434F. C) Charge
displacement obtained from the gating currents in B) overlapped with those obtained during repolarization to -
90 mV.

93



CHAPTER 4
THE S4-S5 LINKER MOVEMENT DURING ACTIVATION AND INACTIVATION IN VOLTAGE-GATED K+ CHANNELS

4.9 References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Wulff, H., N.A. Castle, and L.A. Pardo, Voltage-gated potassium channels as therapeutic
targets. Nat Rev Drug Discov, 2009. 8(12): p. 982-1001.

Long, S.B., E.B. Campbell, and R. Mackinnon, Crystal structure of a mammalian voltage-
dependent Shaker family K+ channel. Science, 2005. 309(5736): p. 897-903.

Long, S.B., X. Tao, E.B. Campbell, and R. MacKinnon, Atomic structure of a voltage-dependent
K+ channel in a lipid membrane-like environment. Nature, 2007. 450(7168): p. 376-82.
Bezanilla, F., How membrane proteins sense voltage. Nat Rev Mol Cell Biol, 2008. 9(4): p. 323-
32.

Blunck, R. and Z. Batulan, Mechanism of electromechanical coupling in voltage-gated
potassium channels. Front Pharmacol, 2012. 3: p. 166.

Chowdhury, S. and B. Chanda, Perspectives on: conformational coupling in ion channels:
thermodynamics of electromechanical coupling in voltage-gated ion channels. J Gen Physiol,
2012. 140(6): p. 613-23.

Pathak, M., L. Kurtz, F. Tombola, and E. Isacoff, The cooperative voltage sensor motion that
gates a potassium channel. ) Gen Physiol, 2005. 125(1): p. 57-69.

Mannuzzu, L.M. and E.Y. Isacoff, Independence and cooperativity in rearrangements of a
potassium channel voltage sensor revealed by single subunit fluorescence. J Gen Physiol,
2000. 115(3): p. 257-68.

Kalstrup, T. and R. Blunck, Dynamics of internal pore opening in K(V) channels probed by a
fluorescent unnatural amino acid. Proc Natl Acad Sci U S A, 2013. 110(20): p. 8272-7.

Labro, A.J., A.L. Raes, A. Grottesi, D. Van Hoorick, M.S. Sansom, and D.J. Snyders, Kv channel
gating requires a compatible S4-S5 linker and bottom part of S6, constrained by non-
interacting residues. ) Gen Physiol, 2008. 132(6): p. 667-80.

Long, S.B., E.B. Campbell, and R. Mackinnon, Voltage sensor of Kv1.2: structural basis of
electromechanical coupling. Science, 2005. 309(5736): p. 903-8.

Labro, A.J., A.L. Raes, and D.J. Snyders, Coupling of voltage sensing to channel opening reflects
intrasubunit interactions in kv channels. J Gen Physiol, 2005. 125(1): p. 71-80.

Lu, Z., A.M. Klem, and Y. Ramu, Coupling between voltage sensors and activation gate in
voltage-gated K+ channels. J Gen Physiol, 2002. 120(5): p. 663-76.

Batulan, Z., G.A. Haddad, and R. Blunck, An intersubunit interaction between S4-S5 linker and
S6 is responsible for the slow off-gating component in Shaker K+ channels. ) Biol Chem, 2010.
285(18): p. 14005-19.

Faure, E., G. Starek, H. McGuire, S. Berneche, and R. Blunck, A limited 4 A radial displacement
of the S4-S5 linker is sufficient for internal gate closing in Kv channels. ) Biol Chem, 2012.
287(47): p. 40091-8.

Lee, H.S., J. Guo, E.A. Lemke, R.D. Dimla, and P.G. Schultz, Genetic incorporation of a small,
environmentally sensitive, fluorescent probe into proteins in Saccharomyces cerevisiae. J] Am
Chem Soc, 2009. 131(36): p. 12921-3.

Chatterjee, A., J. Guo, H.S. Lee, and P.G. Schultz, A genetically encoded fluorescent probe in
mammalian cells. ) Am Chem Soc, 2013. 135(34): p. 12540-3.

Haddad, G.A. and R. Blunck, Mode shift of the voltage sensors in Shaker K+ channels is caused
by energetic coupling to the pore domain. J Gen Physiol, 2011. 137(5): p. 455-72.

Zhao, J. and R. Blunck, The isolated voltage sensing domain of the Shaker potassium channel
forms a voltage-gated cation channel. Elife, 2016. 5.

94



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

CHAPTER 4
THE S4-S5 LINKER MOVEMENT DURING ACTIVATION AND INACTIVATION IN VOLTAGE-GATED K+ CHANNELS

Hurst, R.S., M.J. Roux, L. Toro, and E. Stefani, External barium influences the gating charge
movement of Shaker potassium channels. Biophys J, 1997. 72(1): p. 77-84.

Claydon, T.W., M. Vaid, S. Rezazadeh, S.J. Kehl, and D. Fedida, 4-aminopyridine prevents the
conformational changes associated with p/c-type inactivation in shaker channels. J Pharmacol
Exp Ther, 2007. 320(1): p. 162-72.

Yang, Y., Y. Yan, and F.J. Sigworth, How does the W434F mutation block current in Shaker
potassium channels? ) Gen Physiol, 1997. 109(6): p. 779-89.

Bezanilla, F., E. Perozo, and E. Stefani, Gating of Shaker K+ channels: Il. The components of
gating currents and a model of channel activation. Biophys J, 1994. 66(4): p. 1011-21.

Lacroix, J.J. and F. Bezanilla, Control of a final gating charge transition by a hydrophobic
residue in the S2 segment of a K+ channel voltage sensor. Proc Natl Acad Sci U S A, 2011.
108(16): p. 6444-9.

Tao, X., A. Lee, W. Limapichat, D.A. Dougherty, and R. MacKinnon, A gating charge transfer
center in voltage sensors. Science, 2010. 328(5974): p. 67-73.

Parker, I. and I. lvorra, A slowly inactivating potassium current in native oocytes of Xenopus
laevis. Proc R Soc Lond B Biol Sci, 1990. 238(1293): p. 369-81.

Lu, L., C. Montrose-Rafizadeh, T.C. Hwang, and W.B. Guggino, A delayed rectifier potassium
current in Xenopus oocytes. Biophys J, 1990. 57(6): p. 1117-23.

Lacroix, J.J., H.C. Hyde, F.V. Campos, and F. Bezanilla, Moving gating charges through the
gating pore in a Kv channel voltage sensor. Proc Natl Acad Sci U S A, 2014. 111(19): p. E1950-
9.

Berneche, S. and B. Roux, A gate in the selectivity filter of potassium channels. Structure,
2005. 13(4): p. 591-600.

Cuello, L.G,, et al., Structural basis for the coupling between activation and inactivation gates
in K(+) channels. Nature, 2010. 466(7303): p. 272-5.

Lu, Z.,, A.M. Klem, and Y. Ramu, lon conduction pore is conserved among potassium channels.
Nature, 2001. 413(6858): p. 809-13.

Wall-Lacelle, S., M.I. Hossain, R. Sauve, R. Blunck, and L. Parent, Double mutant cycle analysis
identified a critical leucine residue in the 11S4S5 linker for the activation of the Ca(V)2.3
calcium channel. J Biol Chem, 2011. 286(31): p. 27197-205.

Muroi, Y., M. Arcisio-Miranda, S. Chowdhury, and B. Chanda, Molecular determinants of
coupling between the domain Il voltage sensor and pore of a sodium channel. Nat Struct Mol
Biol, 2010. 17(2): p. 230-7.

Barghaan, J. and R. Bahring, Dynamic coupling of voltage sensor and gate involved in closed-
state inactivation of kv4.2 channels. J Gen Physiol, 2009. 133(2): p. 205-24.

Bezanilla, F. and C.M. Armstrong, Inactivation of the sodium channel. |. Sodium current
experiments. J Gen Physiol, 1977. 70(5): p. 549-66.

Kalstrup, T. and R. Blunck, Voltage-clamp Fluorometry in Xenopus Oocytes Using Fluorescent
Unnatural Amino Acids. ) Vis Exp, 2017(123).

Mannuzzu, L.M., M.M. Moronne, and E.Y. Isacoff, Direct physical measure of conformational
rearrangement underlying potassium channel gating. Science, 1996. 271(5246): p. 213-6.
Shen, N.V., X. Chen, M.M. Boyer, and P.J. Pfaffinger, Deletion analysis of K+ channel assembly.
Neuron, 1993. 11(1): p. 67-76.

Li, M., Y.N. Jan, and L.Y. Jan, Specification of subunit assembly by the hydrophilic amino-
terminal domain of the Shaker potassium channel. Science, 1992. 257(5074): p. 1225-30.

Raja, M., The role of extramembranous cytoplasmic termini in assembly and stability of the
tetrameric K(+)-channel KcsA. ) Membr Biol, 2010. 235(1): p. 51-61.

95



41.

42.

43.

44,

CHAPTER 4
THE S4-S5 LINKER MOVEMENT DURING ACTIVATION AND INACTIVATION IN VOLTAGE-GATED K+ CHANNELS

Tu, L., V. Santarelli, Z. Sheng, W. Skach, D. Pain, and C. Deutsch, Voltage-gated K+ channels
contain multiple intersubunit association sites. ) Biol Chem, 1996. 271(31): p. 18904-11.
Jenke, M., A. Sanchez, F. Monje, W. Stuhmer, R.M. Weseloh, and L.A. Pardo, C-terminal
domains implicated in the functional surface expression of potassium channels. EMBO J, 2003.
22(3): p. 395-403.

Kanevsky, M. and R.W. Aldrich, Determinants of voltage-dependent gating and open-state
stability in the S5 segment of Shaker potassium channels. ) Gen Physiol, 1999. 114(2): p. 215-
42.

Chen, F.S., D. Steele, and D. Fedida, Allosteric effects of permeating cations on gating currents
during K+ channel deactivation. ) Gen Physiol, 1997. 110(2): p. 87-100.

96



Chapter 5

Probing dynamics of the ball and chain in Ky

channels during N-type inactivation

Tanja Kalstrup® and Rikard Blunck?

!Department of Physiology and Pharmacology, and 2Department of Physics, Montreal University,

Montreal, Quebec, Canada

Unpublished.

Author contributions: T.K. and R.B. designed research, T.K. performed experiments, T.K. and R.B.

analyzed data, T.K. wrote the first version which was edited by R.B.

