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Résumé 

Hyperexcitabilité est l'un des changements les plus importants observés dans de 

nombreuses maladies neuro-dégénératives telles que la sclérose latérale amyotrophique (SLA) 

et la maladie d'Alzheimer. De nombreuses recherches études se sont concentrées sur la réduction 

de l'hyperexcitabilité, soit en inactivant les canaux sodiques ce qui va réduire la génération de 

potentiels d'action, soit en prolongeant l'ouverture des canaux potassiques ce qui va qui ramener 

la membrane à son état de repos et réduire l’activité des neurones. Ainsi, pour cibler 

l'hyperexcitabilité, il faut tout d’abord comprendre les différents aspects de la fonction des 

canaux ioniques au niveau. 

Les objectifs des travaux présentés dans cette thèse consistent à déterminer le mécanisme 

d'inactivation dans les canaux potassiques Shaker. Les canaux Shaker Kv s'inactivent 

rapidement pour culminer le potentiel d'action et maintenir l'homéostasie des cellules excitables. 

L'inactivation de type N est causée par les 46 premiers acides aminés situés de l'extrémité N-

terminale du canal, encore appelé, peptide d'inactivation (IP). De nombreuses études 

mutationnelles ont caractérisé l'inactivation de type N au niveau fonctionnel, cependant, la 

position de l'IP à l'état de repos et leur transition lors de l'inactivation est encore débattue. 

L'objectif de la première étude consiste à évaluer le mouvement des IP pendant leur inactivation 

à l'aide de la fluorométrie en voltage imposé. En insérant un acide aminé non naturel, la 3-[(6-

acétyl-2-naphtalényl) amino]-L-alanine (Anap), qui est sensible aux changements 

d'environnement, nous avons identifié séparément les mouvements de la boule et de la chaîne. 

Nos données suggèrent que l'inactivation de type N se produit dans un mouvement biphasique 

en libérant d'abord le IP, ce qui va bloquer le pore du côté cytoplasmique. Pour affiner davantage 

la position de repos des IP, nous avons utilisé le transfert d'énergie de résonance à base de 

lanthanide et le métal de transition FRET. Nous proposons que le IP se situe dans la fenêtre 

formée par le canal et le domaine T1, interagissant avec les résidus acides-aminés du domaine 

T1. 

Dans notre deuxième étude, nous avons montré que le ralentissement de l'inactivation de 

type N observé dans la première étude est causée par une expression élevée des canaux Shaker. 

En effet, l'extrémité C-terminale du canal interagit avec les protéines d'échafaudage associées à 
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la membrane pour la formation d'amas. Nous avons aussi montré qu'en tronquant les quatre 

derniers résidus C-terminaux impliqués dans la formation des amas, nous empêchons également 

le ralentissement de la cinétique d'inactivation dans les canaux Shaker. Nous avons également 

démontré que l'inactivation lente de type N n'est pas affectée par l'accumulation des cations 

potassiques [K+] externe ou toute diaphonie entre les sous-unités voisines. Cette étude élucide 

non seulement la cause du ralentissement de l'inactivation, mais montre également que les 

canaux modifient leur comportement en fonction des conditions d'expression. Les résultats 

trouvés au niveau moléculaire ne peuvent donc pas toujours être extrapolés au niveau cellulaire. 

 

Mots-clés: Canaux KV, acides aminés non-naturels, Anap, fluorimétrie en voltage 

impose, tmFRET, LRET 
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Abstract 

Hyperexcitability of neurons is a major symptom observed in many degenerative 

diseases such as ALS and Alzheimer’s disease. A lot of research is focused on reducing 

hyperexcitability, either by inactivating sodium channels that will reduce the generation of 

action potentials, or by prolonging the opening of potassium channels which will help to bring 

the membrane back to resting state and thus, reduce firing frequency of neurons. At the 

molecular level, it is important to understand different aspects of ion channel function to target 

hyperexcitability. 

The aim of this thesis was to investigate in two projects the inactivation mechanism in 

Shaker potassium channels. Shaker Kv channels inactivate rapidly to culminate the action 

potential and maintain the homeostasis of excitable cells. The so-called N-type inactivation is 

caused by the first 46 amino acids of the N-terminus of the channel, known as the inactivation 

peptide (IP). Numerous mutational studies have characterized N-type inactivation functionally, 

however, the position of the IP in the resting state and its transition during inactivation is still 

debated. The aim of the first project was to track the movement of IP during inactivation using 

voltage clamp fluorometry. By inserting an unnatural amino acid, 3-[(6-acetyl-2-naphthalenyl) 

amino]-L-alanine (Anap), which is sensitive to changes in environment, we identified the 

movements of ball and chain separately. Our data suggests that N-type inactivation occurs in a 

biphasic movement by first releasing the IP, which then blocks the pore from the cytoplasmic 

side. To further narrow down the resting position of the inactivation peptide, we used 

Lanthanide-based Resonance Energy transfer and transition metal FRET. We propose that the 

inactivation peptide is located in the window formed by the channel and the T1 domain, 

interacting with the acidic residues of the T1 domain.  

In a follow-up study, we explored the reason underlying slow inactivation kinetics 

observed during the study of N-type inactivation in the first project. High expression of Shaker 

channels results in slowing of the N-type inactivation. The C-terminus of the channel interacts 

with membrane associated scaffold proteins for cluster formation. In this study, we have shown 

that by truncating the last four C-terminal residues involved in cluster formation, and hence 

preventing channel clustering, we also prevent slowing of the inactivation kinetics in Shaker 
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channels. We also showed that slow N-type inactivation is not affected by accumulation of 

external [K+] or any crosstalk between the neighboring subunits. The second project not only 

elucidates the cause of the inactivation slow-down but illustrates that the channels alter their 

behavior dependent on the expression conditions. Results found on the molecular level can thus 

not always be extrapolated to the cellular level. 

 

Keywords: Kv channels, unnatural amino acids, Anap, voltage clamp fluorometry, 

lanthanide resonance energy transfer, transition metal Forster resonance energy transfer 
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Chapter 1   

1 Introduction 

Ions play a pivotal role in the physiology of electrical conduction in excitable cells. They 

are responsible for maintaining the resting membrane potential as well as conduction of an 

electrical impulse. Bernstein provided the earliest idea of membrane potential resulting from ion 

concentration gradient in 1902. He postulated that the membrane is permeable to potassium ions, 

whose concentration is 50 times more inside the cell. During excitation, the membrane becomes 

permeable to all ions, which brings the potential to zero, and with this mechanism, excitation 

travels along the cell as a self-propagating wave [1]. Later on, Kenneth Cole's laboratory measured 

the resting membrane potential to be around -60 mV (Vm) by inserting electrodes in a giant squid 

axon. They also showed that the membrane potential goes beyond 0 mV during an action potential, 

as postulated by Julius Bernstein. By inserting a thin wire in the axon, they created an isopotential 

surface in the longitudinal section of the axon, which laid the foundation of the voltage-clamp 

method used today [2, 3]. 

The experiments performed by Hodgkin and Huxley (HH model) showed a great deal of 

insight into the movements of ions across the cellular membrane. The outer side of the membrane 

contained a high concentration of Na+, whereas the cytosol contained a higher concentration of 

K+ ions. The overshoot during an action potential was caused by an increase in Na+ permeability 

of the membrane, resulting in an overshoot of the membrane potential almost to the equilibrium 

potential of Na+. The different phases of the membrane current were explained as the movement 

of different ions across the membrane. The movement of K+ ions was low at resting potential, 

which increased at the end phase of an action potential. Conduction of Na+ ions was zero at resting 

Vm and increased significantly during the rising phase of the action potential. Another component 

was leak conduction, which predominantly conducted K+ ions and served to maintain the resting 

membrane potential [4-8].   

Holdgkin and Huxley described that passage of ions through the membrane was performed 

by conducting units specific for each set of ions, which opened and closed in response to the change 

in membrane potential [9-12]. Their model successfully described the ionic basis of electrical 
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excitability in cells. The HH model also showed that Na+ and K+ flux across the cell is the basis 

of excitation and generation of action potentials. The change in membrane potential governs the 

permeability of the cell membrane for the conduction of these ions. These findings also gave rise 

to new questions like how these ions are transported across the membrane, what is the basis of 

selectivity for one ion over the other. 

Following the initial kinetic model by Hodgkin and Huxley, many theories were put 

forward to explain the movement of charge across the membrane. These included permeation 

across a homogenous membrane, binding and migration along charged sites, passage on carriers, 

and flow through pores. The discovery of valinomycin, a K+ selective carrier, gave an idea that 

membrane proteins are involved in transporting ions across the membranes. Later on, the use of 

tetrodotoxin (TTX) and quaternary ammonium ion (TEA) to block Na+ and K+ specific currents, 

respectively [13, 14], further validated the presence of membrane-embedded proteins regulating 

the flow of ions. In the 1970s, with improvements in cloning and protein purification techniques, 

the Na+ channel was isolated from electric eel by exploiting the binding affinity of these channels 

to TTX toxin [15, 16]. The most significant breakthrough came in 1984 when the Na+ channel 

was cloned from the cDNA [17], revealing a complete amino acid sequence.  

In the last couple of decades, ion channel research has come a long way. The crystal 

structure of the bacterial potassium channel, Kcsa, given by Mackinnon and his group [18],  was 

a significant achievement in delineating the detailed structure of the channel. With the 

advancement of biophysical techniques such as crystallography and cryo-EM, structures are solved 

in rapid succession, showing the commonalities in the architecture and the differences. Both give 

a deep insight into the working mechanism of ion channels.  

1.1 Potassium channels 

Julius Bernstein first showed the role of K+ channels in cellular excitability. It was later 

confirmed by Hodgkin and Huxley when they showed the movement of K+ ions during the action 

potential. However, it was only in 1987 that the first K+ channels were identified in Drosophila 

[19]. K+ channels are one of the largest ion channel families. They are found in all cell types, 

including neurons, muscles, and other tissues. Their primary role is to maintain potassium 

homeostasis in the cells, thus controlling the excitability in neurons and other cell types. Apart 
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from their role in maintaining electrical balance in the cells, they are also found in the epithelial 

tissues involved in the transport of salt and water [20].   

K+ channels can be structurally categorized into three groups (Fig 1.1): the inward rectifier 

(Kir) family, which assembles as homotetramers and contain two transmembrane helices that form 

the pore domain; K2P family, which assembles as dimers and contains four transmembrane helices 

and two pores; and the voltage-gated potassium channels which contain six transmembrane helices 

with single pore domain and assembles as homo- and heterotetramers. The K+ channel families 

are further diversified by the interaction of their principle transmembrane domain with auxiliary 

subunits to gain functional specialization in various tissues.  

Kir and K2P channels differ from Kv channels in possessing two and four transmembrane 

helices, respectively. Kir channels conduct potassium into the cell, a behavior anomalous to other 

families of the K+ channels. The inward rectification is caused due to blockage of the pore by 

divalent ions and polyamines [21, 22]. K2P channels are different from other K+ channels as they 

contain two pore-forming regions. Like Kir channels, they are also responsible for maintaining 

resting state potential and control action potential height and duration [23, 24]. They contain four 

transmembrane domains which come together as a dimer to form a single pore channel [25, 26].  
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Figure 1.1 Kv Channel family Tree 

Structural classification of Potassium channel family (Gonzalez et al, Comprehensive Physiology 2012). 

1.1.1 Voltage-dependent K+ Channels (Kv Channels) 

Kv channels are composed of 40 genes of K+ channels divided into ten families: KCNA 

(Kv1), KCNB (Kv2), KCNC (Kv3), KCND (Kv4), KCNF (Kv5), KCNG (Kv6), KCNQ (Kv7), 

KCNV (Kv8), KCNS (Kv9), KCNH [Kv10, Kv11, Kv12, including ether-a-go-go related gene 

(EAG, ERG)] [27]. The multiplicity of Kv channels is further diversified by forming 

heterotetramers among different family members or with accessory subunits [27]. On activation, 

these channels produce either inactivating current (A-type) or non-inactivating current (delayed 

rectifiers). Non-inactivating currents help in repolarization and shaping the action potential. On 

the other hand, inactivating currents lead to early termination of repolarization, thus making the 

neuron ready to fire another action potential [28].  

