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ABSTRACT 

Genetic Mutations of KCa2.3 and KCa3.1 Channels Affect Ca2+ Sensitivity  

by Razan S. Orfali 

The Ca2+-activated potassium channels KCa channels are a unique family of potassium 

channels activated by intracellular calcium. KCa channels are critical for maintaining K+ 

homeostasis and modulate several physiological processes, from the firing properties of neurons 

to the control of the transmitter release. The Ca2+ sensitivity of these channels allows intracellular 

Ca2+ to regulate the electrical activity of the cell membrane. Increased Ca2+ sensitivity of KCa 

channels caused by gain of function mutations (GOF) in the KCNN genes results in a broad 

spectrum of human channelopathies, including Zimmermann- Laband syndrome (ZLS), idiopathic 

non-cirrhotic portal hypertension (INCPH), and hereditary xerocytosis (HX). The impact of 

dysfunctional KCa2.3/KCa3.1 channels on human health has not been well documented. In this 

dissertation, I used inside-out patch clamp recordings to measure the apparent Ca2+ sensitivity of 

KCa2.3 and KCa3.1 heterologously expressed in HEK293 cells. Wild-type KCa2.3 channels have a 

Ca2+ EC50 value of ∼0.3 μM, while the apparent Ca2+ sensitivity of wild-type KCa3.1 channels is 

∼0.27 μM. The equivalent mutations related to the ZLS and INCPH in the S45A/S45B helices 

increased the apparent Ca2+ sensitivity of both KCa2.3 & KCa3.1 channel subtypes. However, the 

equivalent mutations related to the HX in HA/HB helices of KCa2.3 and KCa3.1 affected their 

apparent Ca2+ sensitivity differently. AP14145 reduced the apparent Ca2+ sensitivity of the 

hypersensitive mutant KCa2.3 channels. The results of my Ph.D. project would suggest the 

potential therapeutic usefulness of negative gating modulators as a novel target in these 

channelopathy-causing mutations. At the same time would guide us to design more potent and 

subtype-selective positive modulators targeting these channels. 
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 1 CHAPTER 1: Ca2+- SENSITIVE POTASSIUM CHANNELS 

PREVIEW  

1.1 Abstract 

The Ca2+ ion is used ubiquitously as an intracellular signaling molecule due to its high 

external and low internal concentration. Many Ca2+ sensing ion channel proteins have evolved to 

receive and propagate Ca2+ signals. Among them are the Ca2+ -activated potassium channels, a 

large family of potassium channels activated by rises in cytosolic calcium in response to Ca2+ 

influx via Ca2+-permeable channels that open during the action potential or Ca2+ release from the 

endoplasmic reticulum. The Ca2+ sensitivity of these channels allows internal Ca2+ to regulate the 

electrical activity of the cell membrane. Activating these potassium channels controls many 

physiological processes, from the firing properties of neurons to the control of transmitter release. 

This chapter will discuss what is understood about the Ca2+ sensitivity of the two best-studied 

groups of Ca2+-sensitive potassium channels: Large-conductance Ca2+-activated K+ channels 

KCa1.1 and Small/Intermediate-conductance Ca2+-activated K+ channels KCa2.x/KCa3.1. 
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Figure 1.1  Graphical Abstract 
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1.2 Introduction 

Ca2+ is essential for the survival and functioning of all living cells [1]. It is an important 

signaling molecule that crosses membranes, acting as a homeostatic regulator for both intracellular 

and extracellular fluid [2]. Ca2+ regulates a wide range of functions in all types of cells, involving 

several ion channels [1]. Thus Ca2+ might be considered the prominent intracellular signaling 

molecule, as it is involved in numerous physiological processes such as neurotransmission, muscle 

contraction, the regulation of gene expression, fertilization, and mitosis [3–5] (Figure 1.2). Unique 

among these Ca2+ regulatory processes are the Ca2+ sensitive ion channels or Ca2+ activated ion 

channels. The gating of these channels is modulated by Ca2+ sensing proteins such as the 

calmodulin CaM [3,6]. CaM is characterized by its ability to bind and release Ca2+ over the 

physiological Ca2+ concentrations. It undergoes a significant conformational change in Ca2+ 

binding and consequently regulates these specific ion channels to modify their function. So, the 

physiological roles and functions of these channels can be affected by changes in intracellular Ca2+ 

concentration. Some Ca2+- sensitive ion channels include Ca2+- activated anion (Cl-) channels, 