97



CHAPTER 5
PROBING DYNAMICS OF THE BALL AND CHAIN IN KV CHANNELS DURING N-TYPE INACTIVATION

5.1 Abstract

N-type inactivation is a mechanism in certain voltage-gated potassium channels where the N-
terminal cytosolic inactivation particle (IP) binds to the open pore, resulting in block of ionic
currents (ball-and-chain mechanism). Such regulation of K* currents balances the excitability of
neurons. Numerous mutational studies have characterized N-type inactivation functionally, while
X-ray crystal structures have yet to include the ball-and-chain structure. By incorporating a
fluorescent unnatural amino acid (Anap) into the N-terminus and into a receptor site (T1
window), we tracked the movement of the IP during inactivation using voltage clamp fluorometry
in Xenopus oocytes. The findings suggest a sequential-step model in which the chain region
undergoes a movement which precedes occlusion of the pore, whereas the hydrophobic tip
undergoes an additional movement which causes the final pore block. Moreover, a receptor site
in the T1-S1 linker experiences relative movements which corresponds to that of the chain

region, affirming its role in accommodating the IP close to the pore.

5.2 Introduction

When voltage-gated potassium (Ky) channels open in response to membrane depolarisation they
allow the passage of K* ions and repolarize the cell within miliseconds during an action potential.
The duration and pattern of action potentials in excitable cells can be regulated by an
inactivation mechanism in which the cytosolic N-terminus binds to the open pore and blocks the
entry of ions (N-type inactivation) [1-4]. The N-terminus, or the inactivation particle (IP), is either
part of the transmembrane a-subunit (Shaker, Kv1.4, Ky3.4) or of the B-subunit which co-
assembles with the Kyl subfamily. The IPs of N-type inactivating channels have no sequence
similarity but they all contain a hydrophobic tip region of approximately the first 10 amino acids
which, in the Shaker Ky channel, have been suggested to inactivate the channel by interacting
with hydrophobic pore-lining residues [3, 4]. The downstream hydrophilic region which carries a
net positive charge, is responsible for increasing the diffusion rate of the IP towards the pore

region via long-range electrostatic interactions [3, 5-7].

Below the transmembrane region in Shaker-related Kyl channels is situated the conserved

cytoplasmic T1 domain which is responsible for subunit tetramerization [8-10]. The T1 domain is
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attached to the first transmembrane helix S1 via the T1-S1 linker, so that four windows form
between the T1 domain and the transmembrane domain (figure 5.1A). The N-terminus enters the
window of its own subunit in order to reach the inner pore cavity [11, 12]. The T1-S1 linker
contains conserved negative charges important for accommodating the positively charged chain

region [5, 12, 13].

Even though the mechanism of N-type inactivation is functionally well characterized, any
dynamic information about the pathway by which the IP travels is lacking. By inserting a
fluorescent unnatural amio acid (Anap) into the IP using the amber stop codon suppression
technique [14-16], we were able to probe relative movements using voltage clamp fluorometry.
This procedure allowed us to compare tip motion (A3 and Y8) and chain motion (K19 and E35).
Anap was also inserted into the T1-S1 linker receptor site (E201) to probe the arrival of the IP

through the T1 window.

5.3 Results

5.3.1 Anap incorporation does not inhibit N-type inactivation

In order to probe movements of the IP during N-type inactivation, Anap was inserted into
selective sites in the Shaker channel via the amber codon suppression technique using the Anap-
specific tRNA synthethase/tRNA (RS/tRNA) pair [14, 16]. To this end, two positions in the tip
region, A3 and Y8, and two positions in the chain region, K19 and E35, were used as sites for
Anap incorporation (figure 5.1A). Since N-terminal insertion of stop codon can lead to
translational reinitiation at downstream start codons, nine start codons were silently mutated as
previously described [17]. Anap was succesfully incorporated into the four positions as
determined from the robust expression in presence of Anap and poor expression in the absence
of Anap (figure 5.1B-C). All mutants exhibited functional N-type inactivation (figure 5.1B) with

WT-like inactivation voltage dependencies (figure 5.1D).
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Figure 5.1 Functional expression with Anap in N-terminus

A) Cartoon of the Shaker channel inactivated by the N-terminus. Only two subunits are shown for clarity.
Residues used in this study are marked arrows in the N-terminus and a red cross in the T1-S1 linker. B) Currents
obtained from each N-terminal mutant upon a standard activation step protocol followed by a second pulse to
+60 mV. C) Expression levels shown as current peak amplitudes upon depolarising from -90 mV to +40 mV for
each mutant in the absence and presence of Anap. Adapted from Kalstrup and Blunck 2015 [17] D) IV curve for
inactivation obtained by plotting the peak current during the second pulse in at +60 mV in C). E) Off-gating
currents obtained with W434F in WT full length (upper) and A6-46 channels (lower). F) Gating currents obtained
during a standard activation step protocol. Insets show the presence of charge immobilization.
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It has previously been shown that when the IP binds to the pore in the inactivated state, the
voltage sensors are unable to return to their resting state, making unbinding of the IP the rate-
limiting step upon repolarisation [18]. In W434F channels, where ionic currents are blocked but
the gating machinery remains normal [19], voltage sensor immobilization is visualized as a slow
off-gating current during repolarisation which disappears in the A6-46 deletion mutant (figure
5.1E) [18]. We used this feature to verify whether the tip properly reaches the final docking site
in the Anap mutants. Indeed, charge immobilization was unaffected in all mutants as shown by
the presence of a slow component in the off-gating currents with a time course similar to the one
found in WT (figure 5.1F). The finding that the IP reaches the final docking site agrees with the
functional current phenotypes seen during N-type inactivation (figure 5.1B). These results show
that the presence of Anap in the tip and the chain region did not inhibit the ability of IP to reach

the pore and block the ionic currents.

5.3.2 Anap in the tip region probes final step in N-type inactivation

A3Anap and Y8Anap exhibited small voltage dependent fluorescence changes at expression levels
above 50 pA when depolarising to 40 mV (supplementary figure S5.1A-B). The slow inactivation
kinetics seen in figure S5.1A-B are caused by accumulation of external K* at dense channel
population [20]. The presence of two fluorescence components of opposite direction made the
analysis of A3Anap and Y8Anap challenging due to low dF/F values. In order to enhance the
fluorescence signal, we therefore decided to use the non-conducting Shaker W434F mutant [21],
which allows higher expression levels than the conducting channels. The fluorescence changes in
W434F channels were similar to those of the conducting channels and did also exhibit two
components of opposite direction (figure S5.1C-D and figure 5.2A-B, upper traces). In order to
verify whether the fluorescence changes were caused by binding of the tip region to the pore, we
used the Ky channel blocker 4-aminopyridine (4-AP) which inhibits the final transitions during
channel activation [22-24]. Since pore opening needs to occur for the IP to reach the final docking
site, we were able to identify fluorescence changes sensitive to the ability of the IP in blocking
the pore. Indeed, application of 5mM 4-AP resulted in inhibition of the second fluorescence
component, suggesting that the final blocking step is monitored by Anap (figure 5.2A-B, middle

traces).
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By subtraction of the signal in presence of 4-AP from the original signal, the slow 4-AP sensitive
component was obtained (figure 5.2A-B, lower traces). Interestingly, in Y8Anap, the fluorescence
time course upon repolarisation followed the slow kinetics of charge immobilization with a time
constant tr=73t4 ms and tg;=74+2ms obtained from exponential fits (figure 5.2C). This
indicates that the slow fluorescence component directly probes conformational changes during
the final blocking step, in agreement with being sensitive to 4-AP. The 4-AP sensitive component
in A3Anap was too small to confidently fit to an exponential and was therefore not analyzed
kinetically. Plotting the 4-AP insensitive (fast) and 4-AP sensitive (slow) component as a function
of voltage (FV) for both mutants, revealed that the voltage dependency of both components are
similar to that of inactivation (figure 5.2D-E). Taken together, these results strongly suggest that

Anap at position 3 and 8 in the IP probes a movement which causes the docking of the tip into

the final receptor site.
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Figure 5.2 VCF results for the tip region mutants A3Anap and Y8Anap

A-B) Voltage-dependent fluorescence changes obtained during recordings of the gating currents in figure 5.1F
for A3Anap-W434F A) and Y8Anap-W434F B). Middle traces are obtained in the presence of 5 mM external 4-
AP, and the lower traces are the 4-AP sensitive components obtained via subtraction C) Overlap of Y8Anap-
W434F off-gating current and fluorescence time course during repolarisation from 0 mV to -90 mV. D-E)
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A3Anap-W434F (D) and Y8Anap-W434F (E) FV curves of the 4-AP insensitive (slow) and insensitive (fast)
components plotted together with the IV of inactivation from figure 5.1D.

5.3.3 Anap in the chain region probes movements preceding final block
Next, we performed the same procedure for the chain mutants, K19Anap and E35Anap, which

also required high expression levels in order to see fluorescence changes (figure 5.3A-B).
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Figure 5.3 VCF results for the chain region mutants K19Anap and E35Anap

Examples of inactivating currents elicited by the chain mutants K19Anap A) and E35Anap B) and their respective
fluorescence changes. C-D) Comparison of currents and fluorescence changes before and after application of
external 4-AP during depolarisation from -90 mV to + 40 mV. E) Time constants obtained from exponential fits
of E35Anap current inactivation and fluorescence changes during depolarisation from -90 mV to +40 mV, are
plottet as a function of current amplitude (expression level). The corresponding ionic current of W434F gating
currents was calculated using 13 elementary charges pr channel [25, 26] with a unitary conductance of 20 pS. F)
FV (red) and IV (black) curves obtained from K19Anap expressing oocytes. G) Time constants obtained from
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exponential fits of inactivation currents (black) and fluorescence (black) time courses of K19Anap expressing
oocytes. H-1) Same as F-G) but for E35Anap expressing oocytes.

In contrast to the tip mutants, they only exhibited one fluorescence component which made the
fluorescence signal easier to analyze and thus excluded the need for using WA434F. The
fluorescence intensity of K19Anap and E35Anap was insensitive to 4-AP (figure 5.3C-D),
suggesting that it reports a movement prior to pore block. The FV of K19Anap correlated with the
IV curve for inactivation with midpoint values of -19.3 mV and -14.3 mV respectively, as obtained
from Boltzmann fits (figure 5.3F). On the other hand, the FV of E35Anap was more left-shifted
with respect to inactivation with midpoint values of -24.0 mV and -9.3 mV, respectively (figure
5.3H). The kinetics of inactivation and fluorescence were highly variable from oocyte to oocyte
with slower inactivation at increased expression as mentioned earlier (an effect which disappears
with W434F, figure 5.3E). We therefore could not directly compare mean time constants.
Nevertheless, when comparing inactivation and fluorescence kinetics of single oocytes, the data
suggests that fluorescence and inactivation exhibit similar kinetics in K19Anap, whereas, in
E35Anap, the time constant of fluorescence is approximately 10 ms faster than the one of
inactivation (figure 5.3G and I). Taken together, the results indicate that, in both mutants, Anap is
probing a transition which precedes final block, due to their 4-AP insensitivity. However, the two
movements are not nessecarily the same. The K19Anap movement develops closely with
inactivation whereas E35Anap fluorescence signal is both left-shifted to and faster than
inactivation. A possible mode-of-action which could explain these results could be a sequential
transition mechanism. First, the downstream chain region movement (E35) sets in motion, which

then is followed by a second movement involving the upstream part of the chain (K19).