Kv1 channels are homologous to Shaker channels from Drosophila. Kv1 channels were 

first identified by Hodgkin and Huxley in their experiment on giant squid axon. As they opened 

after sodium channels and did not show any inactivation in the time scale of measurements, they 

were called delayed rectifiers. Later on, other members of this family were also identified. All 

members of this family show non-inactivating current except Kv1.4 [29]. However, they show 

inactivation when coexpressed with Kvß subunits.  
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Kv2 channels are homologous to Shab in Drosophila. Kv2.1 and 2.2 are majorly found in 

CNS neurons, especially in GABAnergic neurons [30, 31]. Kv2.1 can form heterotetramers with 

Kv5, Kv6, Kv8, and Kv9 subunits [27]. Chronic hypertension has been shown to decrease the 

expression levels of Kv2 channels [32]. 

Kv3 channels are counterparts of Drosophila Shaw channels. Kv3.3 and Kv3.4 show A-

type inactivating currents, whereas Kv3.1 and Kv3.2 behave as delayed rectifiers. They are found 

in the cerebellum, skeletal muscle, arterial smooth muscle, and germ cells. They are essential for 

high firing frequency in auditory neurons and GABAnergic neurons [33, 34]. Kv3.1 knockout mice 

show impaired motor skills and reduced muscle contraction force [35]. Kv3.4, together with 

MiRP2, forms low voltage activating channels in the skeletal muscles. Mutations in MiRP2 have 

been associated with periodic paralysis [36].  

Kv4 channels produce Ito currents in heart muscles and ISA in somatic neurons. They are 

mainly found in the brain, heart, lung, liver, kidney, testis, thyroid gland, pancreas, and pulmonary 

artery [37, 38]. Kv4 channels coexpress with KChiP subunits, which increases their surface 

expression and modulates their gating kinetics [39]. They are mainly responsible for repolarizing 

cardiac action potential and preventing backpropagation of action potential in hippocampus 

neurons. Seizure activity has been shown to reduce Kv4.2 expression in the hippocampus, whereas 

Kv4.3 mRNA expression levels are decreased in patients with paroxysmal atrial fibrillation [40, 

41]. 

Kv7.1 is found in the heart, rectum, kidney, ears, pancreas, lung, and placenta. They are 

involved in the repolarization of the cardiac action potential. They coassemble with KCNE1 to 

form cardiac IKs channels. They are also involved in recycling potassium in the basolateral 

membrane of intestinal cells and the inner ear. Loss of function in Kv7.1 gene is associated with 

congenital long QT syndrome and polymorphic ventricular arrhythmias [42]. Kv7.2 and 7.3 

channels are distributed in the brain, sympathetic ganglia, heart, lung, breast, eye, germ cell, 

placenta, small intestine [43]. They determine the subthreshold excitability of neurons and also 

coassemble to form M currents in the brain [44]. Knocking out the Kv7.2 gene in mice causes 

benign familial neonatal convulsions with myokymia [45].  

Kv5, Kv6, Kv8, and Kv9 channels coexpress with Kv2 and modify their kinetics and 

expression level.  
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Kv10 channels, also known as eag channels, derived their name from a drosophila mutant 

ether-a-go-go, which shows enhanced neurotransmitter release at the neuromuscular junction. It is 

closely related to Kv11 (herg) and Kv12 (elk) channels [46] [47]. Kv10.1 is mainly found in the 

brain, placenta, myoblast, and some tumor cell type, while Kv10.2 is exclusively found in CNS.  

HERG channels (ether-a-go-go-related gene) are found in the heart, brain, kidney, lung, 

liver, ovary, pancreas, testis, small intestine, tonsil, uterus, and microglia. They form cardiac Ikr 

channels in the heart. C-type inactivation observed in these channels shows much faster kinetics 

(1-3ms) than other K+ channels and modulates its conductance properties. They are responsible 

for ending the plateau phase of cardiac action potential [48].  

Kv12 channels are mainly expressed in the nervous system and show activating and 

deactivating currents. Kv12.2 knockout mice show persistent neuronal excitability, spontaneous 

seizures, and increased sensitivity to convulsants [49].  

Since this thesis was based on Kv1 channels, they will be described in more detail below. 

Kv1 channels are majorly expressed in muscles, the heart, and the brain. Kv1.1 and 1.2 are 

highly expressed in the hippocampus, cerebellum, cerebral cortex, and thalamus. Kv1.1 is also 

found to be expressed in the heart, retina, and skeletal muscles, whereas Kv1.2 is found in the 

spinal cord, heart, smooth muscle cells [41, 50]. Malfunction in Kv1.1 has been associated with 

episodic ataxia type 1 and myokymia [51]. Kv1.3 channels are found in the brain, as well as islets, 

spleen, lymph nodes, thymus, fibroblasts, B and T lymphocytes, tonsils, and macrophages. Due to 

their extensive expression in immunological tissues, it has been studied as a potential therapeutic 

target for immunosuppressants [52]. Kv1.5 is found in the aorta, kidney, colon, stomach, smooth 

muscle, hippocampus, cortex, pituitary, and pulmonary artery. Kv1 channels can also coassemble 

with other members of the family to form heterotetramers due to the presence of the tetramerization 

domain on the cytoplasmic side of the channel [53, 54]. Kv1.x channels are also known to bind to 

scaffold proteins like PSD95, SAP97, or dlg [55]. These scaffold proteins are responsible for the 

surface expression of Kv1.x channels as well as their clustering. 

1.1.2 Kv channel structure 

KcsA was the first crystal structure of a potassium channel and was solved by the 

Mackinnon group [18]. It showed, in great detail, the selectivity filter present in the pore, which is 
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almost identical to the selectivity filter of the eukaryotic Kv channels. Later on, the first 

mammalian Kv chimera channel structure was crystallized from Rattus norvegicus by the same 

group [56], followed by crystallization of a full-length channel in the presence of lipids [57]. Kv 

channels assemble as tetramers, with each monomer comprising six transmembrane helices. When 

viewed from the extracellular side, Kv channels show 4-fold symmetry with the pore at the center 

surrounded by four voltage sensor domains [18, 58] (Fig 1.2). Helices S1-S4 form the voltage 

sensor domain (VSD), which senses the membrane potential to open the channel. Helices S5-S6 

of all four monomers form a single central ion-conducting pore. The C- and N-termini of the 

channel are located on the cytoplasmic side. The S4 helix is lined by highly conserved positively 

charged residues, responsible for sensing the change in membrane potential. The movement of 

these charged residues towards the extracellular side of the membrane can be detected as small 

transient currents known as gating currents. Hence, these charges are called gating charges. During 

depolarization, the movement of these gating charges opens the channels leading to channel 

activation. 

 

Figure 1.2: Crystal structure of Kv1.2/2.1 Chimera  

Side view and top view of the Kv1.2/2.1 crystal structure where each color represents a monomer. (PDB ID: 2R9R) 
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1.2 Channel Activation 

The S4 helix contains positively charged residues, five arginines (R1 to R4, R6), and one 

lysine (K5), responsible for sensing the change in membrane potential. These residues are present 

at every third position in the S4 helix and are surrounded by negatively charged amino acids from 

helices S1-S3. The distribution of positive and negative charges forms a network that interacts to 

stabilize each other. The positive charges move along this network towards the extracellular side 

during membrane depolarization. The surrounding negative charges are divided into two groups: 

the external negative cluster, which consists of E183 (S1Helix) and E226 (S2 Helix), and an 

internal negative cluster consisting of E154 (T1-S1 linker), E236 (S2 Helix), and D259 (S3a 

Helix). The two clusters are separated by a phenylalanine residue 233 in the center of the S2 helix, 

which is conserved in all Kv channels (except KvAP). This separation is known as the 

phenylalanine gap or charge transfer center [59, 60]. In the crystal structure of the Kv1.2/2.1 

chimera, which shows the channel conformation in the open state, residues R3 and R4 form 

hydrogen bonds with the external negative cluster, whereas K5 and R6 interact with the internal 

negative cluster.  

 

Figure 1.3: Amino acid sequence alignment of Kv channels 

Amino acid sequence alignment of Shaker and the human KV1 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. 

During channel activation, it has been proposed that the external negative cluster 

electrostatically attracts R3 and R4 to move towards the extracellular surface. The bottom half of 

the S4 helix below R3 adopts a 3-10 conformation, allowing the S4 helix to extend by 5Å [57]. 
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Overall, there is an upward translation and tilt of the S4 associated with the charge movement [61]. 

The voltage sensor of all four subunits is activated before the final pore opening. The activated 

VSDs transfer their energy through the S4-S5 linker for pore opening and ion conduction in a 

process known as electro-mechanical coupling [62]. 

1.3 Channel Inactivation 

The conduction of ions through the pore is controlled from the extracellular side by the 

selectivity filter, which preferentially allows K+ ions to pass through the pore. The ion conduction 

is blocked by a helix bundle crossing formed by the S6 helix from the cytoplasmic side. These two 

gates prevent the flow of potassium ions during the resting state of the channel. However, another 

scenario can prevent the passage of ions through the pore, known as channel inactivation. 

Inactivation refers to the blockage of K+ ion flow from the cytoplasmic side. The channels undergo 

inactivation from an open state, primarily by either N-type or C-type inactivation (refer to below) 

(Fig 1.4). 

 

 
Figure 1.4: Inactivation in Kv channels 

Two types of inactivation observed in Kv channels: C-type and N-type. 

1.3.1 N-type Inactivation 

N-type is a fast inactivation mechanism observed within few milliseconds of Kv channel 

opening. Such fast inactivation mechanism is essential for modulating duration and pattern of 

action potential in excitable cells. The N-terminal of any of the four subunits diffuses from the 

cytoplasmic side to block the channel, hence N-type inactivation. The role of the N-terminus 

inactivation peptide in fast inactivation was identified in 1990 by the Aldrich group after the 
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introduction of molecular cloning. By introducing mutations in the N-terminus of Shaker channels, 

they showed that the inactivation could be removed, thus identifying that the N-terminal of the 

channel is responsible for the fast inactivation mechanism seen in Shaker channels [63]. 

 

 

 

 
Fig 1.5: N-terminal ball and chain in Kv channels 

A) Cartoon representation of the transmembrane helices showing N-terminal ball and chain. The sequence of the ball 

and chain is also shown with the hydrophobic tip highlighted in orange and the chain region highlighted in blue. B) 

Comparison of inactivation peptide sequence in different Kv channels. 
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The N-terminal part of the channel responsible for blocking the pore is the Inactivation 

Particle (IP). IP is formed by the first 46 amino acids and has been suggested to have a ball and 

chain type of structure (Fig 1.5). The ball part consists of hydrophobic residues that enters the pore 

and interacts with the pore lining residues through hydrophobic interactions [64] (Fig 1.6). Since 

pore opening is a requirement for the N-type inactivation, various pore blockers, such as TEA, 

have been shown to interfere with the binding of IP from the cytoplasmic site [65] as they compete 

for the same binding site. The chain part consists of various charged residues with an overall 

positive charge. During channel inactivation, interaction of these positively charged residues with 

the acidic residues of the T1-S1 linker has been suggested to stabilize the IP. Removal of charge 

from the chain region has been shown to affect inactivation kinetics [63, 66, 67].  The IP is said to 

block the channel from the cytoplasmic side by entering through the window between the T1 

domain and the channel. However, how it enters through the window and where it is located in the 

resting state is still unknown. 

 
Figure 1.6: Simulation model for N-type inactivation  

Entry of IP (red) into the pore determined by molecular simulations (Holmgren et al 2017). IP enters as an α-helix 

into the pore, where it unfolds to interact with the residues lining the inner pore. 

 

N-type inactivation is also seen in mammalian Kv channels like Kv1.4, Kv3.4, and Kv4.2 

channels. Coexpression of Kv1.x channels with β-subunit imparts fast inactivation to the otherwise 

non-inactivating channels [29]. Apart from β-subunits, DPP6 auxiliary subunits have been shown 

to modulate Kv4.x channels kinetics [68]. Comparison of fast inactivation in different Kv channels 
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shows that the general ball and chain type of architecture is consistent in all of them, comprising 

of a hydrophobic tip and a charged chain region (Fig 1.5B). However, there are some differences 

in the sequence of the inactivation peptides that influences the secondary structure of the peptide, 

and hence, inactivation kinetics. NMR structure of Kv 1.4 IP shows a flexible N-terminal with a 

helix capped with β-turn motif, whereas Kv 3.4 lacks any typical secondary structure and just 

forms a compact folding [69]. These structural differences are implicated in the functional 

properties as well: a Kv 3.4 derived inactivation peptide completely blocks non inactivating Kv1.1 

currents, whereas a peptide from Kv1.4 only partially inactivates it, even at 10-fold higher 

concentration. Such differences in inactivation kinetics may be attributed to the different 

electrostatic interaction of these IPs to the receptor site formed by the internal mouth of the pore.  