Ca2+- regulated nonselective cation channels, and Ca2+-activated K+ channels. Here I will elaborate 

on the Ca2+-sensing mechanisms of the Ca2+- activated K+ channels.  

Potassium channels are the most diverse and abundantly expressed ion channels in living 

organisms. These channels are expressed in most excitable and non-excitable cells. They perform 

various vital functions and can be classified into several different groups. Among these groups are 

the Ca2+-activated potassium channels (KCa channels), a large family of potassium channels 

activated by rises in the cytosolic Ca2+ [7,8]. Over the last two decades, advances have been made 

in KCa channel research, including the channels' functions, expression, pharmacology, and genetic 

mutations associated with channelopathies. The family of KCa channels shares a typical functional 
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role by coupling the increase in intracellular Ca2+ concentration to hyperpolarization of the 

membrane potential. Thus, KCa channels are critical for maintaining K+ homeostasis and cell 

volume. Also, KCa channels modulate several physiological processes, from neurons' firing 

properties to the transmitter release control [8]. 

Calcium Cellular Functions 

 

Figure 1.2  Calcium-modulated cellular functions 

-Generation of fuels (Glycogenolysis, lipase and phospholipase, NADH-dehydrogenase, and beta-

hydroxybutyrate-dehydrogenase) 

-Membrane-Linked functions (Excitation- secretion coupling, some plasma membrane channels, some 

action potential, tight junction) 

-Hormonal Regulation (Release of several hormones from storage vesicles) 

-Contractile systems (Cilia and flagella, microtubules, cytoplasmic streaming, and muscle myofibrils.  

-Miscellaneous functions (light emission, cell cycle, Fertilization, and production of messengers such as 

nitric oxide) [1] 
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KCa channels can be divided into three main subfamilies based on their single-channel 

conductance, SK or KCa2 (small conductance; ∼4–14 pS), IK or KCa3.1 (intermediate conductance; 

∼32–39 pS), and BK or KCa1.1(big conductance; ∼200–300 pS) channels [8–10]. K Ca1.1 channels 

are gated by the concentrated actions of internal calcium ions and membrane potential. K Ca2x and 

K Ca3.1 are gated solely by internal Ca2+ ions and are more sensitive to Ca2+ than K Ca1.1 channels. 

KCa2 includes three small-conductance KCa2 channel subtypes, KCa2.1 (SK1), KCa2.2 (SK2), and 

KCa2.3 (SK3) [8,11,12]. KCa1.1 directly binds Ca2+. In contrast, KCa2x and KCa3.1channels share 

the calmodulin-mediated gating mechanism and are constitutively associated with Calmodulin that 

functions as their Ca2+-sensing and induces Ca2+-dependent channel opening [13–15]. KCa1.1 and 

KCa2/3channels show minimal sequence homology. The latter’s S4 segment comprises fewer 

charged residues than the S4 segment of  KCa1.1, which results in a lack of voltage dependence in 

KCa2/3 channels enabling them to remain open at negative membrane potentials and thus 

hyperpolarize the membrane towards values near the K+ equilibrium potential [11,14]. Each type 

of KCa channel shows distinct pharmacology, and the activity of each hyperpolarizes the membrane 

potential. Here I will discuss these unique potassium ion channels and their sensitivity to Ca2+, 

aiming to understand the mechanisms behind Ca2+-dependent regulation. 