5.3.4 Probing the reception of the inactivation particle

In order to probe the reception of the N-terminus as it enters through the T1 side window, Anap
was inserted into position E201 in the T1-S1 linker (red mark, figure 5.1A). Like the N-terminal
mutants, E201Anap exhibited functional N-type inactivation (figure 5.4A) and displayed
fluorescence changes at high expression levels (figure 5.4B). As the T1-S1 linker is situated close
to the voltage sensor, it is possible that the fluorescence changes of E201Anap originate from
channel activation, and not inactivation. To verify this, the experiments were repeated in

inactivation-removed channels lacking the N-terminus (IR, A6-46). IR-E201Anap channels
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exhibited no fluorescence changes, demonstrating that the movement, probed by Anap in
E201Anap is caused by N-type inactivation. In agreement with this, both the Vy, values (-21.6 mV
and -15.8 mV, respectively) and the time constants of fluorescence signal and inactivation
correlated well (figures 5.4D-E). As with the chain mutants, the total fluorescence change was
insensitive to blocking by 4-AP (figure 5.4F). We also attempted to probe reception of the IP
within the pore. To that end, Anap was inserted into selected pore-lining residues (1470, V478,
Y485). Unfortunately, all the pore mutants exhibited dysfunctional pore opening or N-type
inactivation, and were therefore inadequate for further investigation in relation to this study
(data not shown). Nevertheless, the results for E201Anap suggest that Anap is probing the

reception of the IP —a movement which is not causing the final block.
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Figure 5.4 VCF results for the receptor site mutant E201Anap in the T1-S1 linker

A) Currents obtained from an E201Anap expressing oocyte from a step protocol as in figure 5.1B. B) Example of
an oocyte expressing E201Anap showing fluorescence changes upon a standard depolarisation protocol. C)
Same protocol as in B except that the oocyte is expressing an E201Anap mutant in which the N-terminus has
been removed (A6-46). D) Comparison of FV (red) and IV for inactivation (black) of E201Anap. E) Time constants
of exponential fits obtained from the oocyte shown in B. F) Currents and fluorescence during a depolarisation
step from -90 mV to +40 mV before and after application of external 4-AP.

5.4 Discussion
By genetically incorporating a fluorescent unnatural amino acid on the cytoplasmic side of the

Shaker Ky channel, we were able to directly probe conformational changes underlying N-type
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inactivation. The experiments provide the first dynamic information about the IP movement
during N-type inactivation. Our findings suggest a sequential-step model during which the IP
undergoes at least two transitions, which is in agreement with previous functional studies that
suggest an initial binding of the IP to the T1 domain [12], followed by a second binding to the

inner pore [3].

Based on our VCF results we suggest that, upon depolarization, both tip and chain region initially
moves (transition 1 in figure 5.5). We found that, relative to inactivation, the movement of the
downstream chain region (E35) preceded the movement of the upstream chain region (K19)
which suggests the presence of two pre-inactivation steps. Then, a final movement is responsible
for docking the IP tip into the pore, and this movement only involves the tip region (A3 and Y8,
transition 2 in figure 5.5). Molecular dynamics of a Shaker IP have recently shown that the IP
adopts a helical structure which inserts spontaneously into the intracellular cavity of the pore
and subsequently “snakes” deep into the pore when driven by voltage [27]. It is possible that the

slow fluorescence component of A3Anap and Y8Anap represent this last transition.

(1)

Figure 5.5 Proposed model for N-type inactivation
Binding of the IP to the open pore involves at least two conformational changes. The first involves both tip and
chain (2), whereas the second only involves the tip (2).

The finding of two pre-inactivation steps is consistent with previous work on Ky1.4 channels,
where a downstream intra-chain electrostatic interaction was identified and suggested to be
responsible for initially shortening the distance between the IP and the T1-S1 linker [5, 28]. It is
therefore possible that position E35 in Shaker lies within a region that is part of a similar

interaction as an initial step upon depolarisation.
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It is worth mentioning that the E201Anap and K19Anap fluorescence data are similar relative to
inactivation. This suggests that Anap experiences the same transition at both positions (ie.
E201Anap probes the reception of K19, and K19Anap probes the movement of the IP towards
E201). This interpretation agrees with findings in two other Shaker-related Ky channels where the
three conserved glutamates in the T1-S1 linker (199-EEE-201) have been shown to interact
electrostatically with positive charges in the early region of the chain which corresponds to the

17-RKK-19 region in Shaker (R18 in AKy1 and 26-RARERER-32 in Ky1.4) [5, 13].

VCF results only report on relative movements from which we cannot deduce the exact position
of the tip and chain before and during N-type inactivation. For example, the current model for N-
type inactivation generally implies that the N-terminus rests randomly in the cytosol and enters
through the side windows upon depolarization. But it is also possible that the N-terminus is
already bound near or at the T1 windows. One way to reconstruct the IP movement is to
specifically insert tryptophans along putative binding sites (T1 domain, T1-S1 linker) in the
background of a tip mutant and a chain mutant (eg. Y8Anap and E35Anap) to induce quenching
(or unquenching) of Anap. Since quenching by tryptophan requires contact formation and
depends on van-der-Walls radii [29], the method is useful for determination of short range
distances [30, 31]. Such experiments would allow accurate estimates of the position of the IP
with respect to the T1 domain, which especially during resting state is unknown. Moreover, the
direction of the fluorescence change would allow us to determine whether the IP moves towards
or away from the inserted tryptophans. To this end, we have selected 7 residues in the T1
domain and 3 residues in the putative binding site region, for tryptophan insertion in the Y8Anap
background (figure 5.6). So far, G159W, K178W, E192W, 1470W and A391W did not result in any

guenching (not shown).
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Figure 5.6 Overview of residues selected for Trp insertion.
The T1 domain in the Kv channel is shown as spheres and residues for Trp insertion are highlighted in pink.

5.5 Methods and materials

5.5.1 Xenopus oocyte injection

The mutations were introduced into the full-length Drosophila Shaker H4 gene in the pBSTA
vector. The N-terminal stop codons (A3, Y8, K19, E35) were inserted into a 9LL background in
which 9 noncanonical start codons have been removed via silent mutations as previously
described [17]. For Anap incorporation, 9.2 nl of 0.1 ng/nL cDNA encoding the tRNA/AnapRS pair
(pAnap) [14] was injected into the nucleus of Xenopus laevis oocytes 6-24 hours prior to
coinjection of 23 nL 1 mM Anap (Abzena TCRS, custom synthesis TCRS-170) and 35 ng in vitro
transcribed RNA [16]. All steps during and after Anap injection were performed under red light to
avoid bleaching. Oocytes were then incubated for 1-3 days at 18°C in Barth’s solution
supplemented with 5% horse serum. See Kalstrup & Blunck, 2017 [32] for detailed description

and visualisation of this procedure.

5.5.2 Electrophysiology

Voltage clamp was performed with a CA-1B amplifier (Dagan). Currents were recorded in the cut-
open oocyte voltage-clamp configuration [33] and analyzed by using GPatch (Department of
Anesthesiology, University of California, Los Angeles). For ionic recordings the external solution

contained in mM: 5 KOH, 110 NMDG, 10 Hepes, and 2 Ca(OH),, and the internal solution
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contained in mM: 115 KOH, 10 Hepes, and 2 EDTA. For gating recordings the KOH was replaced
by NMDG. All solutions were adjusted to pH 7.1 with MES. For 4-AP blocking experiments, 5mM
NMDG (gating) or KOH (ionic) was replaced by 5 mM 4-AP, and the command potential was held
at 0 mV for 5 seconds prior to recordings. Conductance (G) was calculated from the steady state
currents (1) via G=I/(V-Vier), Where V,e, is the reversal potential. Conductance-, charge- and
fluorescence-voltage relationships (GV, QV, FV) were fitted to a Boltzmann relation of the form y

= (1 +exp(=(V = V12)/dV))™.

5.5.3 Voltage clamp fluorometry

Fluorescence intensities were recorded with a photodiode detection system (Photomax 200,
Dagan) using a ex-377/50, dc-409, em-470/40 filter set for Anap fluorescence. Bleaching effects
during step protocols were accounted for by scaling fluorescence traces using the first sweep as

reference.

5.6 Supporting information
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Figure S5.1 Two fluorescence components present in A3Anap and Y8Anap
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Currents and fluorescence changes elicited by depolarisations of A) A3Anap and B) Y8Anap channels, obtained
at high expression levels. The same protocol was performed with C) A3Anap-W434F and D) Y8Anap-W434F
channels.
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CHAPTER 6
REINITIATION AT NON-CANONICAL START CODONS LEADS TO LEAK EXPRESSION WHEN INCORPORATING UNNATURAL
AMINO ACIDS

6.1 Abstract

With the rapid development of a continuously growing selection of unnatural amino acids
(UAAs), UAA insertion becomes increasingly popular for investigating proteins. However, it can
prove problematic to ensure the homogeneity of the expressed proteins, when homogeneity is
compromised by “leak expression”. Here, we show that leak expression may be mediated by
reinitiation and can result in unwanted proteins when stop codons for UAA insertion are mutated
into the N-terminus of proteins. We demonstrate that up to 25% of leak expression occurs
through reinitiation in the Shaker-Kv channel when stop codons are located within the first 70
amino acids. Several non-canonical start codons were identified as translation reinitaition sites,
and by removing the start codons, we were able to decrease leak expression to less than 1%. Our
study emphasizes the need to carefully inspect for leak expression when inserting UAAs and

demonstrates how leak expression can be eliminated.

6.2 Introduction

Genetic incorporation of unnatural amino acids (UAA) is a powerful tool to investigate protein
structure and function. Through nonsense suppression of stop codons, UAAs are incorporated
into proteins using chemically-charged tRNAs or orthogonal tRNA/tRNA synthetase (tRNA/RS)
pairs [1]. With this method, numerous UAAs with different chemical and biophysical properties
have been used as probes in E. coli, yeast, plant, amphibians and mammalian cells [1, 2]. When
using UAAs, it is crucial to have control of the protein translation process in order to get reliable
results. Indeed, the orthogonal tRNA/RS pair provides site-specific incorporation of the UAA, with
no or only a negligible fraction of unwanted proteins lacking the UAA, which may result from

crosstalk with endogenous tRNAs or synthetases.