 

1.3.2 C-type inactivation 

C-type inactivation regulates the flow of ions through the selectivity filter. In contrast to 

N-type inactivation, the C-type inactivation results from a conformational change in the selectivity 

filter on the extracellular side of the pore, which renders the pore nonconducting. A study based 

on molecular simulations reported that the presence of trapped water molecules in the backbone 

of the selectivity filter is responsible for keeping the selectivity filter in a deformed, non-

conductive state[70] [71] [72]. The formation of hydrogen bonds with the protein backbone 

increases the residing time of these water molecules, responsible for delayed recovery from this 

type of inactivation. 

C-type inactivation is inhibited by high extracellular K+ as well as TEA applied externally. 

The inhibition of C-type inactivation in such conditions has been suggested through a foot in the 

door type of mechanism in which the presence of ions in their binding site in the selectivity filter 

prevents conformational changes responsible for slow inactivation [73]. Furthermore, C-type 

inactivated Kv channels become permeable to Na+ ions in the absence of K+ ions, suggesting that 

the structural changes involved in the process are only local and leads to widening of the selectivity 

filter, thus allowing hydrated Na+ ions to pass through [74]. Yellen et al 1994 [75] showed that 

the mutation T449C results in stabilization of C-type inactivation. Liu et al also showed through 

mutated cysteine accessibility studies that the modification of residues 448-450 in Shaker are 
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accelerated after C-type inactivation [76]. These studies point out that a structural rearrangement 

in the selectivity filter is a plausible cause of C-type inactivation observed in Kv channels. 

 

Inactivation of channels is an important phenomenon to maintain cellular excitability. 

Inactivation of sodium channels prevents prolonged depolarization, and that of potassium channels 

prevents the cells from entering the hyperpolarized state. A delay in the culmination of sodium 

current or accelerated inactivation of potassium channels can lead to sustained depolarization, 

resulting in hyperexcitability. Hyperexcitability is one of the most common features of many 

neurological and cardiac disorders [77 , 78]. A better understanding of these inactivation 

mechanisms is pertinent in understanding these channelopathies and finding a cure for them. 

 

1.4 Clustering of Kv channels 

Density of ion channels plays an important role in regulating neuronal excitability. 

Clustering of Nav channels at nodes of ranvier is crucial for driving saltatory conduction. 

Similarly, glutamergic receptors are concentrated at post synaptic density to drive the action 

potential forward. Generations of action potential from excitatory and inhibitory postsynaptic 

potentials is governed by the cluster of Kv and Nav channels present at the axon initial segment. 

Thus, channel clustering is an important physiological phenomenon which requires tight regulation 

to maintain precise distribution of channels and receptors. MAGUKs (membrane-associated 

guanylate kinases) are one such group of scaffold proteins that regulates the trafficking, 

maintenance and recycling of receptors and channels in the membrane. Several members of this 

group (PSD-93, PSD-95, SAP97) play important role in trafficking and clustering of Kv channels 

[79]. Apart from Kv channels, these channels also control clustering of AMPA and NMDA 

receptors at synapse [80]. These proteins contain three PSD-95/discs large/Zona occludens-1 

(PDZ) domains alongwith a src-homology-3 (SH3) domain and an inactive guanylate kinase (GK) 

domain. Shaker channels have been shown to interact with the PDZ domain through their C-

terminal motifs [81] and removal of this motif results in diffused expression pattern and lower 

current density [82]. MAGUKs also help in stabilization of channels in the membrane by 

controlling recycling of channels from the membrane.  
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1.5 Thesis Objective 

K+ channels are the most diverse group of ion channels. Many K+ channels have been the 

main focus of pharmacological research due to their crucial role in different physiological aspects. 

Kv1.3 channels have been shown to counterbalance the effect of incoming Ca2+ ions in T-cells, 

thus controlling the signaling pathway activated by Ca2+ ions for cytokine secretion and cell 

proliferation. Therefore, the role of Kv1.3 blockers as immunosuppressants is being investigated 

actively [83]. Kv4.3 channels have been the target for antiarrhythmic drugs by blocking the Ito in 

the heart. Kv7 channels are responsible for modulating synaptic plasticity and neuronal excitability 

in the brain. Activators of Kv7 currents, known as m-currents, are being explored to enhance the 

neuronal K+ conductance [84]. 

One of the major functions of the K+ channel is the repolarization of excitable cells, which 

thus controls the firing frequency and generation of action potentials. Any impairment in the K+ 

channel function can either extend or decrease the repolarization, directly affecting cellular 

excitability. Lower cellular excitability can lead to depression disorders, whereas hyperexcitability 

can cause seizures, pain, and anxiety-related disorders. Therefore, the modulation of K+ 

conductance, which is majorly controlled by N-type inactivation of the channel, is an important 

step that governs cellular excitability.  

The N-type inactivation has been extensively characterized after the Aldrich group first 

identified it. However, these studies were restricted to functional data. With the recent 

advancement in the fluorescence techniques that allow following intracellular movement, we can 

finally aim to identify the resting position and path of the IP, the N-terminal part of the channel 

responsible for inactivation. Recent advances in cryo-EM microscopy made it possible to obtain 

structures of ion channels that were difficult to crystallize. However, the flexible nature of the IP 

still makes it challenging to identify high-resolution structures. 

In order to identify the position of the IP and to get more dynamic information about its 

movements to inactivate the channel, we decided to do LRET and tmFRET experiments. Since the 

IP was present on the cytoplasmic side, to label the desired positions and achieve more specific 

labeling, we genetically incorporate an unnatural amino acid (UAA) through orthogonal 
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tRNA/synthetase pair [85]. This technique offers the advantage of incorporating an unnatural 

amino acid with desired properties at a site that is inaccessible to conventional reagents and 

fluorophores. The objective of this thesis was to delineate the inactivation pathway of IP by using 

various techniques based on the genetic incorporation of UAA. 

By performing VCF using a fluorescent UAA, we would track the path followed by IP 

from resting state to inactivation. The IP is known to block the channel from the cytoplasmic side. 

However, the detailed view of how it reaches the pore and interacts with the pore is still elusive. 

Simultaneous measurement of current and fluorescence changes will allow us to get a broader 

picture. To identify where the IP resides in the resting state, we would perform Lanthanide 

Resonance Energy Transfer (LRET). By incorporating a UAA with an azide group, we can use the 

click chemistry to bind a fluorophore from the cytoplasmic side [86]. Click chemistry would 

provide a fast, more specific labeling of the fluorophore to determine the resting state position of 

IP. 

To perform a fluorescence-based experiment in Xenopus oocytes, higher expression levels 

of the channels are required to obtain maximum signal. One phenomenon that is consistently seen 

at the higher expression of the Shaker channel is slowed inactivation kinetics. Previous studies 

have tried to explain this slow inactivation as a result of mixed N-type and C-type inactivation [87] 

or a phenomenon observed at higher K+ concentration near the membrane [88, 89]. A dig into the 

literature revealed that clustering of channels via C-terminus and slower N-type inactivation via 

the N-terminus share structural characteristics [90]. The goal of the second paper is to identify the 

relation between channel clustering and slow inactivation kinetics. One of the mechanisms for 

channel clustering is the interaction of the C-terminal with scaffold proteins like PSD-95 [55]. 

Therefore, by removing the residues at C-terminal that interact with PSD-95, we aim to see if 

clustering can be prevented, and in turn, faster inactivation kinetics can be restored in Shaker 

channels at higher expression levels.  
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2 Chapter 2 

Methodology 

2.1 Incorporation of unnatural amino acids 

During protein translation, the ribosome synthesizes a polypeptide according to mRNA 

directions.  The genetic code from the mRNA is identified by the anticodon present on the tRNA. 

The tRNA then incorporates the amino acid associated with it. The 20 canonical amino acids found 

in higher organisms have specific set of tRNA and aminoacyl tRNA synthetase [1], which is known 

as orthogonal aaRS/tRNA pair.  

 

 

 

Figure 2.1: Insertion of UAA during protein translation  

UAA specific tRNA and tRNA synthetase are expressed in the cells. The tRNA recognizes the UAA and 

binds to it in order to incorporate it in the translated protein. 

 

However, this basic machinery of protein expression can be modified to incorporate other amino 

acids with desired functions to further investigate the protein structure and function. Since no 

tRNA is found to bind to stop codons, stop codons lead to the termination of protein synthesis. By 

aminoacylating a tRNA reprogrammed to complement one stop codon, this new tRNA can be used 
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to incorporate non canonical amino acids (or unnatural amino acids, UAA) into a protein. A 

truncated tRNA can be aminoacylated  with UAAs., The incorporation of UAA mostly utilizes the 

amber stop codon since it is the least utilized in mammalian organisms [2]. These noncanonical 

amino acids are chosen to alter the physiochemical and biological properties of the amino acid 

they replace. Many different kinds of UAAs have been synthesized for various structure function 

analysis. These include spectroscopic probes, metal ion chelators, photo-affinity probes and 

photocaged amino acids, posttranslational modifications, and amino acids with orthogonal 

chemical activity for the site-specific modification of proteins. By engineering new heterologous 

aaRS/tRNA pair, many UAAs have been genetically encoded at desired sites in different bacterial, 

yeast and mammalian expression systems (Fig 2.1).  

2.2 Cut open voltage clamp 

Ion channels are most widely studied by overexpressing the desired channels in the oocytes 

of Xenopus laevis (African frog). The big size of the egg and low endogenously expressed channels 

makes it a very good model for the electrophysiological studies. In order to study the membrane 

properties, the two-electrode voltage clamp (TEVC) technique was developed. In this method, as 

the name suggests, two electrodes are inserted into the cytosol of the oocyte, one for injecting 

current to maintain the membrane at a desired potential and the other to sense the voltage. By 

recording the current required to keep the voltage constant, ion channel kinetics can be studied. 

The TEVC technique was improved to the Cut open voltage clamp (COVC) technique by Bezanilla 

and Stefani in 1998 [3]. It was designed to reach the desired voltage much faster thus allowing to 

record faster current dynamics and gating currents compared to TEVC. It has the additional benefit 

of allowing access to the intracellular milieu of the oocytes, which can be exchanged.  



 

 35 

 

 

Figure 2.2: Illustration 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. 

 

The COVC setup consists of 3 compartments (Fig 2.2). The top compartment is named the 

recording chamber and is used to clamp the oocyte by inserting an electrode (V1). The middle 

chamber acts as an electronic guard shield to maintain a defined voltage on the oocyte membrane. 

The bottom compartment is used to permeabilize the oocyte membrane by 0.1% saponin in order 

to gain access to the cytoplasmic environment and to inject current.  
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There are 5 bath electrodes to control the 3 compartments, which are connected to the 

electrical components by agar bridges. Electrodes P1 (top chamber) and GS1 (middle chamber) 

record the bath potential, and P2 and GS2 inject current to the top and middle chamber, 

respectively, to maintain P1 and GS1 at command potential.  By maintaining the middle chamber 

at the same potential, guard shield prevents any current leakage between the top and bottom 

chamber, and any leak between bottom and guard chamber will only affect the guard current 

(which is ignored). During passive mode or clamp OFF setting, the V1 electrode reads the 

membrane potential of the oocyte. When the clamp is turned ON, the oocyte interior is held at 

ground potential through an active feedback loop between the inserted electrode V1 and the current 

injecting bath electrode I in the bottom chamber. COVC is able to achieve faster clamping speeds 

due to lower access resistance for intracellular current injection and electrical isolation of recording 

chamber and guard chambers. The access resistance is considerably reduced by permeabilizing the 

oocyte membrane in the lower chamber, leading to elimination of the bottom access resistance and 

more accurate and faster electrical response.  

2.3 Voltage Clamp Fluorometry 

When light falls on a fluorescent molecule, the electromagnetic radiation can excite the 

electrons in resonance to a higher electronic energy level (S1). The probability for electron 

excitation at a specific wavelength is given by the molar extinction coefficient of the fluorophore. 

After excitation to the higher energy state, the electron loses some energy through vibrational 

relaxation to come to the ground vibrational energy level of the excited S1 state. When the electron 

returns to the ground electronic state (S0), the energy released is less than the energy gained in 

excitation, which leads to emission of a photon of longer wavelength (Fig 2.3). This change in 

wavelength between the excited and emitted radiation is known as Stokes shift. However, the 

transition of electrons to the ground state does not always result in release of a photon. The energy 

can alternatively be dissipated to the surrounding through solution quenching or as heat. The 

probability that the excited electron will release a photon is known as quantum yield (QY). QY 

varies from 0.2 to 0.9 for conventional fluorophores. 
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Figure 2.3: Jablonski diagram 
Jablonski diagram illustrating excitation of a molecule from the S0 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 [4]. The energy of the emitted photon depends on the solvent hydrophobicity. 