1.3 Ca2+-activated KCa1.1 Channels 

Large-conductance Ca2+-activated K+ (BKCa) channels are activated under dual control by 

either increased intracellular Ca2+ or voltage (membrane depolarization). These channels are 

expressed on the plasma membrane as tetramers of α subunits. The gene encoding the α subunit 

(slo; KCNMA1) of KCa1.1channels (KCa1.1; slo1) was cloned in the early 1990s from 

Drosophila. KCa1.1 channels are widely distributed in various cells and regulate Ca2+influx and 

many Ca2+-dependent physiological processes [8,16,17].  
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1.3.1 Expression and physiology of KCa1.1 Channels  

In neurons, the activation of KCa1.1 channels repolarizes the membrane and reduces Ca2+ 

influx into the cells [7,18,19]. KCa1.1 channels participate in numerous physiological processes 

via the modulation of membrane excitability and Ca2+ homeostasis[18]. Examples are 

modulating neurotransmitter release, regulating vascular and respiratory tone, neurovascular 

coupling [7], endocrine secretion, and urinary bladder tone. 

KCa1.1 channels are crucial in controlling hormonal secretion by altering the duration and 

frequency of action potentials [20,21]. The main functions of KCa1.1 channels in neurons are to 

generate fast after-hyperpolarization after an action potential [22]. In neurovascular coupling, 

KCa1.1channels umpire most of the dilation and the entire vasoconstriction in astrocytic end feet 

[18,23]. In retinal circulation, KCa1.1 channels are contributed to the regulation of retinal blood 

flow via the action of several vasodilators in endothelium and vascular smooth muscle. A recent 

study has shown that administering a KCa1.1 channel activator (BMS-191011) to male Wistar 

rats improved retinal circulation [18,24,25]. In the urinary system, KCa1.1channels have been 

reported in various renal cell types, such as urinary bladder smooth muscle cells [26], glomerular 

mesangial cells [27], afferent arterioles [28], and podocytes in the Bowman’s capsule [29]. It has 

been demonstrated that KCa1.1 channels provide negative feedback, preventing contractions 

induced by agonists. Moreover, several segments of the distal convoluted tubules of the nephron 

have been shown to express KCa1.1channels that are suggested to contribute to the volume 

regulation in the distal convoluted tubules of the nephron [26,28]. 

The list continues with numerous studies identifying enormous regulatory physiological 

mechanisms. KCa1.1 channels may serve as a potential target.  
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1.3.2  KCa1.1 Channels Structure  

KCa1.1channels are composed of four pore-forming subunits (α) encoded by the Slo1 

gene or KCNMA1 in mammals. The Slo1 gene undergoes alternative splicing, leading to a high 

degree of functional diversity in the KCa1.1 channels [16,30]. Each α (Slo1) subunit contains 

three main domains: a voltage sensor domain (S0-S4), a pore-gate domain (S5-S6), and a long 

intracellular C-terminal cytosolic region, which functions as a Ca2+ sensor domain. KCa1.1 

channels are also co-assembling and prominently impacted by diverse auxiliary subunits, 

including β (β1-4), γ (γ1-4), and LINGO1 subunits that give rise to the existence of distinct 

KCa1.1channel phenotypes with diverse functionality [16,29,31,32].  

The Ca2+ sensor domain comprises two non-identical domains (i.e., RCK1 and RCK2), 

which contain high-affinity binding Ca2+ sites (Ca2+ bowl) that have been implicated in the direct 

gating of the channel [16,33,34]. The KCa1.1- β-subunits have been shown to affect the Ca2+ 

sensitivity of the KCa1.1channel gating [35,36]. Thus, due to these structural features, the KCa1.1 

channel is characterized by unique biophysical properties, including ion permeation, gating, and 

modulation by diverse ligands and intracellular molecules.  

Cryogenic electron microscopy (cryo-EM) [37] has begun to provide crucial structural 

and biophysical insights into the KCa1.1channel gating., Structure-function studies of KCa1.1 
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channels are needed to provide a better understanding of these channels in search of novel 

compounds to treat diverse KCa1.1-associated pathologies [17,38] (Figure 1.3-A).  