Also cellular mechanisms can generate leak expression when using UAA mutagenesis, in spite of
the orthogonality of the tRNA/RS pair. Eukaryotic cellular mRNA is mainly translated via a linear
scanning model which consists of initiation, elongation and termination. During initiation, the 40S
ribosomal subunit is equipped with initiation factors and Met-tRNA, and binds to the 5'-terminal
MRNA 7-methylguanosine cap structure (Fig.6.1A). The complex then scans in the 5’ to 3’
direction in a base-by-base inspection until it encounters the first AUG start codon, where

elongation begins with recruitment of the large 60S subunit and release of initiation factors [3]
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(Fig. 6.1A). When the ribosome encounters a stop codon during elongation, translation is

terminated. The ribosome disassembles from the mRNA and prepares for a second round of

translation.

However, under some circumstances, translation does not strictly follow the linear scanning
model. One example is stop codon readthrough, where a tRNA inserts its amino acid at the stop
codon [4], or the stop codon can be ignored due to ribosomal sliding [5]. The efficiency of stop
codon readthrough includes complex combinations of stop codon identity, sequence context and
RNA structure [6-8], and such recoding strategies are especially used by viruses to generate a rich
and varied protein synthesis. Therefore, translational stop codon readthrough is best understood
in viruses, but has also been observed in yeast, Drosophila and humans [9, 10]. Another recoding
strategy is reinitiation, where multiple initiation sites can result in mRNAs harboring more than
one open reading frame (ORF) [11]. If the eukaryotic ribosome encounters a stop codon shortly
after initiation, a fraction of the initiation factors are still associated to the ribosome [12, 13]. This
allows the 40S subunit to remain on the mRNA and as a result, the 40S subunit continues
scanning for a downstream start codon and reinitiates translation, resulting in a downstream ORF
(dORF). Reinitiation only occurs when the distance between the first start codon and the next
stop codon is short [13, 14], likely increasing the probability that initiation factors are still
present. As a result, N-terminal truncated proteins can be translated from the upstream ORF
(uORF). In eukaryotes, the ribosomal initiation complex involves 13 initiation factors (elFs) [15]
but the identity and number of elFs required for reinitiation is unknown. Reinitiation occurs in
viruses [16] and throughout the eukaryotic kingdom [17-19]. Reinitiation also occurs in

prokaryotes, but the mechanism is different due to a distinct initiation machinery [17].

In contrast to readthrough, reinitiation is more common in eukaryotes, and approximately 40% of
mammalian mRNAs have a short uORF, although not all of them necessarily involve translation of
both ORFs [20, 21]. Examples of functional reinitiation at downstream methionines include
regulation of Aquaporin-4 isoforms [22] and LQT2 mutations in hERG channels leading to altered

gating properties [23] and defective trafficking [24].
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Figure 6.1 Translation reinitiation, Shaker channel topology, and current phenotypes

A) Simplified model for translation initiation in eukaryotes. First, the 40S small ribosomal subunit associates
with initiation factors (shown as squares) and Met-tRNAMe* on the mRNA 5’ cap structure. The assembled
complex then scans the mRNA sequence until it meets the first AUG codon, after which a fraction of initiation
factors are released and the 60S large ribosomal subunit is recruited. Elongation of peptide bonds can then
begin and the rest of the initiation factors are released. For a more detailed view see Jackson, et al.[15] B)
Topology of the Shaker Kv channel (top) and the N-terminal (below) with annotated positions used in this study.
C) lonic currents from WT and A6-46 Shaker channels upon depolarization from -100 mV to +60 mV in steps of
+10 mV from a holding potential of =90 mV. The corresponding structures of each constructs are shown.

Previously, we successfully incorporated a fluorescent UAA into the Shaker voltage-gated
potassium (Kv) channel [2]. The nonsense stop codons were located either central or C-terminal,
and no leak expression was detected in the absence of the UAA, reflecting a strong orthogonality
of the tRNA/RS pair used. Here, we show that when stop codons are introduced in the region
near the N-terminus of the same Kv channel, a considerable amount of leak expression results
from translation reinitiation which do not reinitiate at downstream methionines, but rather uses

non-canonical (hon-AUG) start codons.

The Kv channel is a homotetramer where each subunit consists of six transmembrane segments
(51-S6) containing the voltage sensor (51-S4) and the pore (S5-S6). The N-terminal region

(amino acids 1-46) of each subunit is a cytosolic soluble “ball-and-chain” region responsible for
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fast N-type inactivation (Fig. 6.1B) [25, 26], where the N-terminus move into the pore region and

occludes the pore in response to sustained depolarization (Fig. 6.1C). When the N-terminus of a
Shaker Kv channel is deleted (A6-46), the inactivation is disrupted such that the channel remains
open (Fig. 6.1C) [25]. The different current phenotypes of full length and N-terminal deletion
channels allowed us to determine the absence or presence of the N-terminus in various Shaker

mutants expressed in Xenopus oocytes using the cut-open voltage clamp technique [27].

6.3 Results

6.3.1 Functional channels are translated despite stop codons in the N-terminus.

In contrast to our previous findings where we introduced stop codons in the central and C-
terminal part of the protein [2], leak expression was present when stop codons were inserted
within the first 70 amino acids in the Shaker Kv channel (A3stop, G6stop, Y8stop, G9stop,
K19stop, E35stop and D70stop, Fig. 6.1B, Fig. 6.2A). No leak expression was measured for any
stop codons tested downstream of residue D70 (L170stop, F196stop and V234stop shown in Fig.
6.2A, and A359stop and H486stop in Kalstrup & Blunck 20132), which indicates that the
mechanism responsible for leak expression is specific for N-terminal positions. D70stop

expressed less than 1% whereas the other mutants expressed between 5 and 25% (Fig. 6.2C).

The leak expression presented in Fig. 6.2A occurs in the presence of the channel RNA only, and
the mechanism leading to expression here therefore cannot be attributed to crosstalk between
the modified tRNA/synthetase pair and endogenous amino acids. The observed leak expression
could be due to readthrough or translational reinitiation beyond the inserted stop codon. One
indication was the dependence of leak expression on the position of the stop codon. When stop
codons are inserted proximal to the N-terminus, a short uORF is generated in the case of
reinitiation. Due to the short length of the uORF, the likelihood is high that (some of) the
initiation factors are still attached, allowing a second initiation to take place at the next start
codon. The further downstream a stop codon is located, the longer the translated uORF will be
and the higher will be the chance that all initiation factors separated from the ribosome, such
that reinitiation cannot occur. Readthrough, on the other hand, is not dependent on the

presence of initiation factors and should have no dependence on the relative position. We only
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found leak expression for N-terminal stop codons, pointing towards reinitiation as the prevalent

mechanism for leak expression.
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Figure 6.2

A-B) lonic currents from Shaker mutants obtained with the same protocol as in 1C. C) Comparison of peak
current amplitudes at +60 mV. Error bars indicate SEM with n=10-20 oocytes. D) Conductance-voltage (GV)
relationships were fitted to a Boltzmann equation (Vimistop=-19.1mV, dVmistop=9.9MV, Vymistop-
M312L = -23.0 mV, dVMlstop-M312L =11.3 mV, Vy,,Agstop =-18.1 mV, dVA3stop =9.1 mV, VVz,GGStOp =-15.5 mV,
dVGGstop =9.7 mV, Vyz,ysstop =-14.6 mV, dVygstop =10.8 mV, Vy,legstop = -13.0 mV, dVGgstop =10.0 mV,
Vy,,pqgstop =-16.3 mV, dVK195top =9.3 mV, V%,Easstop =-14.5 mV, dVE355top =10.1 mV, VyzlA5.46 = -15.8 mV, dVAe_
46 = 10.6 mV).
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We were able to further corroborate this indication by investigating expression of the uORF. In

the Shaker Kv channel, used in this study, we were also able to determine whether the uORF has
been expressed because the N-terminus forms the ball peptide responsible for N-type
inactivation and its presence is visible in the functional data. Deletion of residues 6—46 removes
inactivation (Fig. 6.1C) while synthetic N-terminal Shaker peptides of the first 20 amino acids can

restore inactivation in A6-46 channels [28].

In the case of reinitiation, an N-terminal peptide and an N-terminal truncated channel are
translated. Depending on the length of the peptide and where the second translation begins,
such N-terminal truncation could lead to disrupted N-type inactivation. E35stop and D70stop
exhibited weak and complete N-type inactivation, respectively, while the other mutants did not
undergo any N-type inactivation and were identical to A6-46 channels (Figs 6.1C and 6.2A,D). It
seems that the uORFs generated in E35stop and D70stop were responsible for the inactivation of
truncated channels, while the uORFs in the other mutants were too short to inactivate (<19

amino acids, Fig. 6.1B). We elaborate on this in the next section.

Principally, inactivation in E35stop and D70stop could also be due to stop codon readthrough,
where full length channels are translated, and thus undergo N-type inactivation. However,
readthrough would also have led the mutants with a shorter uORF to inactivate (Fig. 6.2A). In
addition, removal of the start codon (M1stop) did not reduce leak expression (Fig. 6.2B—C),
indicating that ribosomes are indeed capable of initiating translation downstream in the
sequence. Taken together, these results indicate that the most likely mechanism causing leak

expression here is reinitiation. The question remained at what site translation was reinitiated.

One possibility would be initiation at a downstream methionine; it was for instance previously
reported that Kvl.4 channels with a stop codon at residue 19 exhibited leak currents from
truncated channels which were eliminated by removal of a methionine at residue 108 [29].
However, here, removal of the next downstream methionine (M312L) in Shaker did not
significantly influence leak expression (Fig. 6.2B). We ignored later methionines since the
resulting translated protein would not yield functional channels, lacking most of or the entire

voltage sensor. Reinitiation thus has to occur at sites other than the standard start codon AUG.
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6.3.2 Non-canonical start codons are used as translation reinitiation sites.