 

Fluorescence measurements are extensively used nowadays to probe structural and conformational 

changes in proteins. Voltage clamp fluorometry was developed as an improvement over scanning 

cysteine accessibility mutagenesis by the Isacoff laboratory [5]. In this technique, structural 

rearrangements in proteins are viewed as changes in fluorescence. A decrease in fluorescence 

results from exposure to solvent (solvent relaxation) or proximity to a quencher (quenching) during 

structural transitions. Simultaneous measurement of current/gating charges and recording of 

fluorescence intensity allows study of channel kinetics in real time. Moreover, the short lifetime 

of a fluorophore in the excited state (10-9 - 10-12s) allows detection of fast kinetics. Since the 

fluorophore reports changes in a localized area around its introduction site, it spatially resolves 

dynamic changes in the protein. VCF has been a pioneering the technique to study conformational 

changes in ion channels. 

2.4 Lanthanide Resonance Energy Transfer (LRET) 

LRET is a variant of FRET (Förster Resonance Energy Transfer). FRET can be used to 

measure distance between two positions separated by 15-100 Å. Two positions are labelled by 

fluorophores, donor and acceptor with the emission of donor overlapping with the excitation of 

acceptor fluorophore. When the donor is excited, energy is transferred to the acceptor fluorophore 
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dependent on their relative distance, allowing to calculate the distance between the donor and 

acceptor [6].  

When the donor is excited, it produces an oscillating electric dipole field that decays with 

distance. A nearby acceptor with excitation energies corresponding to the frequencies of the 

electric field produced by the dipole absorbs this energy and gets excited. The probability of 

acceptor being excited decays with distance as E ∝R-6. The energy transferred can be used to 

calculate the distance using the following equation: 

𝑅 = 𝑅! $
"
#
− 1'

"/%
, 

where R is the distance between donor and the acceptor, E is the amount of energy 

transferred and Ro is a constant which depends on the spectral properties of the donor acceptor 

pair and the orientation of their electric dipoles. It is the distance at which 50% of the energy is 

transferred.  



 

 39 

 

 

Figure 2.4: Synthesis of terbium chelate 
Reaction scheme according to which the terbium chelate used in this thesis was synthesized in the 

laboratory (modified from [7]). 

In the variation LRET, instead of an organic fluorophore, a lanthanide group element 

(terbium or europium) is used. Due to their low extinction coefficient, they are poor absorbers of 

photon and hence require an additional antenna molecule that absorbs the light and transfers it to 

lanthanide atom. The entire complex contains 3 different components (Fig 2.4): an antenna 

molecule that absorbs the incoming photon and transfer it to the lanthanide atom, a chelate that 

coordinates the atom and shields it against the quenching effect of the solvent, and a linker 

molecule (e.g. maleimide) to covalently bind the fluorophore to the desired position in the 
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fluorophore. The lanthanides show a characteristic emission spectrum (Fig 2.5) and possess very 

long decay lifetimes (usually milliseconds as compared to nanoseconds for organic fluorophores). 

These properties greatly enhance accuracy and signal to noise ratio for these measurements. 

 

 

 
Figure 2.5: Emission spectra of terbium chelate 
A) Emission spectra of terbium chelate. B) Spectral overlap of terbium chelate with cy3 fluorophore. 
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Figure 2.6: LRET setup 
The LRET setup consists of an inverted microscope. The oocyte is placed on top of the objective. A pulsed 

laser (337nm) is used to excite the donor fluorophores and the fluorescent emission from the acceptor is 

recorded by a photon counter. 

2.5 Transition metal FRET (tmFRET) 

Ever since their inception, FRET and LRET techniques have been used extensively to study 

the interaction between two proteins [8]. By measuring the amount of energy transfer, they can be 

used to estimate distance between the two labelled molecules. However, the average R0 values for 

different pairs varies from 30-80 Å thus limiting the shortest distance that can be reliably measured. 

Also, large fluorophore size and presence of linkers used to attach them to the proteins increase 

the conformational flexibility of the dye [9, 10]. Thus, it may not accurately translate the dynamics 

of the protein chain being measured. Additionally, uncertainty in measurement of fluorophore 

orientation relative to each other further exacerbates the inaccuracy. Lanthanide metal ions used 

in tmFRET have relatively small RO values (10-20 Å which allows measurement of smaller 

distances with greater accuracy. Their small size and multiple transition dipoles also reduce the 

orientation dependence of these measurements. 
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In tmFRET, a transition metal ion is used to absorb the energy of donor fluorophore. The 

degree of quenching is a direct measure of the FRET efficiency. Transition metal ions have been 

shown to absorb light in the visible region[11-15]. The small size of metal ion along with multiple 

absorption dipoles greatly reduces the orientation dependence between donor and acceptor. This, 

in turn, helps in more accurate distance determination. Also, each metal binding position can be 

used for binding different metal ions, thus resulting in a different FRET pair. The Ro values for 

transition metal ion FRET pair varies from 9 to 16 Å. This allows measurement of close-range 

distances. 

The attachment of metal ions to the protein backbone can be accomplished by site-

directedly introducing di-histidine motifs into the protein. Di-histidine motifs bind metal ions with 

high affinity.  The binding affinity of the metal ion to the metal binding site in the protein can also 

be used to determine the secondary structure of the protein. As the binding of metal ion is related 

to helix stability, a change in helix stability will be reflected in the binding affinity of the metal. 

Therefore, tmFRET can be used to measure close range distance between two positions as well as 

secondary structure stability of the protein[16]. 

2.6 Experimental procedures 

2.6.1 Molecular biology 

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

Technologies) with primers of 20-40 bases in length. 1 μl DpnI restriction enzyme is added to 

digest template DNA. Heat pulse transformation into XL1-Blue supercompetent cells is followed 

by adding 300 μl of SOC medium. Sample is put to 1 hour incubation with shaking at 250 rpm at 

37°C. 200 μl 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 μg/mL ampicillin, with 

shaking at 250 rpm at 37 °C overnight. A Spin Miniprep Kit (Qiagen) is used to obtain isolated 

200 ng/μl DNA in a 50 μl total volume. Sequences are verified in an in-house sequencing facility. 

DNA is amplified with a second round of transformation into XL1-Blue supercompetent 

cells. 10 μl 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 μg/mL ampicillin, with shaking at 

250 rpm at 37 °C overnight. A Midiprep Kit (Qiagen) is used to obtain isolated 1.5 ug/μl DNA in 
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20 μl volume. The DNA is linearized with NotI restriction enzyme and used for RNA in vitro 

transcription with the mMESSAGE mMACHINE® T7 Ultra Kit (ThermoFisher). RNA is 

extracted with phenol/chloroform and precipitated with ethanol to obtain a pellet which is 

resuspended in 20 μl nuclease-free water. Typically, 2 μg/μl of pure RNA is obtained and is ready 

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

2.6.2 Expression  

The pAnap plasmid, a pCDNA3.1+ vector (Addgene #48696), encodes for a mutated E.coli 

leucyl synthethase and 8 copies of E.coli tRNALeu[17]. 

4.6-9.2 nl of 0.1 μg/μl of pAnap is injected into the oocyte nucleus, 6-24 hours prior to 

coinjection 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 Cͦ 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 required expression level. 

To ensure high yield and to limit leak expression of channels lacking Anap, tRNA and 

synthetase expression is allowed before injection of channel mRNA. This way, there will be 

immediately amber tRNAs amino-acylated with Anap available for insertion when the ribosome 

encounters the amber stop codon during translation. The success rate for good 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. 

2.6.3 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, 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. 
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Figure 2.7: Ionic 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 [17] 

2.6.4 Ionic currents 

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

the voltage step (orange line in Fig 2.7) from which the conductance G, is calculated using  

𝐺 = &
'('!

, 

where I is the current amplitude, V is the voltage and V0 is the reversal potential for the 

conducting ion. The GV curve is obtained by plotting the normalized conductance as a function of 

voltage (Fig 2.7). 

 



 

 45 

 
Figure 2.8: 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 6. 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). 

2.6.5 Gating currents 

Gating currents from W434F mutants are obtained by subtracting the capacitive currents 

using the P/4 procedure [18]. 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 (Fig 2.8). 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 Fig 2.8) as a function of voltage and normalized.  
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Figure 2.9: Fluorescence intensity and FV 
Example of fluorescence data from the same oocyte as in Figure 2.8. 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).  

2.6.6 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 Fig 2.9). The fluorescence intensity amplitudes at the end of the voltage step 

(orange line in Fig 2.9) are then normalized and plotted as a function of voltage, giving the 

fluorescence-voltage (FV) characteristics. 
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Figure 2.10: 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 

2.6.7 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, 

𝑚𝑒𝑎𝑛	𝑆𝐷 = 	0
∑(𝑥 − 𝑥̅))

𝑛  

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

Boltzmann distribution is fit to 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 [17], deactivated/activated for 

the voltage sensor (QV) and either of two conformational states (FV). 

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

function (Fig 2.10); whenever necessary, a sum of two or three exponentials was used,  

𝑦 =7𝐴* ∙ 𝑒𝑥𝑝(𝑡/𝜏*)
*

+ 𝐵 

where Ai are the amplitudes, t is time, ti are the time constants, and B is the baseline.  
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2.7 LRET measurements 

For donor only labelling, oocytes were incubated in a depolarizing solution (115 mM K-

MeSO3, 2 mM Ca(OH)2, 10 mM HEPES, at pH 7.1) containing Tb3+ complex (5 µM) at room 

temperature for 20 min. For acceptor labelling, Cy3 tetrazine was injected into the oocytes a day 

before the experiment. The setup was based on a Zeiss Axiovert 200 microscope (Fig 2.6). Light 

at 337 nm from a pulsed 3-mW N2-laser (Spectra-Physics) was directed in a wide-field 

illumination onto the oocytes containing the labeled channels. The light from the oocytes was 

collected using a 1.25 NA 40× glycerol immersion quartz objective (Partec) and filtered with a 

bandpass emission filter. Light was detected by a photon counter (Laser Components). Analysis 

of the lifetime decays was done with an exponential fitting program (MATLAB). Distances were 

determined using the following equations 

𝐸𝑛𝑒𝑟𝑔𝑦	𝑇𝑟𝑎𝑛𝑓𝑒𝑟	(𝐸) = 1 −
𝜏+#
𝜏,!

 

where τDO is the time constant of the donor lifetime decay in absence of acceptor (donor-

only), and τSE is the time constant decay of the sensitized emission of the acceptor (donor excitation 

with acceptor emission). 

The distance between the donor and the acceptor was determined using 

	

𝑅 = E
1 − 𝐸
𝐸 F

"/%

× 𝑅! 

 

where R0 is the distance at which 50% energy transfer occurs. The R0 value used for the 

fluorophore pair of Tb3+ complex and cy3 tetrazine was 61.2Å [19]. 

2.8 tmFRET measurements 

Fluorometry experiments were performed on the VCF setup described above. CoSO4 was 

injected into the oocytes to a final concentration of 2µM for FRET experiment. Energy transfer 

efficiency was calculated according to the following equation as mentioned in Dai et al.  [20] 
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𝐹𝑅𝐸𝑇-.. =
𝐹/011 − 𝐹11

𝐹11 × 𝐹/011 + 𝐹/011 − 𝐹11
 

where FHH is the normalized fluorescence of channels with dihistidines and FnoHH is the 

normalized fluorescence of channels without dihistidines. The distances were then calculated using 

the Förster equation as follows : 

𝑅 = 𝑅! I
1

𝐹𝑅𝐸𝑇-..
− 1J

"/%

 

 where R0 is the Förster distance for FRET between L-Anap and Co2+-dihistidine (12 Å).  
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3.1 Abstract 

Shaker Kv channels inactivate rapidly to culminate the action potential and maintain the 

homeostasis of excitable cells. The so-called N-type inactivation is caused by the first 46 amino 

acids of the N-terminus of the channel, known as the inactivation peptide (IP). Numerous 

mutational studies have characterized N-type inactivation functionally, however, the position of 

the IP in the resting state and its transition during inactivation is still debated. We tracked the 

movement of IP during inactivation using voltage clamp fluorometry. By inserting an unnatural 

amino acid, 3-[(6-acetyl-2-naphthalenyl) amino]-L-alanine (Anap), which is sensitive to changes 

in environment, we identified the movements of ball and chain separately. Our data suggests that 

N-type inactivation occurs in a biphasic movement by first releasing the IP, which then blocks the 

pore from the cytoplasmic side. To further narrow down the resting position of the inactivation 

peptide, we used Lanthanide-based Resonance Energy transfer and transition metal (tm)FRET. We 

propose that the inactivation peptide is located in the window formed by the channel and the T1 

domain, interacting with the acidic residues of the T1 domain.  