1.3.3 Channelopathies of KCa1.1 Channels  

Channelopathies are conditions caused by pathogenic alterations in ion channel activity 

that disrupt homeostasis and physiological functions [39,40]. With advances in whole exome 

sequencing (WES), various monogenetic channelopathies are now diagnosable. However, the 

molecular basis of these mutations and how they produce clinical phenotypes remains unclear. 

Because of the small number of patients and the lack of genetic pedigree analysis, we have a 

limited understanding of the channelopathies [41]. Alterations in the activity of KCa1.1 channels 

were demonstrated in several channelopathies. Human KCNMA1 mutations are primarily linked 

with neurological conditions, such as seizures, developmental delay, movement disorders, and 

intellectual disability. KCNMA1 mutations are also associated with several other pathologies, 

Figure 1.3  Diagram of the general KCa1.1& KCa2x channel structure 

A) Schematic channel topology of one KCa 1.1α-subunit, including the pore-gate domain between (S5-S6) 

and a C-terminal cytosolic region that functions as a Ca2+ sensor constituted by two non-identical domains 

(RCK1 and RCK2), which contain high-affinity binding Ca2+sites (Ca2+ bowl) and several domains for 

multiple ligands or cations such as Mg2+. B) Schematic channel topology of one KCa2xα-subunit, including 

the CaM bound to the CBD. 
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including diabetes [42], atherosclerosis [43], hypertension [44], and cardiac hypertrophy [45]. 

These mutations involve gain-of-function (GOF) and loss-of-function (LOF) alterations in 

KCa1.1 channel activity, together with several variants of unknown significance (VUS). Evidence 

suggests that the mutation alterations of the KCa1.1channel may associate with semi-distinct 

patient symptoms, such as paroxysmal non-kinesigenic dyskinesia (PNKD) with GOF and ataxia 

with LOF. KCa1.1 channel dysfunction can also lead to urinary incontinence and an overactive 

bladder [46]. Data already suggested that the deletion of the KCa1.1 gene has already been 

associated with progressive hearing loss [47]. Other results [48] indicated that losing the KCa1.1 

channel leads to erectile dysfunction. Though most KCNMA1 mutations are de novo in origins, 

additional evidence is needed to establish causality in most cases. Besides, GOF and LOF in 

KCa1.1 channels are linked with overlapping symptoms. Yet it's unclear whether selective 

agonists or antagonists that correct the level of KCa1.1 channel activity will produce the desired 

outcome on neuronal activity or not [39,40]. 

1.4 Ca2+-activated KCa 2.x Channels 

KCa2.x channels are members of the voltage-insensitive calcium-activated potassium 

channel family that are stimulated by the elevation of the cytosolic calcium concentration. Upon 

activation, KCa2.x channels allow K+ ions to leave the cell as a function of the difference between 

the depolarized cell and the K+ equilibrium potentials [49]. KCa2.x subunits are encoded by the 

KCNN1 (KCa2.1; SK1), KCNN2 (KCa2.2; SK2), and KCNN3 (KCa2.3; SK3) genes [50], while IKα 

(KCa3.1; SK4) are encoded by the KCNN4 gene [51].  

The three subtypes of KCa2.x channels (KCa2.1-3) are expressed in many areas of the central 

nervous system and are involved in after-hyperpolarization upon activation. In the cerebellum, 
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KCa2.2 is the primary channel subtype expressed in Purkinje cells and has a crucial role in the 

Purkinje cell peacemaking [52,53]. Furthermore, KCa2.x channels are expressed on the neuronal 

plasma membrane and are suggested to exert neuroprotective effects by modulating the firing 

pattern of dopaminergic neurons. In dopaminergic neurons, KCa2.x channels were determined on 

the membrane of mitochondria and, upon activation, suggested to prevent mitochondrial 

dysfunction [54]. In the cardiovascular system, KCa2.x subtypes are expressed in atrial and 

ventricular and play essential roles in regulating the activity of atrial myocytes. KCa2.3 and KCa3.1 

are predominant subtypes expressed in endothelial cells and play a crucial role in vasodilation that 

is mediated by an endothelium-derived hyperpolarizing factor (EDHF) [55,56]. The diversity of 

KCa2.x physiological roles are widened due to numerous splicing variants in different tissues. In 

the following chapters, I will discuss in detail the functions and channelopathies of KCa2.3 and 

KCa3.1. 