Increasing evidence from the literature has underscored the use of non-canonical start codons
which deviate from the canonical AUG codon by one nucleotide, except AAG and AGG [30-32].
We therefore screened the Shaker mRNA sequence for such non-canonical codons and found 9
in-frame codons within the first 121 amino acids at position 140, L45, L47, L63, L66, 189, 1101,
T114 and T121 (highlighted in bold in Fig. 6.3A). To verify that these codons were used as start
codons in reinitiation, silent mutations were introduced into the E35stop background. First, we
mutated L47 (#1 in Fig. 6.3A), then both L47 and L45 (#2) and then L47, L45 and 140 (#3). Each
mutation led to a decreased expression level in a stepwise manner (Fig. 6.3B). Therefore, all
ribosomes do not nessecarily reinitiate at the first codon they encounter (140). For the
subsequent mutations of L63 (#4), L66 (#5) and 189 (#6), only #5 led to a decreased expression.
When the last three codons were removed in addition (#9), expression levels further decreased.
Expression could partially be restored upon reinsertion of 140 into the #9 background (#9-1)
confirming that reinitiation is not limited to the first start codon. As a control, the unnatural
amino acid Anap was incorporated in response to the stop codon using the orthogonal
tRNA/Anap-RS pair (pAnap) [2, 33, 34]. With Anap, wildtype expression levels and N-type
inactivation were fully recovered, reflecting full length channels (Fig. 6.3B—C). The expression
levels with Anap did not decrease with the removal of start codons, excluding the possibility that
RNA stability might play a role in the decreased expression. If the RNA had become instable by
silently removing the non-canonical start codons, also expression in presence of Anap would
have been reduced. Therefore, our experiments demonstrate that several non-canonical start
codons in the region of amino acids 40-121 are recognized by the ribosome to reinitiate

translation in E35stop channels.

The sequence context of start codons has significant influence on the initiation efficiency of both
canonical and non-canonical start codons [35, 36]. The Kozak consensus sequence gccRccAUGG is
the optimal context in eukaryotes, with the nucleotides in capital letters at position — 3 and +4
(relative to AUG) being most important. The purine (R = A or G) at -3 is more important thana G
at +4, and the other nucleotides only play a role if there is neither a purine at -3 or a G at +4 [37].
For the 9 codons tested here, L47, L63 and 189 have the weakest Kozak sequence (Fig. 6.3A),

which could explain why L63 and 189 are not used as initiation sites. The codon for L47 (CTG) is
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one of the most probable non-AUG codons [30] and may explain why it is recognized by the

ribosome despite a weak Kozak sequence.
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Figure 6.3

A) Sequence of amino acids 1-121 and the corresponding mRNA nucleotides in Shaker. The nucleotides of the
canonical start codon (M1) and the following 9 downstream non-canonical start codons (140, L45, L47, 189, L36,
L66, 1101, T114, and T121) are shown in bold. AAG and AGG codons were ignored. Numbers refer to the amino
acid sequence. B) Comparison of peak current amplitudes at +60 mV of E35stop with silent mutations, without
and with Anap incorporation. Numbers refer to the number of mutated start codons such that 1 is E35stop-
L45L, 2 is E35stop-L45L-L47L, 3 is E35stop-140L-L45L-L47L, 4 is E35stop-140L-L45L-L47L-L63L, 5 is E35stop-140L-
LA5L-L47L-L63L-L66L, 6 is E35stop-140L-L45L-L47L-L63L-L66L-189L and 9 is E35stop-140L-L45L-L47L-L63L-L66L-
189L-1101L-T114T-T121T. Error bars indicate SEM with n = 20-30 oocytes. C) Inactivation is recovered with Anap
incorporation. Shown are examples of ionic currents from E35Anap and E35Anap #6 (six mutated start codons).
Voltage protocols are the same as in figure figure 1C D) Comparison of inactivation measured as the ratio
between the current amplitude at the end of the +60 mV pulse, and the maximum current amplitude. Error bars
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indicate SEM with n =10-20 oocytes. E) Depolarization from =90 mV to +60 mV is shown for E35stop mutants
and WT showing how inactivation increases when channel expression decreases. F) Western blot of isolated
Xenopus oocytes membranes expressing Shaker WT (lane 1, 30 oocytes), E35stop (lane 2, 70 oocytes), E35Anap
(lane 3, 30 oocytes) and non injected (lane 4, 70 oocytes). G) Comparison of peak current amplitudes at +60 mV
for A3stop, Y8stop and K19stop, and removal of 9 start codons without and with Anap incorporation. Error bars
indicate SEM with n = 5-10 oocytes.

When we reduce the translation efficiency of reinitiated channels, only the dORF is affected,
while the short uORF is not. Therefore, the ratio of free N-terminal peptides to truncated
channels will become larger when expression of the truncated channels decreases. This would
explain why the slight inactivation of E35stop channels increases and almost reaches WT levels
when the alternative start codons are removed (Fig.6.3D—E). These findings are supported by the
fact that the efficiency of N-type inactivation indeed depends on both the length and the
concentration of the N-terminal peptide [28]. We estimated the intracellular concentration of the
UORF (amino acids 1-34) to be at least 2 u M (see Methods), which is in agreement with previous
peptide concentrations, where application of free peptides (amino acids 1-20) to A6-46 Shaker
channels resulted in partial and full inactivation at concentrations of 10 u M and 100 pu M,
respectively [28]. Alternatively, the residual expression could be caused by readthrough, which

would also show complete inactivation.

To confirm protein truncation in E35stop, a Western blot was performed for direct visualization
of protein lengths with C-terminal myc-tagged Shaker constructs (Fig. 6.3F). Full-length wildtype
Shaker exists in core-glycosylated (~80 kDa) and mature (~110 kD) form [38, 39]. For wildtype
and E35Anap, we mainly see the core-glycosylated band at 80 kDa since the mature form only
appears after longer expression times. E35stop in contrast, shows one band at ~ 65 kDa. At 65
kD, we can exclude the possibility that E35stop leads to inefficient glycosylation as

unglycosylated Shaker channels migrate at ~ 75 kDa [38].

The expected truncated proteins can be ordered into two groups: Those which reinitiate at 140,
L45, L47 or L66 would theoretically be ~ 5-7 kDa shorter than wildtype. Those which reinitiate at
1101, T114 or T121 would be ~ 11-14 kDa shorter than wildtype. We only observed a single band
at 65 kDa, despite loading 10 times more of E35stop on the SDS-PAGE gel compared to wildtype
(not shown). The band at 65 kDa agrees with core-glycosylated truncated channels, reinitiating at
1101, T114 and T121. From reinserting only the first non-canonical start codon, we know,

however, that also the first start codons are used. It is possible that low expression combined
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with different constructs resulted in protein concentrations too low to detect on a western blot.

Alternatively, the small differences in length may result in truncated versions to migrate

collectively.

To verify that reinitiation resulted in leak expression in the other mutants, we removed the same
9 alternative start codons in A3stop, Y8stop and K19stop. The expression levels decreased for all
three mutants when removing the alternative start codons in the same manner as for E35stop
(Fig. 6.3G). In addition, Anap incorporation rescued succesfully the full length channels with WT
expression levels in presence of the 9 silent mutations, confirming that reinitiation is a general

mechanism causing leak expression.

6.4 Discussion

In this study, we have identified translation events which require attention when UAAs are
incorporated specifically in the N-terminal region of a protein. The efficient Xenopus oocyte
expression system and the high sensitivity of electrophysiological recordings allowed us to
measure low expression levels (<5%) which typically are difficult to resolve without direct access
to protein function. Our system also allowed to efficiently discriminate between truncated and

full-length proteins.

Based on the expression levels in Fig. 6.2C, we estimate that reinitiated translations can generate
5-25% leak expression when the length of the uORF is between 3 and 35 codons. Since cis-acting
MRNA sequences and RNA structure can affect reinitiation efficiency [13, 40], the lengths
mentioned here cannot be exactly extrapolated to other proteins and remain approximations.
Our results are consistent with studies of the length and time dependence of reinitiation at
downstream methionines, where expression levels decreased to 30% in the presence of a 13-
codon uORF13, or to 50% in the presence of a 28-codon uORF [14]. The same studies showed
that reinitiation was optimal for a certain uORF length, and reduced gradually when the uORF
was lengthened further, most likely due to loss of initiation factors. Examples include reduction in
reinitiation when a 13-codon uORF was lengthened to 33 codons [13], or a complete inhibition
when a 24-codon uORF was lengthened to 40 codons [14]. These reported magnitudes of
reinitiation inhibition by uORF lengths also correlate with our results, where reinitiation

decreased to less than 1% when the uORF was lengthened to 70 codons (Fig. 6.2C). Our results
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thus indicate that the nature of the reinitiation site (canonical versus non-canonical) does not

play a major role.

Leak expression was reduced from 14% to less than 1% in E35stop channels when 9 non-
canonical start codons between codon 40 and 121 were removed. Although the remaining leak
expression was very subtle, it means nevertheless that the 40S ribosomal subunit is capable of
scanning at least 258 nt (the length in nucleotides between residue 35 and 121) for a
downstream non-canonical start codon. Comparison with scanning lengths for reinitiation at
methionines shows similar results with 63 nt and 129 nt in hERG [23, 24] and 270 nt in Kv1.4
channels [29].

Kozak showed that reinitiation does not happen when the distance between the stop codon and
the next start codon is short (ie. 8 nt) and that reinitiation is not limited to the closest
downstream ATG codon [11], because the 40S subunit only gradually becomes capable of
reinitiation. This is confirmed by our results for non-canonical start codons, which show that the
first start codon (140) is only used by a fraction of the ribosomes, while others continue scanning

to reinitiate at later start codons.

Our results let us conclude that the established conditions for reinitiation at methionines also
apply to non-canonical start codons. Taken together, the likeliness for reinitiation is balanced
between the length of the uORF (optimal length is 2-50 codons), the scanning length between
the stop and the next start codon (between 8 and 300 nt) and the Kozak sequence context.
During the first initiation process, the 40S subunit scans base-by-base for a start codon. It is
therefore likely that during scanning for reinitiation, the 40S subunit also scans base-by-base and
thus has no memory of the codon-frame of the uORF. As a result, it is not unlikely that out-of-
frame start codons can serve as reinitiation sites. In that case, the translated dORF would be non-
functional and thus be of no concern for UAA experiments. In the quadruplet codon technique
for UAA insertion [41], a frame-shift occurs during termination, but since the 40S subunit does

not scan in codons, but in a base-by-base fashion, reinitiation is likely equally prone to occur.

In cases where full length and N-terminal truncated proteins are functionally identical, it can be
difficult to differentiate between stop codon readthrough and reinitiation when leak expression

exists in the absence of both UAA and the tRNA/RS pair. With the present study, we emphasize
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the importance of translation reinitiation when using UAA mutagenesis. Since reinitiation only

occurs when the uORF is short, the issue is particularly relevant when UAAs are incorporated
near the N-terminus of the protein of interest. Furthermore, we underline that attention should
not be limited to downstream methionines, but that non-canonical start codons also serve as

reinitiation sites.