3.2 Introduction 

During an action potential, voltage-gated potassium (Kv) channels open in response to 

membrane depolarization and allow the passage of K+ ions to repolarize the membrane. Duration 

and pattern of action potentials in excitable cells is partially regulated by fast inactivation during 

which the cytosolic N-terminus of Kv channels binds to the open pore and blocks the entry of ions 

(N-type inactivation) [1-4]. Fast inactivation is observed in Kv 1.4, Kv 3.4, Kv 4.2 and is caused 

by a peptide at the N-terminus (inactivation peptide IP). Variably, the N-terminus of the auxiliary 

β-subunit, which co-assembles with the Kv channel α-subunit, is thought to contain an inactivation 

peptide. Coexpression with β-subunit imparts inactivation to the non-inactivating currents of 

Kv1.1, 1.2, 1.3 and 1.5 channels [5, 6]. 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 Kv channel, have been suggested to inactivate the channel by interacting with 

hydrophobic pore-lining residues [1, 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 [4, 7-9]. 
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Below the transmembrane region of Shaker-related Kv1 channels, the cytoplasmic T1 

domain, which is responsible for subunit tetramerization, is located [10-12]. The T1 domain is 

attached to the first transmembrane helix S1 via the T1-S1 linker in such a way that four windows 

form between the T1 domain and the transmembrane domain (fig 1A). It has been suggested that 

the N-terminus enters the window of its own subunit in order to reach the inner pore cavity [13, 

14]. The T1-S1 linker contains conserved negative charges important for accommodating the 

positively charged chain region [7, 13, 15]. 

Even though the mechanism of N-type inactivation is functionally well characterized, any 

dynamic information about the pathway by which the IP travels from resting state to inactivation 

is lacking. By inserting a fluorescent unnatural amino acid (Anap) into the IP, using the amber stop 

codon suppression technique [16-18], we were able to probe relative movements using voltage 

clamp fluorometry (VCF). 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.  

The current model for N-type inactivation generally implies that the N-terminus diffuses 

in the cytosol and enters through the side windows upon depolarization. Our results, in contrast, 

suggest that the N-terminus is already bound near or at the T1 windows. In order to probe the 

resting state position of IP, we performed lanthanide resonance energy transfer by labelling the 

alpha subunit of the channel (top of S4 and S5 helix) with a donor and ball (Y8) and chain (E35) 

with an acceptor fluorophore. To further narrow down the position, we performed transition metal 

FRET (tmFRET) taking advantage of its sensitivity for shorter distances [19]. To this end, we 

inserted dishistidine motifs at several positions around the T1-S1 window for binding cobalt. By 

calculating the energy transfer between cobalt and Anap incorporated at positions Y8 and E35 in 

the IP, we were able to locate the position of IP in the resting state.  

3.3 Results 

3.3.1 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 synthetase/tRNA (RS/tRNA) pair [16, 17]. To this end, two positions in the tip 
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region, A3 and Y8, and two positions in the chain region, K19 and E35, were used as sites for 

Anap incorporation (fig 3.1A). Since N-terminal insertion of stop codons can lead to translational 

reinitiation at downstream start codons, nine start codons were silently mutated as previously 

described [20]. Anap was successfully incorporated into the four positions as determined from the 

robust expression in presence of Anap and poor expression in the absence of Anap (fig 3.1B-C). 

All mutants exhibited functional N-type inactivation (fig 1B) with WT-like inactivation voltage 

dependencies (fig 3.1D). 

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 repolarization [21]. In W434F channels, where ionic currents are blocked but 

the gating machinery remains normal [22], voltage sensor immobilization materializes as a slow 

off-gating current during repolarization which disappears in the Δ6-46 deletion mutant (fig 3.1E) 

[21]. 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 (fig 3.1F). The finding that the IP reaches the final docking site agrees with the functional 

current phenotypes seen during N-type inactivation (fig 3.1B). 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. 
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Figure 3.1 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 lin. B) 
Currents obtained from each N-terminal mutant upon a standard activation step protocol followed by a 
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second pulse to +60 mV. C) Expression levels shown as current peak amplitudes upon depolarizing 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 Δ6-46 channels 
(lower). F) Gating currents obtained during a standard activation step protocol. Insets show the presence 

of charge immobilization. 

 

3.3.2 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 μA when depolarizing to 40 mV (supplementary fig S3.1A-B). The 

slow inactivation kinetics seen in fig S3.1A-B are caused by channel clustering (discussed in 

following chapter) [23]. 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 [24], 

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 (fig S3.1C-D and fig 3.2A-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 Kv channel blocker 4-aminopyridine (4-AP), which inhibits the final transitions during channel 

activation [25-27]. 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 5 mM 4-AP resulted in inhibition of the second fluorescence component, 

suggesting that the final blocking step is monitored by Anap (fig 3.2A-B, middle traces).  

We obtained the slow 4-AP sensitive component by subtraction the signal in presence of 

4-AP from the original signal (fig 3.2A-B, lower traces). In Y8Anap, the fluorescence time course 

upon repolarization followed the slow kinetics of charge immobilization with a time constant τf = 

73 ± 4 ms and τg = 74 ± 2 ms obtained from exponential fits (fig 3.2C). This indicates that the 

slow fluorescence component directly probes conformational changes during the final blocking 

step in agreement with its 4-AP sensitivity. The 4-AP sensitive component in A3Anap was too 

small to confidently fit to an exponential curve and was therefore not analyzed kinetically. Plotting 

the 4-AP insensitive [28] and 4-AP sensitive (slow) component as a function of voltage (FV) for 
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both mutants, revealed that, for both components, the voltage dependence is similar to that of 

inactivation (fig 3.2D-E). Taken together, these results strongly suggest that Anap at position A3 

and Y8 in the IP probes a movement which causes the docking of the tip into the final receptor 

site. 

The fast fluorescence component seen here also shows that IP starts to move with the 

activation of the channel. So, the IP is able to detect channel activation and mechanism of 

inactivation starts simultaneously with the opening of the channel. To further trace the movement 

of IP, we decided to insert Anap in the chain region. 

 
Figure 3.2 VCF results for the tip region mutants A3Anap and Y8Anap 
A-B) Voltage-dependent fluorescence changes obtained during recordings of the gating currents in fig 3.1F 

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 repolarization from 0 mV to -90 mV. 

D-E) A3Anap-W434F (D) and Y8Anap-W434F (E) FV curves of the 4-AP sensitive (slow) and insensitive 

[28] components plotted together with the IV of inactivation from fig 3.1D. 



 

 58 

 

3.3.3 Anap in the chain region probes movements preceding final block 

For the chain mutants K19Anap and E35Anap, we followed the same protocol. In order to 

optimize the fluorescence changes, we required high expression levels (fig 3.3A-B). In contrast to 

the tip mutants, they exhibited a single fluorescence component which made the fluorescence 

signal easier to analyze and thus excluded the need for using W434F. In contrast to the tip mutants, 

K19Anap and E35Anap produced fluorescence intensity signals insensitive to application of 4-AP 

(fig 3.3C-D), suggesting that they report movement that occurs prior to the IP entering the pore. 

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 (fig 3.3F). 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 (fig 3.3H). The kinetics of inactivation and fluorescence varied from 

oocyte to oocyte with slower inactivation at increased expression as mentioned earlier (an effect 

which disappears with W434F, fig 3.3E). 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 (fig 3.3G 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 necessarily the same. The K19Anap movement develops closely with 

inactivation whereas E35Anap fluorescence signal is both shifted to more polarized potentials 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). 
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Figure 3.3 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 depolarization from -90 mV to + 40 mV. E) Time constants obtained 

from exponential fits of E35Anap current inactivation and fluorescence changes during depolarization from 

-90 mV to +40 mV, are plotted as a function of current amplitude (expression level). The corresponding 

ionic current of W434F gating currents were calculated using 13 elementary charges per 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 exponential fits of inactivation currents (black) and fluorescence 

(black) time courses of K19Anap expressing oocytes. H-I) Same as F-G) but for E35Anap expressing 

oocytes. 

 

3.3.4 Location of the inactivation particle during the resting state of the 

channel 

Our fluorescence data suggested a coordinated movement of ball and chain to cause 

inactivation of the channel. It senses channel activation and thus has to be in close proximity to 

the transmembrane domain during the resting state of the channel. This raises the question where 

the inactivation particle and the transmembrane region interact during the resting state. To identify 

this position, we probed whether we could detect the movement of the inactivation peptide in the 

transmembrane domain both during activation and inactivation. To this end, we inserted Anap at 
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position E201 in the T1-S1 linker (red mark, fig 3.1A). Like the N-terminal mutants, E201Anap 

exhibited functional N-type inactivation (fig 4A) and displayed fluorescence changes at high 

expression levels (fig 3.4B). As the T1-S1 linker is situated close to the voltage sensor, it is possible 

that the fluorescence changes of E201Anap originate from conformational rearrangements in the 

transmembrane domain during channel activation and not from the inactivation peptide. To verify 

this, the experiments were carried out in presence and absence of the inactivation peptide 

(inactivation-removed IR, lacking the N-terminus (Δ6-46)). IR-E201Anap channels exhibited no 

fluorescence changes (fig 3.4C), demonstrating that the movement, probed by Anap in E201Anap 

is caused by N-type inactivation. In agreement with this, both the V½ values and the time constants 

of the fluorescence signal correlated well with the corresponding values of the decay of the ionic 

current during fast inactivation (-21.6 mV and -15.8 mV, respectively; fig 3.4D-E). Despite this 

agreement with the kinetics and voltage dependence of fast inactivation, the fluorescence change 

was not sensitive to application of 4-AP (fig 3.4F), indicating that after release of the inactivation 

particle from its resting position during activation, it anneals to the window formed by the T1-S1 

linker, the TM and T1 domains before the final step of entering and blocking the pore. 

 

 
Figure 3.4 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 fig 3.1B. B) Example 

of an oocyte expressing E201Anap showing fluorescence changes upon a standard depolarization protocol. 
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C) Same protocol as in B except that the oocyte is expressing an E201Anap mutant in which the N-terminus 

has been removed (Δ6-46). 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 

depolarization step from -90 mV to +40 mV before and after application of external 4-AP. 

 

While the results of E201Anap show that the inactivation particle interacts with this 

position independent of the entry and block of the pore, the correlation of the kinetics and voltage 

dependence with inactivation suggests that it is not the resting position of the inactivation particle, 

as the biphasic signal as found in the tip is missing. Scanning of the transmembrane region is 

challenging because many of the positions give strong fluorescence signals during activation 

independent of fast inactivation. 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, 

especially during the resting state which 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 inserted trp residues in the T1 domain at positions G159W, K178W, 

E192W, I470W and A391W. However, no quenching of anap was observed for these positions. 

We therefore switched strategy: instead of scanning for the resting position, we employed 

resonance energy transfer to triangulate the exact position.  

To probe the position of IP in the resting state, we performed Lanthanide Resonance Energy 

Transfer (LRET). LRET is a variant of Förster Resonance Energy Transfer (FRET) that uses as 

donor a lanthanide, in our case terbium. Since terbium does not have a continuous dipole moment, 

the emission is fully isotropic. This and its long luminescence lifetime (~1ms) allow a more 

accurate distance determination compared to FRET [32]. The donor was linked to the channel by 

labelling at position A359C and F425C with Tb3+- chelate via a maleimide linker (fig 3.5A) as 

described earlier [33, 34]. The labelling of acceptor positions (Y8 and E35) was challenging as 

these positions are present on the cytoplasmic side of the channel and therefore, conventional 

fluorophore labelling using cysteine residues was not possible without avoiding non-specific 
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binding. Anap, on the other hand, did not overlap sufficiently with the Tb3+ emission spectra to 

obtain any meaningful transfer.  To overcome this problem, we incorporated an unnatural amino 

acid, trans-cyclooct-4-en-L-Lysine (TCO), using the amber stop codon suppression technique [18, 

35]. TCO offers fast, highly specific labelling of fluorophores carrying tetrazine group through 

strain-promoted inverse electron demand Diels-Alder cycloaddition (SPIEDAC) [36]. For 

acceptor labelling, we used cy3-tetrazine, which shows good spectral overlap with terbium with a 

R0 of 61.2 Å [32]. Oocytes expressing the channels without TCO incorporated were used to correct 

for background correction (see methods for details). 