All three KCa2.x subtypes and the KCa3.1 form tetrameric channels and are between 553 

and 580 amino acids long. The α subunits of these channels comprise six transmembrane helices 

(S1–S6), the pore region between helices S5 and S6), and cytosolic N- and C-terminal domains. 

Their biophysical characteristics are their independence from membrane voltage because they have 

lost most of the positively charged residues commonly associated with voltage-dependent gating 

[57]. Low intracellular Ca2+ concentrations activate KCa2.x channels through a unique calmodulin 

(CaM) gating mechanism. (Figure 1.3-B).  
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1.5 Ca2+- Sensitivity of KCa Channels 

The intracellular Ca2+ concentration and membrane potential are important metabolic 

parameters for all organisms. Ca2+ is involved in numerous physiological processes, including 

muscle contraction, the regulation of gene expression, neurotransmission, mitosis, and 

fertilization.  

Ca2+-sensitive ion channels allow crosstalk between chemical and electrical systems and 

the feedback control of Ca2+ entry to the cells [5,10]. The unique Ca2+-activated potassium 

channels are best known for enabling changes in intracellular Ca2+ concentration to influence 

neuronal firing patterns and the strength of muscle contraction. KCa2.x/KCa3.1 are voltage-

independent and are activated by low intracellular Ca2+ concentrations. Remarkably, KCa2.x and 

KCa3.1 display similar Ca2+ sensing properties (Ca2+ dose-response relationships) and respond 

rapidly to changes in Ca2+ with time constants of 5–15 ms [13].   

 Ca2+-binding protein calmodulin (CaM) serves as the KCa2.x and KCa3.1 channel’s 

Ca2+ sensor [10,58] (Figure 1.3-B). KCa1.1 channels are both Ca2+ and voltage-activated, and their 

sensitivity to voltage and intracellular Ca2+ are prominently influenced by their association with 

auxiliary and non-pore-forming modulatory β (β1-4), γ (γ1-4), and LINGO1 subunits [32,59,60]. 

Site-directed-mutagenesis experiments have led to understanding the KCa1.1 channel’s Ca2+ 

binding sites. The KCa1.1 structure (Figure 1.3-A) displayed that each α subunit contains a pair of 

RCK domains in the C-terminus portion where the Ca2+ bowl resides. 

 Recently, the Cryo-electron-microscopy structures of the entire human KCa1.1 

channel in the presence of Ca2+ and Mg2+[37], and the full-length [61]  of the human KCa3.1 

channel determined in the absence and presence of Ca2+ have significantly advanced our 
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understanding of Ca2+ sensing mechanisms. Therefore, a tremendous effort has been devoted to 

developing small molecules targeting KCa channels[62]. For example, SKA-31[55], a more 

potent and selective KCa3.1/KCa2 activator, has a higher potency on the KCa3.1 channel than the 

other KCa2 channel subtypes. There are also modulators that can negatively modulate KCa2 

channels, include AP14145 [63] and NS8593 [64], which shift the Ca2+ dependent activation of 

KCa2 channels to the right and reduces its apparent Ca2+ sensitivity.  So, these compounds could 

modulate KCa channels positively or negatively by influencing the apparent Ca2+ sensitivity of 

these channels. We have previously investigated how the KCa2.x channel's apparent Ca2+ 

sensitivity is regulated and found that the hydrophobic interactions between the HA helix and 

S4-S5 linker regulate the KCa2.x channel's apparent Ca2+ sensitivity [65]. The methods utilized 

were site-directed mutagenesis, patch-clamp recordings, and molecular dynamic (MD) 

simulations. The observations determined that mutations that decrease hydrophobicity at the HA-

S4–S5 interface led to Ca2+ hyposensitivity of KCa2.x channels. The mutation that increases 

hydrophobicity results in hypersensitivity to Ca2+ [65] (Figure 1.4).  