Our results provide evidence that when modifying the genetic code for incorporation of UAAs,
other cellular mechanisms may be affected as well. The high level of regulation at the translation
initiation step is sensitive to minimal changes at the 5 end of the mRNA sequence in terms of
codons, sequence context and secondary structure. As a result, all these factors must be
considered when inserting UAAs into the first 100 amino acids of any protein and especially in

proteins where the function is not as readily visible as in ion channels.

It is possible that the efficiency of reinitiation-mediated leak expression is lower in the presence
of UAAs than in their absence, and as a consequence low enough to be neglected. Nevertheless,
in order to avoid N-terminal truncated proteins and proteins lacking the UAA to co-express with
the UAA containing protein — in particular in multimeric proteins, — caution should be exercised
against reinitiation, and removal of downstream start codons may decrease or eliminate such

leak expression.

6.5 Methods and materials

6.5.1 Molecular Biology and Oocyte Injection.

All mutations were introduced into the Drosophila Shaker H4 gene in the pBSTA vector [42]. The
tRNA/AnapRS synthetase pair were encoded on a cDNA (pAnap) with CMV promoter for the
synthetase2; kind gift of P.G. Schultz, Scripps Research Institute. Xenopus laevis oocytes were
injected with 35ng of in vitro transcribed RNA and incubated for 2 days at 18 °C in Barth solution.
For incorporation with Anap, 9.2 nl of 0.1 ng/nL cDNA encoding the tRNA/AnapRS pair [2] was
injected into the oocyte nucleus 6—24 hours prior to coinjection of 23 nL 1 mM Anap and 35 ng
RNA. For leucine and threonine silencing, CTC and ACT codons were used, respectively.
Isoleucines were mutated to leucines using CTC, since all isoleucine codons are potential start

codons. The codon used for the M312L mutation was CTC.
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6.5.2 Electrophysiology.

Voltage clamp was performed with a CA-1B amplifier (Dagan). Currents were recorded in the cut-
open oocyte voltage-clamp configuration as described [43] and analyzed by using GPatch
(Department of Anesthesiology, University of California, Los Angeles). Linear capacitance currents
were subtracted online using the P/4 protocol [44]. The external solution contained in mM: 5
KOH, 110 NMDG, 10 Hepes, and 2 Ca(OH)2, and the internal solution contained in mM: 115 KOH,
10 Hepes, and 2 EDTA. Both solutions were adjusted to pH 7.1 with MES. Conductance (G) was
calculated from the steady state currents (I) via G = |/(V- Vrev), where Vrev is the reversal
potential. Conductance-voltage relationships (GV) were fitted to a Boltzmann relation of the form

G/Gmax = (1+ exp(-(V-V1/2)/dV))-1.

6.5.3 Estimation of the intracellular inactivation peptide concentration.

To estimate a lower limit for the concentration of the intracellular inactivation peptides, we
determined how many of the original constructs (Shaker-W434F) express under identical
conditions. The N-terminal peptide should, as a short cytosolic peptide, reach at least the same
concentration. The number of intracellular uORFs (the number of N-termini) per channel equals

the number of subunits. The number of subunits n, expressed at the surface, can be calculated
using 3.3 elementary charges per subunit [45-47] (n = %), where Q is the total gating charge

(26 nC) obtained with cut-open voltage clamp after 2 days of RNA incubation with Shaker-W434F.
Since only part of the oocyte is clamped in cut-open voltage clamp, the ratio of whole oocyte
surface to clamped sherical cap surface was calculated using an oocyte radius of 0.5 mm and an
angle of 30° from the center of the oocyte to the spherical cap edge. The final concentration of
N-termini is then given by equation 1, where V is the oocyte volume (0.52 pl) as calculated from
the radius.

aredoocyte | 1

[peptide] =n/N, - (6.1)

aredcqp 14

6.5.4 Western blot.

For detection of Shaker, we generated myc-tagged Shaker constructs with Glu-Gln-Lys-Leu-lle-
Ser-Glu-Glu-Asp-Leu inserted in the COOH terminus (after Val650). Oocytes were injected with
myc-Shaker RNA and incubated at 18 °C for 4 days. Membrane isolations were optained as

previously described with minor modifications [48]. 30—70 oocytes were homogenized in 1 ml
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HEDP buffer (100 mM HEPES, 1 mM EDTA, pH 7.6 with NaOH) supplemented with 0.5 mM

phenylmethanosulfonyl fluoride, 0.5 ug/ml aprotonin, 0.5 ug/ml leupeptin and 0.7 ug/ml
pepstatin, and centrifuged at 3.000 g for 10 min. All steps were performed at 4°C. The lipid layer
on the surface was removed, and the supernatant centrifuged at 18.000 g for 30 min. The pellet
was suspended in external recording solution and 4xSDS sample buffer with 50 mM DTT, and
incubated for 10 min at 70°C. The samples were loaded on an 8% SDS gel. Running buffer
contained 190 mM glycine, 25 mM Tris base and 0.1% SDS for electrophoresis. Precision Plus
Protein Standard (Bio-Rad) was used as protein weigth marker. Wet transfer onto a nitrocellulose
membrane was performed with a transfer buffer containing 190 mM glycine, 25 mM Tris base
and 20% methanol. The membrane was then incubated with the anti-myc antibody (Invitrogen)

and protein was detected using SuperSignal West Dura Substrate (Invitrogen).
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Chapter 7

Discussion

This thesis describes the successful implementation of a fluorescent unnatural amino acid for the
use of VCF. While conventional VCF only allows for the study of extracellular regions, the Anap-
VCF technique permits fluorophore labelling also in buried and intracellular regions. This has
opened for possibilities to address new questions as many key functional regions in membrane
proteins are located on the intracellular side. Here, the Anap-VCF method was used to reveal
intracellular dynamics in Ky channels during activation and inactivation. For each study, the
Drosophila Shaker Ky channel was used as a model and Xenopus laevis oocytes were used as
expression system. The movements of the cytosolic part of the voltage sensor, the S6 gates, the
S4-S5 linker and the N-terminus were probed and evaluated with respect to the functional state

of the channel.

7.1 Dynamics of internal pore opening probed by a fluorescent

unnatural amino acid
In this study, the implementation of Anap expression in Shaker channels using the in vivo amber
suppression technique was established. Three positions exhibited both robust expression and
high fluorescence changes (5-10% dF/F), and no leak expression was present in the absence of
Anap or the tRNA/synthetase pair. This demonstrates that the Anap-VCF method has the

potential to open up for studies of previously non-characterized protein rearrangements.

The first position, Ala359 on top of S4, has already been extensively studied with traditional VCF
in which the fluorescence time course and voltage dependency correlate with charge
displacement [1, 2]. However, when labeled with Anap at the same position, we show that

rearrangements between closed transitions are detected in addition to charge displacement
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related movements. It is foreseeable that the fluorescence signal changes with the fluorophore,
because the fluorescence change is only an indirect measure of the conformational change, and
it is important to remember that the detected fluorescence is first and foremost a measure of the
fluorophore’s dipole moment’s interaction with the surroundings (solvent relaxation), or the
ability of the fluorophore to fluoresce in a given environment (quenching). Both mechanisms
depend on the chemical structure of the fluorophore, which in the case of Anap and TMR are
very different (figure 7.1). It is, nonetheless, likely that the additional rearrangement probed by
Anap is due to a higher sensitivity to fast protein rearrangements because Anap is, compared to

TMRM, smaller and closer to the protein backbone (figure 7.1).

(CH3)2N

Figure 7.1 Anap and TMR-maleimide
The two fluorophores, Anap (left) and TMR-maleimide (right), are compared when attached to the protein
backbone.

Next, two-color fluorometry with TMR at Ala359 and Anap at the bottom of S1 at Val234, showed
that the fluorescence voltage dependency of the two signals were similar, but they differed
kinetically. The Anap signal was two times faster than the TMR signal and TMR did not exhibit a
delay compared to Anap which means they were prompted simultaneously. The overlapping FV
curves suggest that the fluorophores probe the same transition. The kinetics suggest that the
bottom of S1 reaches the final state before the upper S4, but it can also be due to TMR being a
larger molecule than Anap thus moving slower. Regardless of the kinetics, the findings strongly
suggest that the lower S1 helix and the upper S4 have at least one conformational change in
common, and they do not undergo two completely distinct movements. This observation argues
against a sequential model for the two components of the voltage sensor movement in which

one rearrangement (vertical displacement) is followed by another (tilt/bend). Since both ends of
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the voltage sensor rearrange simultaneously with the same voltage dependency, the two

movements are likely initiated together.

Finally, we were also able to measure the movement of the S6 bundlecross. In accordance with
the consensus model for pore opening, we found that pore opening occurs after voltage sensor
activation. This finding adds to the already existing evidence that the main activation gate is
located in the S6 terminal in Shaker-related Ky channels. However, we also found that opening
occurred in two sequential transitions, one which happened before pore opening, and one during
pore opening. These fluorescence observations led to the proposal of a mechanism by which the
S6 bundlecross undergoes two sequential concerted transitions. Since the mutation which was
used for the bundlecross gate (H486) exhibited an uncoupling gating behavior, the findings
confirm that concerted movements develop in the pore, as opposed to originate from the voltage

Sensors.

The study contributes to a better understanding of Ky channel function by elucidating
movements of electrically silent transitions and movements in regions which had not been
characterized before. Since voltage sensor activation and pore opening are fundamental
mechanisms in many ion channels, it is possible that these findings also apply to a wide range of
other voltage gated ion channels which share functional features with the Shaker-related Ky

group.

7.2 The S4-S5 linker movement during activation and inactivation in

voltage-gated K* channels
In this study, dynamics of the S4-S5 linker are investigated to shed light on its role in
electromechanical coupling. The linker and the S6 helix need to be compatible for efficient
coupling, and specific interactions between the two regions have shown to be important for
coupling and for stabilization of the open state [3, 4]. The findings point towards a model in
which the linker plays an important role in transferring energy from the voltage sensors to the

pore, but any dynamic information is lacking on the subject.
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To describe the movement of the S4-S5 linker in detail, we incorporated Anap into 4 different
positions, and two-color fluorometry allowed the comparison of linker movement and upper S5

helix movement.

First, the voltage dependency and kinetics of the fluorescence signals from the N-terminal part of
the linker (Leu382) were similar for Anap and TMR, suggesting that the proximal part of the linker
moves with the S4 helix during charge movement. This agrees with the findings of the previous
project where we show that the intracellular part of the voltage sensor moves together with the

upper part.

However, the corresponding signals from the more distal part of the linker (Arg387, Lys390,
Ala391) exhibited a different behaviour, where Anap fluorescence developed at higher potentials
than TMR, and Anap also exhibited different kinetics than TMR with a delay in the fluorescence
time course. These findings suggest that the C-terminal part of the linker move after the N-

terminal part, in a second and distinct rearrangement.