From the fluorescence decays of donor emission in presence and absence of the acceptor, 

we calculated the four donor and acceptor distances for the four combinations between two donor 

and two acceptor positions. By triangulation, we then derived the resting position of the 

inactivation particle (fig 3.5B): for the donor position A359Tb-Chelate, the resting position was 

found on a sphere with a radius of 39.5Å and 40.4Å for Y8stop and E35stop respectively. Moving 

the donor to F425Tb-Chelate resulted in a sphere with slightly longer radius of 41.2Å and 42Å for 

Y8stop and E35stop, respectively. Since the difference between the two distances (Y8 and E35) 

for the positions F425 and A359 was very small, an average value was used to plot the sphere. The 

resting position has to be located on the intersecting part of the two spheres obtained for these 

positions (fig 3.5C). Most of the circle can be excluded because it is located within the 

transmembrane region of the channel or the extracellular space. It only remained the region framed 

by the transmembrane region and the T1 domain close to the pore entry as possible resting state 

position of the inactivation particle as (fig 3.5C). This result indicates that the IP is prebound to 

the alpha subunit at that position. 
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Figure 3.5 LRET measurement to probe the resting state of the channel 
A) Labelling positions for the binding of donor (A359C and F425C) and acceptor fluorophores (Y8Anap and 

E35Anap). B) Box plot showing distances obtained for different labelled positions in the channel. C) Cartoon 

representation of the channel monomer with the spheres superimposed on it. The overlapping part of the 

spheres below the pore represents the probable region for the IP in the resting state.  

3.3.5 Transition metal FRET shows distinct movements of ball and chain 

To further narrow down the position of the inactivation particle, we required smaller R0 

such that the energy transfer becomes more sensitive to short distances. While LRET combinations 

for short distances exist, labeling at the cytosolic surface of the channel with thiol-reactive 

chemistry is not specific enough. Therefore, we chose transition metal (tm)FRET experiments [37, 

38]. In tmFRET, a fluorescent dye is used as donor, whereas the Tb-ion is replaced with a transition 

metal ion, but now as an acceptor, with Anap acting as donor. Due to its multivalence, transition 

metals such as nickel, cadmium or cobalt can be coordinated by dihistidine motifs introduced at 

the desired position of the protein. Transition metals typically absorb in the visible range, which 
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gives the characteristic blue and pink colors of Ni- and Co-solutions, respectively. The small 

spectral overlap between Anap emission and cobalt absorption result in a small R0 of 12 Å [39] 

[40] [41]. Due to the much shorter lifetime of Anap in the nanosecond range, we determined energy 

transfer efficiency from the fluorescence intensities. [19, 42].  

In order to confirm the quenching of Anap fluorescence by cobalt ions, we introduced the 

histidines in the T1-S1 linker (I197H & K198H) and Anap at position E194. As these positions 

are very close to each other in the crystal structure of Kv channel (PDB ID 2R9R), we expected 

high energy transfer between these positions. Indeed, we observed significant energy transfer 

(dF/F = 15%, fig 3.6A, upper trace) and quenching of Anap fluorescence, confirming efficient 

Anap incorporation at the desired site as well as energy transfer between Anap and cobalt bound 

to dihistidine motifs. 

We next introduced cobalt labeling sites near the region identified in the LRET 

measurements in the window formed by transmembrane region and T1 domain. We introduced di-

histidine motifs (1) in the C-terminus of the S4-S5 linker (positions R387H-A391H), (2) in the T1-

S1 linker closer to the N-terminus (I197H-K198H) and (3) in the upper half of the T1 domain 

(positions Q185H-K189H; fig 3.6C). Anap was introduced, as in the LRET measurements, at 

positions Y8 in the ball and E35 in the chain region of the IP. FRET efficiencies were calculated 

after correcting for unspecific effects of cobalt, which were then used to calculate the distances. 

The distances calculated from the energy transfer for different positions are shown in fig 3.6B. We 

used the distances from  the above mentioned positions to create intersecting spheres as for the 

LRET results above (fig 3.6D and E). The window identified by the two spheres for the presence 

of IP was similar to the one observed in LRET measurements. This further confirms our finding 

that IP resides in the window between the channel and the T1 domain.  
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Fig 3.6 tmFRET results  
A) Fluorescence traces recorded for the control E194stop (upper trace) and one of the mutant E35stop 

R387H A391H (lower trace). The black curve represents the recording at 0 min. Grey trace shows 

fluorescence quenching due to energy transfer between Anap and cobalt after the addition of cobalt.  B) 
Calculated distances from tmFRET measurements for the positions mentioned in fig 6C. C) Dihistidine 

mutations introduced at various positions in the channel for the binding of cobalt. D and E) Cartoon 

representation of the channel monomer with the spheres plotted using the distances shown in 6B (Yellow 
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represents R387H-A391h, blue represents I197H-K198H and red represents Q185H-K189H). The 

overlapping part of the spheres below the pore represents the probable region for the IP in the resting state.  

3.4 Discussion 

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

the Shaker Kv channel, we were able to directly probe conformational changes underlying N-type 

inactivation. The experiments provide the first structural dynamic information about the IP 

movement during N-type inactivation. The VCF data 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 [13], followed by a second binding to the 

inner pore [4]. Based on our results, we suggest that, upon depolarization, both tip and chain region 

initially move (transition 1 in fig 7). Relative to inactivation, the movement of the downstream 

chain region (E35) preceded the movement of the upstream chain region (K19), suggesting 

presence of two pre-inactivation steps. 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 fig 7).  

The finding of two pre-inactivation steps is consistent with previous work on Kv1.4 

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 [7, 43]. 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 depolarization. 

It is worth mentioning that the E201Anap and K19Anap fluorescence data showed similar 

inactivation profiles. This suggests that Anap experiences the same transition at both positions 

(i.e., 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 Kv 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 AKv1 and 26-RARERER-32 in Kv1.4) [7, 15]. To corroborate 

this further, we performed resonance energy transfer measurements to triangulate the position of 

the IP during the resting state of the channel. By measuring the distances from the extracellular 

surface of the channel (top of helix S4 and S6) as well as from the cytosolic surface of the 

transmembrane region (S4-S5 linker and T1-S1 linker), our LRET and tmFRET data identified 
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position E35 and Y8 to be sitting in the window between the T1 domain and the transmembrane 

domain. 

We propose an inactivation model for Shaker Kv channels where the inactivation peptide 

sits in the window between the channel and the T1 domain (fig 3.7). It interacts with the acidic 

residues of the T1-S1 linker. Fan and coworkers [7] proposed that the acidic residues stablilize the 

resting state position. During channel activation, the far end of the chain moves first, preceded by 

the movement of ball towards the pore. The final docking of the hydrophobic ball into the pore 

blocks the pore to bring the inactivation. Molecular dynamics of a Shaker IP have recently 

suggested 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 [44]. It is 

possible that the slow fluorescence component of A3Anap and Y8Anap represent this last 

transition.   

 

 
Figure 3.7 Proposed model for N-type inactivation 
In the resting state, IP sits between the channel and the T1 domain interacting with the T1-S1 linker. Binding 

of the IP to the open pore involves at least two conformational changes. The first involves both tip and chain 
(1), whereas the second only involves the tip (2). 
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3.5 Materials and Methods 

3.5.1 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 [20, 21]. For Anap and tco incorporation, 9.2 nl of 0.1 ng/nL cDNA encoding 

the tRNA/RS pair [16, 36] 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) or Tco 

(Sichem, SC-8008) and 35 ng in vitro transcribed RNA [17]. 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 

[45] for detailed description and visualization of this procedure.  

3.5.2 Electrophysiology 

Voltage clamp was performed with a CA-1B amplifier (Dagan). Currents were recorded in 

the cut open oocyte voltage-clamp configuration [46] 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)2, and the internal 

solution 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 (I) via G=I/(V-Vrev), where Vrev 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 − V1/2)/dV)) −1. 

3.5.3 Voltage clamp fluorometry 

Fluorescence intensities were recorded with a photodiode detection system (Photomax 200, 

Dagan) using an ex-377/50, dc-409, em-470/40 filter set for Anap fluorescence. Bleaching effects 
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during step protocols were accounted for by scaling fluorescence traces using the first sweep as 

reference.  

3.5.4 LRET measurements 

For donor only labelling, oocytes were incubated in a depolarizing solution (115 mM K-

MeSO3, 2 mM Ca(OH)2, 10 mM HEPES, at pH 7.1) containing Tb3+ complex (5µM) at room 

temperature for 20 min. For acceptor labelling, Cy3 tetrazine was injected into the oocytes a day 

before the experiment. The setup was based on a Zeiss Axiovert 200 microscope. Picosecond laser 

pulses of 337 nm from a pulsed 3-milliwatt N2-laser (Spectra-Physics) was directed in a wide-

field illumination onto the oocytes containing the labeled channels. The light from the oocytes was 

collected using a 1.25 NA 40× glycerol immersion quartz objective (Partec) and filtered with a 

bandpass emission filter. Light was detected by a photon counter (Laser Components). Analysis 

of the lifetime decays was done with an exponential fitting program (MATLAB). Distances were 

determined using the following relations 

𝐸𝑛𝑒𝑟𝑔𝑦	𝑇𝑟𝑎𝑛𝑓𝑒𝑟	(𝐸) = 1 −
𝜏+#
𝜏,!

 

where τDO is the time constant of the donor lifetime decay in absence of acceptor (donor-

only), and τSE is the time constant decay of the sensitized emission of the acceptor. 

The distance R between the donor and the acceptor was determined using 

𝑅 = E
1 − 𝐸
𝐸 F

"/%

× 𝑅! 

 

where RO is the distance at which 50% energy transfer occurs. The RO value used for the 

fluorophore pair of Tb3+ complex and Cy3 tetrazine was 61.2 Å [32]. 

3.5.5 tmFRET measurements 

Fluorometry experiments were performed on the VCF setup described above. CoSO4 was 

injected into the oocytes to a final concentration of 2µM for FRET experiment. Energy transfer 

efficiency was calculated according to the following equations as mentioned in Dai et al[39, 40].  
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𝐹𝑅𝐸𝑇-.. =
𝐹/011 − 𝐹11

𝐹11 × 𝐹/011 + 𝐹/011 − 𝐹11
 

where FHH is the normalized fluorescence of channels with dihistidines and FnoHH is the 

normalized fluorescence of channels without dihistidines. The distances were then calculated using 

the Förster equation as follows : 

𝑅 = 𝑅! I
1

𝐹𝑅𝐸𝑇-..
− 1J

"/%

 

 where R0 is the Förster distance for FRET between L-Anap and Co2+-dihistidine (12 Å).  
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3.7 Supplementary Figure 

 
 

 
Fig S3.1 Two fluorescence components present in A3Anap and Y8Anap 
Currents and fluorescence changes elicited by depolarizations 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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4.1 Abstract 

During an action potential, Kv channels are responsible for membrane repolarization 

through the efflux of K+ ions. The movement of ions through the pore is regulated by a fast-

inactivating mechanism known as N-type inactivation. High expression of Shaker channels results 

in slow and incomplete N-type inactivation. To elucidate the reason for this impaired inactivation 

at high expression density, we investigated the relation to known clustering motifs. The C-terminus 

of the Shaker K+ channel interacts with membrane-associated scaffold proteins for cluster 

formation. By truncating the last four C-terminal residues involved in cluster formation and thus 

preventing channel clustering, we were able to recover N-type inactivation even at higher 

expression levels, except at very high expression levels (>60 µA), when channels are stochastically 

in close proximity. The slower inactivation kinetics was absent in the nonconducting W434F 

mutant, suggesting a relation to the local ion concentrations. The altered inactivation kinetics at 

dense expression emphasize the care that has to be taken when transferring the behaviour of K+ 

channels from heterologous expression systems to in situ situations. 