 

 

Figure 1.4  The regulation of KCa2.X Channels’ Ca2+ sensitivity 

The hydrophobic interactions between the HA helix and S4-S5 linker regulate the KCa2.x channel's apparent 

Ca2+ sensitivity. 
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These studies on the apparent Ca2+ sensitivity of the amino acid sequences of KCa2.x disclosed 

several differences between their channel subtypes. More studies are needed for the potential 

drug development for channelopathy disorders. Genetic mutations encoding KCa channels change 

their apparent Ca2+ sensitivity and lead to subsequent LOF, a decrease in Ca2+ sensitivity, or 

GOF, and Ca2+ hypersensitivity of these channels have been directly linked to many human 

diseases. Loss-of-function KCa2.2 mutations are associated with neurodevelopmental disorders, 

such as ataxias and tremors [66,67]. Gain-of-function of KCa2.3 mutations is associated with the 

Zimmermann-Laband syndrome (ZLS) [68,69] and idiopathic non-cirrhotic portal hypertension 

(INCPH) [70]. In contrast, GOF KCa3.1 mutations are linked with hereditary xerocytosis (HX) 

[71]. 

Human KCNMA1-linked channelopathy mutations are primarily associated with neurological 

conditions, including movement disorders, seizures, and intellectual disability. These mutations 

comprise GOF and LOF alterations in KCa1.1 channel activity and some variants of unknown 

significance (VUS). Over the past decade, a great effort has been devoted to the Ca2+ sensing 

mechanisms of Ca2+-activated K+ channels. Each channel type uses a unique molecular 

mechanism to regulate its Ca2+ gating. Site-directed mutagenesis, in silico modeling, and 

electrophysiology have been proven to make powerful tools in studying Ca2+-dependent gating 

that leads to the development of more selective biophysical and pharmacological approaches for 

the KCa channelopathy.  
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 2 Chapter 2: CHANNELOPATHY of KCa2.3 and KCa3.1 

CHANNELS  

 

2.1 Abstract 

The KCa2.3 and the KCa3.1 channel subtypes are voltage-independent K+ channels that 

mediate calcium-induced membrane hyperpolarization. Calmodulin (CaM) serves as the Ca2+ 

sensor for KCa2.x/ KCa3.1 channels. In the presence of calcium, the N-lobe of CaM forms contact 

with the S4-S5 linker when bound with Ca2+, which pulls the pore-forming transmembrane 

domains to open the gate. The hydrophobic interactions between the HA helix and the S4–S5 linker 

are major determinants of channel apparent Ca2+ sensitivity. The impact of dysfunctional 

KCa2.3/KCa3.1 channels on human health has not been well documented. Human gain-of-function 

mutations that increase the apparent Ca2+ sensitivity of KCa2.3 and KCa3.1 channels have been 

associated with Zimmermann-lab and syndrome, idiopathic non-cirrhotic portal hypertension, and 

hereditary xerocytosis. In this chapter, I summarize the physiological role of KCa2.3 and KCa3.1 

channels and then discuss the KCa channel’s structure, followed by the pathophysiology of the 

diseases linked with KCa2.3/KCa3.1 GOF mutations. Finally, I describe the potential 

pharmacological therapeutics (KCa3.1 blockers such as, Senicapoc and KCa2.3 negative gating 

modulators such as, AP14145 and NS8593) for the channelopathy-causing GOF mutations in the 

KCa2.3 and KCa3.1 channels. 
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Figure 2.1  Graphical Abstract 
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2.2  Introduction 

Ca2+- activated potassium (KCa) channels are divided into three major groups according to 

their single-channel conductance: The large conductance (150–300 pS) potassium channels 

(KCa1.1 or BKCa), the small conductance (2–20 pS) K+  channels (SKCa or KCa2.x: KCa2.1, KCa2.2, 

KCa2.3), and the intermediate conductance (20–60 pS) K+ channels (IK or KCa3.1) [1–3]. Each 

group has specific distinct biophysical and pharmacological properties [4]. KCa2.x and KCa3.1 

channels are voltage-independent and activated exclusively by intracellular Ca2+ via the 

calmodulin (CaM) that is typically bound to these channels and serves as their Ca2+ sensor [2,4,5]. 