The observations support a model for activation in which the S4 helix and the interhelical
hinge of the S4-S5 linker move together in response to early activation. We suggest that, due
to flexibility within Leu382 and Arg387, energy is briefly stored in this region and is followed
by a release of the S4-S5 linker in a second movement. Then, due to coupling between the
linker and S6, energy release is followed by pore opening. These results are those expected
according to the current notion of electromechanical coupling in voltage gated ion channels, and
now we can add the findings of this technique to further confirm our current mechanistic

understanding of the gating mechanism.

A highly conserved glycine at position 386 is a good candidate for allowing flexibility between
Leu382 and Arg387 (figure 7.2) and has previously been suggested to play a key role as a
flexible determinant in electromechanical coupling [5]. In fact, this hypothesis is supported
by the finding that pore opening is disrupted in G386Anap channels (chapter 4, only gating
currents were visible, data not shown). In agreement with this, Hull et al. [6] have shown that
the corresponding glycine in hERG channels (Gly546) regulates critical flexibility during

activation.
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Figure 7.2 Sequence alignhment of the S4-S5 linker.
Conserved residues in human Ky channels and in human and bacterial CNG channels with respect to Shaker are
highlighted in orange with the glycine at position 386 in bold which is proposed to serve as a flexible hinge.

We also found that the gating mechanism was significantly altered in the presence of accelerated
C-type inactivation (W434F), suggesting a mutual influence between the selectivity filter and the
S4-S5 linker. The observation supports the notion that in the W434F mutant, the whole linker
assumes the same voltage dependence as the S4, suggesting that an energetic coupling between
the S4-S5 linker and pore disappears. The findings show that C-type inactivation and the state of
the selectivity filter not only affects the ionic conductance but has a global mechanistic effect on
the channel as a whole. In agreement with this, we found in this, and the previous paper, that C-

type inactivation induces global conformational changes throughout the channel.

N-type inactivation is fast, and is thus the dominating mechanism for channel closure when
present, e.g. in Ky1.4 or Kyl channels assembling with B1 or B3 subunits. C-type inactivation on
the other hand, is slower and as a result, does not affect the electrical activity when the channel
opens in the presence of N-type inactivation, but it controls the rate of recovery from
inactivation as the rate limiting step. C-type inactivation therefore plays a crucial role in the
availability of the channel for the next action potential and thus determines crucial firing

properties. The presence of an energetic coupling between the S4-S5 linker and the pore domain
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is interesting because auxiliary subunits, present in vivo, which interact with the cytosolic
domain, such as the B subunits, may influence the state of the S4-S5 linker, and thus C-type
inactivation. For example, the S4-S5 linker was proposed by Holmgren et al. [7] to form part of
the receptor site for the IP during N-type inactivation. It raises the possibility that N-type
inactivation could influence the rate of recovery from C-type inactivation, by interacting with the

S4-S5 linker.

7.3 Probing dynamics of the ball and chain in Kv channels during N-

type inactivation
N-type inactivation is a key component of electrical activity in Ky channels. It is a dynamic process
in which the long and flexible N-terminus of about 50 amino acids long, enters the side windows
of the intracellular Tl domains and occludes the pore. Mutational, structural and
electrophysiological studies have yielded most of what is known about the process, but any
dynamic information is lacking. We therefore chose to insert Anap at various key positions to get
a better understanding of the N-terminus inactivation particle (IP) pathway. To summarize our
findings, we found that residues 3, 8, 19 and 35 experience rearrangements which correlate with
a pre-inactivation step, while only the tip region (residue 3 and 8) experiences rearrangements
which correlate with pore occlusion. With the direct physical measures of the IP dynamics, we
can conclude that the IP rearrange at least twice, and that only the very first amino acids are
involved in the final binding step. These findings confirm the current proposed model of N-type
inactivation in Shaker, in which one transition involves the downstream IP region followed by
another transition which involves binding of the tip region to the pore. The use of different
techniques which yield findings that support the same molecular mode of action is without
guestion the most powerful way forward in generating a consensus model of protein function in
fundamental research. With our results confirming the dynamic implication of different regions

of the IP, it is credible to say that a consensus model of N-type inactivation in Shaker is achieved.

Although recordings of Shaker channels expressed in Xenopus oocytes allow determination of
kinetics with little contamination from other channels, it represent limitations when it comes to
interpretation of Kyl channel function in vivo, for two reasons. First, the IPs of Kyl channels

which undergo N-type inactivation have no homology with Shaker. Second, Kv1.4 is the only
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channel of the group which is intrinsically inactivated, while the other members are only
inactivated in presence of a B subunit which is likely to affect the positioning of the IP at rest and
implies a longer distance which the IP travels to reach the T1 windows. It would therefore be
interesting to perform a corresponding experiment with Kyl channels in presence of B subunits to

shed light on how much the IP pathway varies as a function of the IP identity.

There exist, to my knowledge, no disease which has been identified to be caused by mutations in
the IP region of Ky channels or Ky B subunits. However, malfunction of N-type inactivation caused
by mutations in other regions have been identified. For example, we showed that an episodic
ataxia type 1 mutation in the S1 helix of the Ky1.1 voltage sensor affects the gating mechanism,
C-type inactivation and also N-type inactivation in Shaker [8]. Malfunction of N-type inactivation
would lead to longer action potentials in neurons. There exists no consistent pharmacological
treatment for this disease, and to understand how a single amino acid substitution can have

devastating physiological effects, it is necessary to obtain deep insight into Ky channel function.

7.4 Reinitiation at non-canonical start codons leads to leak

expression when incorporating unnatural amino acids
The N-type inactivation project was temporarily interrupted due to relatively high leak expression
in the absence of Anap, for which the cause was initially unclear to us. Up to 5-10 pA of leak
currents were detected when the amber stop codon was situated in the N-terminus, so it was
necessary to clarify the origin of these currents before we could make reliable interpretations of

the findings in the N-type inactivation project.

There were three interesting features about the leak currents. First, there was no downstream
start codon from which the channels could have been translated. Second, leak currents exhibited
increasing inactivation the more downstream the stop codon was located. Third, the high

amount of leak expression appeared to be specific for N-terminal stop codons.

These factors led us to consider the possibility that translation would initiate at noncanonical
start codons. That way, N-terminal truncated channels would result from translation at
noncanonical start codons and free cytosolic inactivation particles (IP) would result from

translation at the first methionine canonical start codon. The free IPs would be responsible for
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inactivating the truncated channels in the same way that Zagotta et al. [9] restored inactivation
by adding a 20 amino acid long peptide of the Shaker N-terminus to non-inactivating Shaker
channels. In agreement with our hypothesis, we found that removal of the non-canonical start

codons also removed leak expression.

The paper recapitulates how two distinct biochemical and cellular features (non-canonical start
codons and translation reinitiation) combines with the amber stop codon suppression technique
to produce unreliable results when incorporating an UAA for the study of structural biology. With
the clarification of leak expression, the project concerning N-type inactivation could precede in a
reliable fashion by silently mutating the non-canonical start codons. The phenomenon principally
relates to all studies where UAA incorporations are used in the N-terminus of any protein. With
the increasing use of the amber stop codon suppression technique and the continuous
development of new unnatural amino acids, these findings may contribute to an awareness of
predictable leak expression and potentially more reliable results in the context of UAA

incorporation in general.

7.5 VCF data interpretation

VCF is a powerful tool which has contributed a wealth of details on the workings of numerous
membrane proteins. The simultaneous detection of current and fluorescence in real time in a
living cell allows for reliable measures of dynamical structure-function relationship. The
experimental procedure is relatively straightforward, and the data output is caused by well
understood biophysical mechanisms. However, the data interpretation with respect to protein
structure-function relationships is the challenging part. The ultimate goal in understanding how
proteins work is discerning the sequence of events and the energies and forces which govern
them. When VCF fluorescence experiments report on a movement with a similar kinetic and
voltage-dependence as a functional event, it only suggests that the movement is associated to
that event. One cannot necessarily conclude whether the movement is a cause or a result of the
event, or whether they both are caused by the same event. An optimal VCF time resolution (fs)
would indeed allow a better determination of the sequence of events, but the underlying
energetic considerations would remain to be elucidated to fully understand protein structural

dynamics.
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An example of such limited interpretation of VCF data is presented by the S4-S5 linker project
described in chapter 4, in which both independent and cooperative movements were detected.
The results can generally be interpreted in two ways. Either the linker is a passive hinge which
simply moves according to the covalently bound domains, or, the linker plays an active role in
transmitting VS force to pore gating. Considering the required compatibility between the S4-S5
linker and S6 tail [3, 10], and the effect of S4-S5 linker mutations on electromechanical coupling
[4, 11-13], it is unlikely that the measured movements are irrelevant with respect to force
transmission. While the independent VS movement has been studied in a highly systematic
manner, less information is available concerning the structural implications of the more
complicated cooperative movement. We can therefore not be certain, yet, whether cooperative
movements originate from the pore or are transmitted from the VS via the S4-S5 linker. One way
to investigate this question is to use two-color UAA-VCF on adjacent subunits when a second
fUAA becomes available for VCF. By labeling the S4-S5L with Anap in one subunit and the S6
intracellular gates with another fUAA (using the quadruplet codon technique [14]), one could
perform mutational perturbation studies and observe the temporal relation between each

movement.

Another limited feature of VCF data interpretation is that a fluorescence change only reports on a
relative movement. This means that it is either the inserted fluorophore which moves, or it is
nearby amino acids which are moving. In cases where Anap is inserted into compact protein
regions, it can be challenging do determine the moving part which can be within a radius of a few
Angstroms (effective quenching radius is within 10 A). According to the Kv1.2 crystal structure
[15], only one transmembrane residue used in this thesis for Anap incorporation is located in a
completely buried region: the L382 position in the S4-S5 linker (figure 7.3A-B). L382 is situated in
a hydrophobic pocket consisting of residues from S4 of the same subunit and from S5 of the
neighboring subunit (figure 7.3C). It is therefore possible that the reported movement of
L382Anap channels is that of the S4 or S5 helix, and that L382Anap is stationary. The similarity of
fluorescence signals between V234Anap-A359C and L382Anap-A359C argues against the
possibility that L382Anap probes S5 helix movements. Furthermore, LRET studies on KyAP

channels measured a 4 A radial displacement of all the residues in the S4-S5 linker during
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activation, including the corresponding L382 residue in Shaker [16]. It is therefore most likely an

$4-S5 linker movement which is probed by L382Anap channels.