4.2 Introduction 

Voltage-gated K+ channels are involved in the generation and propagation of action 

potentials in neuronal and muscle cells. During an action potential, depolarization of the membrane 

opens the K+ channels. They are widely distributed throughout the central nervous system to 

regulate cellular excitability and repolarize the membrane after excitation. Proper spatial 

distribution of ion channels is an important aspect to maintain the appropriate transmission of 

electrical signals. For example, the density of Na+ channels is 25 times more at nodes of Ranvier 

compared to the internodal region. This so-called clustering of channels is an essential 

physiological phenomenon to maintain effective saltatory conduction [1]. Kv channels have also 

been found to be very densely expressed at key regulating sites in the neurons, like nodes of 

Ranvier (juxtaparanodal region [2], the initial axon segment, and postsynaptic terminals such as 

dendrites[3-5]. Clustering of K+ channels regulates channel density which, in turn, determines the 

shape and frequency of transmission of action potential from one neuron to the next [6, 7]. 

Clustering of the Shaker subfamily has been attributed to the PSD-95 family of membrane-

associated proteins. Postsynaptic density 95 (PSD-95) proteins bind to the channel's carboxy 
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terminals through their PDZ motifs to traffic the channels to the cellular membranes [3, 4, 8-10]. 

These proteins have been shown to transport both mammalian (PSD-95/SAP97) and Shaker 

homologs (Drosophila discs large, dlg) of voltage-gated K+ channels [4, 11]. They bind to a 

conserved XTD/EV motif of four residues at the carboxy-terminal tail, which was found to be 

conserved in different homologs of the K+ channels. 

K+ channels are known to assemble as tetramers.  Each monomer contains six membrane-

spanning helices. Helices 1 to 4 form the voltage sensor domain, which senses changes in 

membrane potential to open the channel. Helices 5 and 6 from all four monomers form a single 

central pore. Within milliseconds after opening, a subgroup of K+ channels, namely Kv 1.4, Kv 

3.4, and Kv 4.2, undergo N-type inactivation, rendering the pore non conducting. Inactivation is 

achieved by blockage of the pore from the cytoplasmic side by one of the four N-termini, known 

as the inactivation particle, present in each monomer. Fast N-type inactivation is responsible for 

the early culmination of K+ conduction through the pore, which, in turn, modulates neuronal 

excitability.  

In fluorescence studies of K+ channels, higher expression levels lead to better signal-to-

noise ratios. However, when expressing the channels in Xenopus oocytes, we consistently observe 

partial inactivation of the channel at expression level >50µA (fig 1). Therefore, we decided to 

explore how expression density influences fast inactivation. The physiological implications are 

substantial; as, K+ channels are densely expressed in many neuronal regions, one has to be careful 

when deriving in situ behavior of K+ channels from biophysical studies in a heterologous 

expression system.  In this paper, we have shown that by preventing channel clustering, the fast 

N-type inactivation can be restored in Shaker channels. 

4.3 Results 

4.3.1 High expression levels of Shaker channels result in slower N-type 

inactivation 

While working on an alternative project on Shaker Kv channels that required expressing 

the channels at higher concentrations in Xenopus oocytes, we consistently observed slowing of 

fast inactivation of the channel. To establish that the slower inactivation kinetics seen at higher 
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expression is directly correlated with the level of expression of the channel, we compared current 

profiles of two different oocytes, one with lower expression (~20µA) than the other one (~70 µA). 

Under the same driving force (-20mV), the low expressing oocytes show much higher inactivation 

(66%) compared to almost no inactivation seen at the higher expressing oocyte at the same voltage 

(fig 4.1B). This confirmed that the slower inactivation observed was indeed due to higher 

expression. 

 

 
Fig 4.1: Difference in rate of inactivation at low and high expression levels 
A) On the left is the current profile of an oocyte showing fast inactivation at a lower expression level. On 
the right is the current profile of a higher expressing oocyte showing slow inactivation. B) Current traces at 
-20mV from corresponding upper current profiles in 1A. 
 
 

Since we were injecting high RNA concentration to achieve maximum expression level for 

our experiments, we first tested whether the accelerated trafficking caused by the high RNA 

concentration overwhelmed the quality control mechanisms leading to a loss of inactivation. Also, 

since membrane proteins are synthesized inside the membrane in the ER and Golgi, and is 

transported via vesicle fusion with the membrane, any horizontal movement of the channels in the 

plane of the membrane is limited. A faster translation might lead to more channels per vesicle and 
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thus closer proximity. We assessed the impact of injecting different RNA concentrations on the 

inactivation of the channel at comparable expression level. The percentage of inactivation was 

determined by calculating the difference between the steady-state current at the end of the 

depolarizing pulse and the peak current, normalized to peak current (fig 4.2A). Oocytes were 

injected with varying amounts of Shaker RNA between 92 and 12 ng, and currents were recorded 

with the cut-open oocyte voltage clamp technique after 24 hours of injection (see Methods for 

experimental details). Percentage inactivation was plotted again peak current for different RNA 

concentrations (fig 4.2 C, D). 92 ng of RNA was injected to achieve maximum expression, and the 

trend of inactivation was compared to the oocytes with lower RNA concentrations. As expected, 

injecting lower RNA concentrations resulted in an overall decreased channel expression. However, 

no significant effect on the inactivation kinetics was observed when the same peak current was 

achieved with different RNA-concentrations and expression times. Faster inactivation was 

observed at lower current density, which slows down as the peak current goes higher (fig. 4.2B). 

Hence, we could conclude that amount of injected RNA does not affect the slow inactivation of 

channels seen at higher expression levels.  
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Fig 4.2: Effect of injecting different RNA concentrations on inactivation 
A) Calculation of inactivation percentage from the current profile of the channel. B) Plot showing increase 
in time constant of inactivation with increased expression of the channel. C) Percentage inactivation vs. 
RNA concentration (92ng). D) Percentage inactivation vs. RNA concentration (46ng, 23ng, 12ng). 
 

4.3.2 Truncating C-terminal residues prevents clustering and restores 

inactivation 

Although we found that the slower rate of inactivation was influenced by total expression, the rate 

of translation played no role in high channel density and potential cross talk between the channels. 

For the channels to be expressed in close proximity and any kind of interaction to occur due to 

high channel density, it has to take place in the cytoplasm during protein synthesis. This idea 

allowed us to explore the possibility of channel clustering as a phenomenon responsible for cross 

talk between neighboring subunits and the observed slower inactivation kinetics.  
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Moran et al. [12] mentioned clustering as a possible mechanism for slow inactivation 

observed at the higher expression in Shaker channels. Clustering of channels is known to be 

regulated by a group of scaffold proteins known as membrane-associated guanylate kinases 

(MAGUKs), including PSD95/SAP90. PSD 95 plays a vital role in the trafficking of K+ channels 

into the membrane. The PDZ domains of the PSD95 kinases bind to the last four residues of the 

carboxy-terminal to traffic it to the cell membrane. Therefore, we tested if truncation of the last 

four residues can inhibit this binding and prevent clustering of the channels, resulting in faster 

inactivation of the channels. To this end, we introduced a stop mutation at the C- terminal (fig 

4.3A) prior to the last four residues to promote premature termination. Truncation of these residues 

did not visibly affect channel function or their trafficking to the membrane at low expression levels. 
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Fig 4.3: Faster inactivation observed with truncation of C-terminal residues 
A) Sequence analysis of C-terminal residues of Shaker channel and human Kv1 subfamily. 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. B) Current profile of wild type and truncated Shaker channel protein showing slow 
and fast inactivation, respectively. 
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Current recordings from channels with truncated C-terminal residues at higher expression 

levels showed in general faster inactivation compared to wildtype (fig 4.3B), but we observed 

different patterns in the percentage of inactivation resulting from removing the last four residues 

at the C-terminus. For the oocytes showing less <40µA of current expression, no significant change 

in inactivation was observed (lower expression group), which was expected from the absence of 

channel clustering at low expression level (fig 4.4A, B). Inactivation was about 75% in both 

wildtype and truncated channels. In the medium expression group (40-65 µA), the most significant 

difference was seen with inactivation of 30% and 70% for wildtype and truncation mutant, 

respectively. Hence prevention of cluster formation showed a direct effect on the inactivation 

kinetics. The effect on inactivation was less significant in the high expression group (>65µA) with 

30% and 50% for wildtype and truncation mutant, respectively. The lower effect at high expression 

level is likely due to the stochastic proximity of channels at high density and indicates that it is not 

the binding to the scaffolding proteins but directly the physical proximity that influences N-type 

inactivation. 

 

 
Fig 4.4: Different rate of inactivation in wild type vs. truncated channel 
A) Scattering profile of difference inactivation rate in wild type (red circles) vs. truncated (solid black square) 
Shaker channels. B) Bar graph showing three different groups of channel expression and the corresponding 
difference in inactivation for the wild type and truncated channel. 
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4.3.3 Slower inactivation is not seen in nonconducting mutant W434F 

We observed slower inactivation to some extent at higher expression levels, even in the 

truncated mutants. This effect could result from direct interaction between the channels at high 

channel density or an indirect effect of K+ ions accumulation as described by Grigoriev et al. [13] 

for C-type inactivation. To answer this question, we decided to record the currents in the 

nonconducting Shaker mutant W434F. The absence of current in this mutant [14] allows us to 

exclude the effect of K+ accumulation on the extracellular side of the pore. The channels were 

incorporated with a fluorescent unnatural amino acid Anap {3-[(6-acetyl-2-naphthalenyl) amino]-

L-alanine} on the N-terminal position E35, to track the movement of the inactivation particle 

during N-type inactivation even in the absence of conduction [15]. We did not see any slowing or 

reduction of N-type inactivation in the W434F mutant at a higher expression level, as shown by 

the overlapping FV and IV curves for channel inactivation in our fluorescence data (fig 5A, B). 

This excludes the possibility of any direct interaction of N-termini with the neighboring channels. 

Therefore, a possible explanation for the slower inactivation observed in truncated channel mutants 

could be the effect of change in ionic strength on the intracellular side of the pore caused by efflux 

of K+ ions during channel opening. An alternative explanation is that the interaction sites in the 

window formed by T1 and transmembrane domain, through which the inactivation particle enters 

the pore [15], are no longer available after activation.   We showed previously, that in W434F, the 

S4-S5 linker enters its final (C-type inactivated) state immediately after voltage sensor activation 

and may thus no longer be available for interaction with the inactivation particle [16]. 
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Fig 4.5: Inactivation profile of Shaker mutant W434F 
A) Inactivating currents elicited by the mutant E35Anap along with the fluorescence changes.  B) Time 
constants obtained from exponential fits of E35Anap current inactivation and fluorescence changes during 
depolarization from -90 mV to +40 mV, are plotted as a function of current amplitude (expression level). 
The corresponding ionic current of W434F gating currents were calculated using 13 elementary charges 
per channel with a unitary conductance of 20 pS [17, 18]. 
 

4.4 Discussion 

We have gained unprecedented details about the inactivation mechanism in Shaker 

channels in the last couple of decades. In this paper, we have shown that slower N-type inactivation 

rates at higher expression levels result from clustering of Shaker channels which can be reversed 

by truncating the carboxy-terminal residues involved in cluster formation. We also showed that 

the slower kinetics observed at high channel density did not involve any interaction with the N-

termini of the neighboring channels. 

Clustering of ion channels is an essential phenomenon in neurons to regulate the generation 

and transmission of an action potential. Aggregation of various ion channels at postsynaptic 

junctions determines a robust response generated in relation to the neurotransmitter released at the 

synapse. Na+ and K+ channels are known to aggregate at the nodes of Ranvier to drive the action 

potential forward on an axon terminal [7, 19]. Clustering has also been shown to suppress the 

internalization of ion channels [20]. 
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MAGUKs have been identified as the primary candidate responsible for surface expression 

and aggregation of ion channels to the membrane. PSD95 and SAP97 are two major scaffold 

proteins of this class that play a significant role in clustering in mammalian homologs. The 

transport is mediated by the binding of PDZ domains of these proteins with the carboxy-terminal 

of the channels. Alternative splicing at the carboxy-terminal is also responsible for the tissue-

specific distribution of the Shaker channel, which emphasizes the role of the C-terminus in channel 

trafficking [21, 22]. 

Clustering of channels has been suggested in the past to be linked to the slowing of fast 

inactivation of Shaker channels [12, 23]. Here, we have shown that removing the C-terminal 

residues involved in cluster formation restores fast inactivation. The presence of channels in close 

proximity can lead to some crosstalk between neighboring channels, which might affect the 

kinetics of the channel. Lewin et al.[24] showed previously that N- and C- termini could be 

substituted to serve each other's function of fast inactivation and interaction with PSD proteins for 

cluster formation, respectively. Given their similarity in performing each other’s functions, close 

proximity might permit them to interact with neighboring channels to inhibit free diffusion of the 

N- (or C-) terminus and thus affecting the inactivation kinetics. However, our fluorescence data 

with the W434F mutant shows that the movement of N-termini remains unaffected by the presence 

of neighboring channels in the vicinity when present at a higher density. Hence, any interaction 

between the neighboring channels did not contribute to the slow inactivation kinetics observed in 

these channels. The effect of local ionic concentration on the interaction between the N-terminal 

inactivation peptide (IP) and the alpha subunit would explain the effect. We have observed that 

the IP sits below the channel in the resting state of the channel interacting with the T1-S1 

linker[15]. During channel opening, a significant efflux of K+ ions can lower local ionic strength, 

and the local concentration would be more severely altered in the presence of more channels. 