7\

Figure 7.3 Overview of residues used for Anap incorporation

A) Side view and B) bottom view of the transmembrane segments of the Ky channel. Residues used in this thesis
for Anap incorporation are shown as spheres: V234 (blue), H486 (light pink), S4-S5 linker sites (green) C) L382 is
situated in a hydrophobic pocket of residues from the S4 helix (in brown F373, L375) and the neighboring S5
helix (in grey F401, F402, 1405).

The fluorophore’s sensitivity to the microenvironment comprises the fundamental strength of
VCF. However, absence of a fluorescence signal cannot be interpreted as no movement, although
that would be an intuitive conclusion. The fluorophore may remain in close contact with a
qguencher throughout a movement or not encounter a quencher at all, or alternatively, the
fluorophore can move from one hydrophobic environment to another without causing a
fluorescence change. For example, the absence of a 4-AP sensitive fluorescence component in
the chain region of the IP during N-type inactivation (K19Anap and E35Anap, figure 5.3A-B), does
therefore not exclude movement during the final binding step. An important aspect of VCF data
interpretation is to focus on the detected fluorescence signals and to avoid conclusions based on

the absence hereof.
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7.6 Anap incorporation
Anap incorporation into Shaker channels was presented as being experimentally a
straightforward procedure, but there exist nevertheless a number of factors which can affect the

chance of obtaining successful results and which are reasonable to consider when designing a

research project using Anap-VCF.
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Figure 7.4 dF/F values for each Anap mutation used in the thesis
Fluorescence efficiency in VCF depends on the site of interest. Graph shows dF/F values of each mutation used
in the thesis. Only oocytes of similar expression levels are plotted.

First, high expression levels (40-60 pA*) were usually required in order to detect Anap
fluorescence changes, which is likely due to the limited brightness of Anap with QY = 48% and
extinction coefficient (€) = 17.500 cm*-M [17]. For comparison, TMR exhibits a similar QY of 41%
but with € = 78.000 cm™-M [18]. V234Anap was the only mutation which exhibited fluorescence
changes above 10% dF/F (figure 7.4) and therefore also the only mutation from which
fluorescence changes could be detected at low expression (5-20 pA*). Except for V234Anap, it
was generally complicated to obtain high enough expression of the conducting mutants while
keeping the oocytes healthy. The W434F mutation was a great advantage in that regard as it
allows for high expression levels without affecting oocyte viability. Depending on the sensitivity
of the site, the minimal protein density required for detection of 1% dF/F of Anap fluorescence in

2 k%

oocytes with VCF can be estimated to 30-400 channels per um (the lowest density being

*jonic currents elicited by a voltage jump from -90 mV to 50 mV
** calculated by using a single channel conductance of 20 pS and an oocyte spherical cap area of 0.17 mm?
(clamped area in COVC)
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V234Anap and the highest being Y8Anap). Anap-VCF would therefore not be suited for proteins

which exhibit limited expression.

A second factor which may affect Anap-VCF experiments, is position-dependent leak expression.
As described in chapter 6, N-terminal truncation via translation reinitiation may occur when the
stop codon for UAA Anap insertion is located in the N-terminus. Additionally, if the stop codon is
located in the C-terminal region, and the C-terminus is not required for channel expression, then
C-terminal truncated proteins may express (e.g. IVS in the case of ion channels). Both truncation
mechanisms depend on the availability of Anap-charged tRNAs during translation which can vary
within the same batch of oocytes. Consequently, truncation represents a potential risk of a
heterogenous population of channels when working with UAAs in general. Fortunately, both
truncations in Shaker resulted in recognizable current profiles which allowed us to identify leak
expression. In chapter 4, C-terminal truncation led to IVS channels which open at hyperpolarized
potentials. In chapter 6, N-terminal truncation would result in abolishment of N-type inactivation
which was not the case since leak expression was limited thanks to efficient Anap incorporation.
On the other hand, if the profile of truncated proteins during UAA experiments would be
indistinguishable from full length proteins and if UAA incorporation is limited, it is worthwhile to
choose a site of interest within the range which does not lead to neither N-terminal nor C-
terminal truncation. For Shaker, the region in which leak expression due to truncation would not
occur is approximately between residue 100 and 382, which represents 43% of the channel. In
experiments with proteins of similar lengths (or shorter) where truncation is to be avoided

completely, this would represent a major restriction.

During my time working with Anap, | have encountered periods of insufficient or lack of
expression with Anap incorporation. Successful expression can vary within the same batch of
oocytes as well as among batches obtained from different frogs. Indeed, one of the few
disadvantages of using Xenopus oocytes as expression system is variations in oocyte quality
which can result in less or no heterologous expression. This factor of variance is multiplied greatly
when using UAAs as more cellular mechanisms are required for channel expression (transcription

of tRNAs, transcription and translation of synthetases, tRNA aminoacylation).
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7.7 Perspectives

The relatively low brightness of Anap restricts the application of the Anap-VCF technique to
robustly expressing proteins with sites exhibiting significant fluorescence sensitivity. One could
try to optimize the detector to function with low brightness, but a second brighter fUAA would
not only enhance the efficiency of VCF, but would also allow for internal two-color VCF, add new
possibilities for LRET and FRET applications and potentially enable single channel fluorescence
recordings. Unfortunately, brightness requires a highly conjugated system and thus comprises
larger fluorophores, surpassing the size limitation for the synthetase binding pocket. A way to
overcome this issue is to use click-chemistry in which UAAs bearing strained alkenes/alkynes (e.g.
TCO and BCN) react with fluorophores containing azide/tetrazine groups [19, 20]. The advantage
of this strategy is that it only requires one RS/tRNA pair to label with many different
fluorophores. However, intracellular labeling using TCO or BCN has been described as a major
limitation in mammalian cells [20] and have not been successful in Xenopus oocytes either
(Kalstrup & Blunck, unpublished). The Anap-VCF technique therefore remains most compelling in

that regard.

7.7.1 Other Anap studies
The establishment of the Anap-VCF technique in Xenopus oocytes has encouraged two other

research groups to study cytosolic gating mechanisms with Anap.

The Ci-VSP (voltage sensing phosphatase) is a membrane protein consisting of a voltage sensor
with an intracellular catalytic phosphatase domain instead of an ionic pore. The molecular
mechanism of coupling between the voltage sensor movements and catalytic activity is not clear,
so Sakata et al. [21] expressed Ci-VSP with Anap in the catalytic domain to assess the movements
during activation using TEVC fluorometry. They found that the catalytic region moved on
membrane depolarisation and they identified voltage-dependent states in the C2 region which
were sensitive to substrate availability. They also used FRET analysis between Anap and the
plasma membrane stained with dipicrylamine which showed that the catalytic domain remains
close to the membrane, and thus the substrate (membrane bound phosphoinositides). These
results show that voltage sensor movement regulates rearrangements throughout the catalytic

domain and that the catalytic domains does not change the distance from the plasma membrane,
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ruling out the possibility that rearrangements modulates the availability of the substrate to reach
the active site by moving away from the membrane. The use of Anap-VCF here has shed light on

the role with which VSPs use the membrane potential to confer their catalytic activity.

The Zagotta group has used transition metal ion FRET (tmFRET) between Anap (donor) and Co?*
(acceptor) to study intracellular distance changes in three different ion channels [22]. First, they
measured distance changes between the pain-transducing ion channel TRPV1 and the plasma
membrane in HEK cells, by incorporating Anap into various positions in the ankyrin repeat
domain. Co?* was bound to the intracellular surface of the membrane. The measured distances
correlated with the cryoEM structure which show that tmFRET offers a trustworthy new
approach to study structures and dynamics relative to the cell membrane. Activation of the
channel by capsaicin did not induce changes between the ARD and the membrane, which also
correlated with the comparison of the open and closed state of the TRPV1 structures. The
method thus has the potential to offer new insights into a wide range of membrane proteins with
intracellular domains conferring rearrangements relative to the cell membrane. Examples of
interesting studies using tmFRET, range from questions concerning how the family of G protein-
coupled receptors detect molecules outside the cell and transduces crucial intracellular signal
pathways to which rearrangements in peripheral membrane proteins directly regulate
membrane protein function. Knowledge about relative distance changes to the membrane using
Anap and tmFRET would contribute to a better understanding of the underlying mechanisms of

many membrane proteins with intracellular key regions.

Next, the Zagotta group used the same technique in Xenopus oocytes to investigate how
transition metal binding potentiates activation of a cyclic nucleotide-gated channel (CNGA1) [23].
Using patch clamp fluorometry, quenching of Anap by Co?* revealed a potential histidine binding
site for the potentiators and suggest a mechanism for potentiation in which the distance
between the membrane and the binding site decreases. CNGA1l channels are involved in
phototransduction where they are responsible for the electrical signaling which is activated from
the light captured by the eye and transmitted to the brain. Defects in the gene, among other
genes in phototransduction, causes retinitis pigmentosa autosomal recessive disease which

decreases the sight affecting 1 in 5000 people.
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The last protein which the Zagotta group has studied using Anap with tmFRET is the ELK channel
(Kv12) [24], which is abundantly expressed in the brain regulating excitability. The exact role of
the ELK channel is unclear, but knock-out mice suffer from neuronal hyperexcitability and
epilepsy, and the channel has also been shown to be overexpressed in cancer. The ELK channel,
like most ion channels, has a large intracellular domain which governs electrical properties of the
channel. By introducing a histidine pair at one site and incorporating Anap at another site and
applying Co?* to excised patches of Xenopus oocytes, they show that the two sites come in close
contact which stabilizes the open pore, resulting in a mode shift mechanism which is
characterized by a shift in activation to more hyperpolarized voltages in response to
depolarization. The findings provide evidence for a key contribution of the intracellular domain to

regulate ELK channel function.

These studies are solid examples showing that the Anap-VCF approach can be extrapolated to the
study of other ion channels and of proteins which are electrically silent and whose action is not as
easily captured as ion channels. The technique was shown to function in combination with FRET
and patch clamp fluorometry, and in HEK cells, opening up many new and exciting paths of
research possibilities. With the establishment of the Anap-VCF approach and the demonstration
of the validity of if, this thesis has contributed to a technical advancement in the field of

structural biology.

Due to the heterogeneity of subunit assembly in vivo, potassium channels represent the most
complex class of voltage-gated ion channels from both a functional and structural view. The
scientific findings of this thesis are obtained from homomeric tetramers in the absence of Ky beta
subunits and can therefore not necessarily be directly extrapolated to the function of all Kyl
channels in neurons, cardiac myocytes and muscle, among many other cell types. It remains
nevertheless essential to understand how individual subunits work to understand how different
subunits perform their function when combined. Obviously, potassium channels have a central
role in neurons, but the Xenopus oocyte has the proven ability to provide information about the
fundamental features of ion channel function in a controlled setting and will continue to be a

highly influential expression system in molecular physiology and neuroscience.
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