Lower ionic strength can further strengthen the electrostatic interaction between the IP and the T1-

S1 linker, thus causing delayed movement or even immobilization of the IP, thus resulting in 

slower N-type inactivation. Further experiments are required to confirm these explanations or to 

find out other plausible reasons for this behavior.  
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4.5 Methods 

4.5.1 Molecular Biology and oocyte injection 

Experiments for this study were obtained using the ShakerIR-H4 channel in the pBSTA 

vector. Point mutations were introduced using site-directed mutagenesis (QuikChange; 

Stratagene). Sequences were verified using automated DNA sequencing at the institution’s facility. 

cDNAs were linearized and in vitro transcribed using T7 RNA polymerase (T7 mMessage 

machine kit; Invitrogen). Oocytes from Xenopus laevis were surgically obtained. The follicular 

membrane was removed according to a standard collagenase treatment. Amounts between 12 to 

92 ng cRNA were injected into each oocyte. After injection, oocytes were incubated in Barth 

solution at 18°C and the electrophysiological recordings were performed on the next day. 

4.5.2 Electrophysiology 

Measurements were performed with the cut-open voltage-clamp fluorometry technique for 

spatial voltage homogeneity and fast temporal resolution [25] Macroscopic currents were recorded 

and registered using GPatch acquisition software (Department of Anesthesiology, University of 

California, Los Angeles, Los Angeles, CA). Oocytes were placed in a three-part chamber, top, 

middle, and bottom containing an external solution (5mM KOH, 110mM NMDG, 10mM Hepes, 

and 2mM Ca(OH)2) adjusted to pH 7.1 using MES, and then permeabilized by exchanging 

external solution in the bottom chamber with 0.2% saponin so the current could be injected directly 

into the oocyte. Saponin was replaced by an internal solution (115mM KOH, 10mM Hepes, and 

2mM EDTA) adjusted to pH 7.1 using MES. The voltage electrode was filled with 3 M KCl. 

Recordings were performed at room temperature. 
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5 Chapter 5 

Discussion 

In this thesis, we were able to show the resting state position of the inactivation peptide in 

Shaker Kv channels. We also defined the trajectory followed by the IP to block the pore from the 

cytoplasmic side. We achieved this by establishing fluorophore labeling of residues that lie on the 

membrane's intracellular side in Xenopus oocytes. By incorporating unnatural amino acids 

carrying tetrazine moiety in the channels expressed in oocytes, we labeled the intracellular 

positions through a click chemistry. Click chemistry labeling allowed the successful 

implementation LRET in Xenopus oocytes to determine the distances at positions of interest. In 

the follow-up study, we probed the structural mechanism underlying slow N-type inactivation 

kinetics, which was consistently observed while carrying out the first project. In this study, we 

demonstrated that clustering of channels through membrane-associated scaffold proteins causes 

slow inactivation.  By preventing this cluster formation through C-terminal truncation, we were 

able to restore fast inactivation. 

5.1 LRET and tmFRET measurements using intracellular labeling  

LRET and tmFRET are powerful tools to measure distances between two labeled positions. 

These techniques are based on distance-dependent energy transfer between donor and acceptor. 

Another common feature between the two techniques is using fluorescent properties of a single 

atom (lanthanides for LRET and cobalt for tmFRET) instead of a big fluorophore molecule. As 

single atoms, these molecules show isotropic emission (absorption in case of cobalt). During 

distance calculations by FRET measurements, the formula considers the orientation of the donor 

fluorophore with respect to the acceptor. Due to the large size of a typical fluorophore, the degree 

of freedom will be restricted in the timescale of emission lifetimes, leading to anisotropy. The 

degree of freedom can be determined by measuring the turning of the polarization of donor and 

acceptor emissions compared to excitation (anisotropy). In the case of LRET, the isotropic 

emission allows to calculate the orientation factor exactly [1]. 

LRET and tmFRET differ in the range of distances that can be measured using them. LRET 

is used to measure distances between 15-100 Å, while tmFRET is used for relatively smaller 
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distances (8-18 Å). The effective range is determined by the Ro values of different donor-acceptor 

pairs. These techniques have been used extensively in the past to study conformational changes in 

proteins. They offer the advantage of accurate dynamic measurements in a native cell environment. 

LRET was used by Posson et al. to study conformational changes in voltage-gated potassium 

channels [2, 3], by Richardson et al. to study the structural organization of prokaryotic voltage-

gated channels in liposomes[4] and by Faure et al. to investigate the electromechanical coupling 

between the voltage sensor domain and the pore in Kv channels [5]. tmFRET techniques have been 

widely used by the Zagotta group (U. Washington, Seattle), who is one of the pioneers of the 

technique, to study various aspects of potassium channels [6-8]. 

When we decided to use these techniques to locate the position of the inactivation peptide, 

we faced the challenge of labeling the channels from the cytoplasmic side. As the channels were 

expressed in Xenopus oocytes, the desired labeling of fluorophores using conventional labeling 

through cysteine residues was impossible without nonspecific binding. To overcome this problem, 

we decided to incorporate unnatural amino acids that can bind to fluorophores linked to a tetrazine 

group using click chemistry. By genetically incorporating trans-cyclooct-4-en-L-Lysine (TCO) 

using the amber stop codon suppression technique, we successfully labeled intracellular positions 

in Shaker channels and measured LRET distances. To narrow down the position of the inactivation 

peptide (IP) after locating its position by LRET, we still had the problem of intracellular labeling. 

tmFRET was well suited for this kind of measurement. We were able to achieve cobalt binding to 

the di-histidine motifs introduced on the cytoplasmic side of the channel.  

Intracellular labeling of proteins has always been a challenging area for functional, 

structural studies. In electrophysiology, accessing the intracellular milieu was previously achieved 

only in excised patches. Cut open voltage clamp allows access and changing of the internal solution 

to a certain degree. However, labeling protein with fluorophores intracellularly remains a daunting 

task. Click chemistry labeling by genetic incorporation of unnatural amino acids has opened new 

possibilities for such studies [9]. By combining LRET and UAA click chemistry labeling, we were 

able to label and study the inaccessible parts of the protein expressed in living cells. Although click 

chemistry provides a fast and accurate way of labeling desired positions in the protein, uncertainty 

was introduced in the delivery of the fluorophore to the positions expressing UAA intracellularly. 

We initially attempted to introduce the fluorophore by permeabilizing the oocyte membrane 

exposed to the lower chamber in a cut-open oocyte setup and adding the fluorophore to the internal 
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solution. The drawback of this technique was the long wait until fluorophore reached and bound 

to the desired site. This resulted in strong variability between the oocytes during the time that the 

fluorophore reached the desired site. To expedite the fluorophore diffusion in the oocyte, we 

customized the recording chamber to allow us to poke a hole in the bottom of the oocyte. With a 

bigger entry point, we expected to accelerate diffusion. However, there was a slight improvement 

in the diffusion time. In the end, we injected the fluorophore using a nanoinjector into the cap of 

the oocyte from which the fluorescence is being recorded. In this way, we decreased the diffusion 

time of the fluorophore by approximately 4-fold and resulted in a consistent energy transfer signal 

between different oocytes.   

5.2 From resting state to inactivation, the journey of inactivation 

peptide in Shaker Kv channels  

In the first study, we probed the conformational changes in the Shaker channel through 

VCF by incorporating a fluorescent unnatural amino acid. Our data shows that the movement of 

IP during channel inactivation is a two-step process. In response to depolarization, movement of 

both the tip and chain region takes place. The two movements are independent of each other, where 

the chain movement precedes the tip movement. This was consistent with the functional studies in 

the past where the IP binds to the T1 domain followed by blocking the pore [10, 11]. A model for 

the movement of IP during N-type inactivation was proposed by the Holmgren group previously 

based on molecular simulations [12]. With our LRET and tmFRET measurement, we provide the 

experimantal proof that the IP sits between the channel and the T1-S1 linker. This is also consistent 

with the previous findings in which a conserved stretch of acidic residues in the IP was shown to 

interact with the basic residues in the T1-S1 linker in Shaker channels [13, 14].  

The previous model for N-terminal inactivation implies that the IP diffuses from the 

cytosolic side through the T1 domain into the channel pore to cause inactivation. However, this 

was not supported by any structural finding. It also seemed energetically unfavorable to transfer a 

long stretch of amino acids, some of which are charged and others hydrophobic, to travel that 

distance in a short time interval. Our VCF measurements show that the movement of IP occurs 

concomitantly with channel activation, requiring the IP to be located close to the transmembrane 

domain. For certain Kv1 channels (Kv1.1, 1.2, 1.3, and 1.5), fast inactivation is caused by an IP 
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linked to an auxiliary ß subunit. It will be interesting to see whether these also bind to the same 

location during resting. 

5.3 Clustering of Shaker Kv channels prevents fast inactivation 

During these fluorescence-based studies, maximal channel expression was required to 

obtain high fluorescence signals. One consistent phenomenon observed at higher expression levels 

was incomplete inactivation of the channel. Previous studies demonstrated that incomplete 

inactivation could result from mixed N-type and C-type inactivation or of varying ion 

concentrations of Na+ and K+ [15-17]. However, our results show that incomplete inactivation is 

a result of the clustering of ion channels by membrane-associated guanylate kinases (MAGUKs). 

These proteins interact with the C-terminal of the channel and are responsible for the trafficking 

of channels to the membrane. To accomplish the repertoire of functions exhibited by Kv channels, 

mere gene expression control is not sufficient. Protein localization and assembly play an equally 

important role in exhibiting different functions. Clustering of channels is an essential physiological 

phenomenon required in various cell types. For example, Kv1.3 channels have been shown to 

concentrate at the immune synapse in lymphocytes [18] and also in mitochondrial membrane to 

control apoptosis [19]. Neuronal Kv1 channels are clustered in axons to modulate action potential 

[20], whereas Kv4 channels assemble in dendrites to integrate incoming excitatory signals [21]. 

Clustering is not limited to Kv channels only. Na+ have been found to cluster at nodes of Ranvier 

to drive forward the action potential across the axon. All this site-specific cluster formation is an 

important aspect for the generation of the excitatory signal along with its propagation and 

transmission. In this study, we were able to identify that ion channel clustering is responsible for 

incomplete inactivation. 

Since Shaker Kv channels have been shown to interact with MAGUKs through C-terminal, 

we decided to truncate C-terminal and record its effect on channel inactivation. The truncated 

channels showed much faster inactivation compared to the wild type. To further explore the effects 

of any crosstalk between N-and C- termini, as mentioned by Lewin et al. [22], on the slowed 

inactivation kinetics, we decided to use the Shaker non conducting mutant W434F [23]. Using 

nonconducting mutant allowed us to express the channel at a much higher level and thus obtain a 

better fluorescence signal to follow the movement of the N-terminal during inactivation. Our 

fluorescence data showed that the time constants for fast inactivation were comparable to 
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inactivation kinetics. This excludes any possible interaction between the two ends of the channels 

that can slow down inactivation. The normal time constant of inactivation from our fluorescence 

data with W4343F mutant also excludes any effect of external K+ on fast inactivation.  

By bridging the two studies of this thesis together, we have come up with a hypothesis for 

the slowed inactivation at a higher expression level. Our first study showed that N-terminal 

inactivation peptide resides between the channel and the T1 domain during the resting state, where 

it interacts with the T1-S1 linker through electrostatic interaction. When the channel opens 

following depolarization, the efflux of a large amount of K+ ion results in lower local ionic 

strength, making the electrostatic bond stronger. The strengthening of electrostatic interactions 

makes it difficult for the IP to separate from the T1-S1 linker, delaying the inactivation. However, 

this needs to be confirmed with further experimentation. 

Any defect in the inactivation mechanism can have a direct implication on membrane 

excitability. For example, in episodic ataxia type I, delayed and incomplete inactivation can lead 

to ataxia [24]. A deep insight into the inactivation mechanism will help understand the diseases 

associated with the channel malfunction and find a better cure. 
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