KCa2x and KCa3.1 channels before their cloning were referred to as small-conductance (SK) or 

intermediate-conductance (IK) Ca2+-activated K+ channels based on their singular conductance 

of∼10 pS or∼40 pS in symmetrical solutions to differentiate them from the large-conductance 

potassium (BK) channel [1,6].  

The mammalian KCNN genes encode the pore-forming α-subunits of KCa2.x/KCa3.1 

channels, including KCNN1 for KCa2.1 (SK1), KCNN2 for KCa2.2 (SK2), and KCNN3 for KCa2.3 

(SK3). The three KCa2x channels were cloned by John Adelman and colleagues in 1996 [1,7] and 

were highly homologous (80–90%) in their transmembrane TM cores but differ in sequence and 

length in their N and C termini [8]. There is only one member in the KCa3 family, KCa3.1 (IK, SK4, 

KCNN4), which was cloned in 1997 and is ∼40 % identical to the three KCa2 channels [1,4,9,10]. 

Like KCa2x, it was determined that the calcium sensor of KCa3.1 is calmodulin (CaM), which is 

constitutively bound to the calmodulin-binding domain (CaM-BD) in the C terminus [8]. The 

elevated intracellular Ca2+ levels cause conformational changes in the CaM-BD, resulting in K+ 

outflow from excitable and non-excitable cells. Accordingly, the Ca2+ binding protein calmodulin 

(CaM) is attributed to the sub-micromolar sensitivity to Ca2+ of KCa2.x and KCa3.1 channels [9]. 
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KCa2.3 channels are activated by Ca2+ with EC50 values ranging from 300 to 750 nM, whereas 

KCa3.1 channels exhibit apparent Ca2+ sensitivity of 100–400 nM [1,10].  This sub-micromolar 

Ca2+ sensitivity of KCa2.3 and KCa3.1, together with their lack of voltage dependence, allows them 

to be activated at relatively negative membrane potential (when intracellular Ca2+ is elevated) and 

to hyperpolarize to the K+ equilibrium potential of −90 mV. Therefore, KCa2.3 and KCa3.1 channels 

are expressed in cells that need to prevent the premature generation of action potentials or sustain 

Ca2+influx through the in-ward rectifier Ca2+channels [1].  

2.3 Expression and physiological functions of KCa2.3 and KCa3.1 Channels 

Many human cells express Ca2+ activated potassium (KCa) channels that have the 

exceptional ability to translate changes in the level of the intracellular second messenger, Ca2+, to 

changes in membrane K+ conductance and, thus, resting potential membrane [11,12]. While KCa 

channel subtypes are all regulated by intracellular Ca2+, they are otherwise quite distinct entities, 

differing in tissue distribution and functions [11].  

KCa2x channels, for example, are widely expressed in the nervous system, where they are 

involved in regulating the firing frequency of various neurons. On the other hand, the KCa3.1 

channel subtype is unlike KCa2.x channels in several ways, including their peripheral expression, 

including the erythrocytes [13,14] and lymphocytes [15], and have been determined in numerous 

cancer cells where they have been implicated in growth control [11]. In the vascular endothelium, 

both KCa2.3 and KCa3.1 subtypes are expressed [13,16]. Here I demonstrate the expressions and 

physiological roles of KCa2.3 and KCa3.1 channels (Figure 2.2).  
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2.3.1  Expression and physiology of KCa2.3 

KCa2.3 channels play a vital role in the cardiovascular and central nervous systems. In the 

central nervous system, KCa2.3 channels are widely expressed in neurons of the central and 

peripheral nervous system and contribute to the medium after hyper-polarization (mAHP) and 

reduce neuronal excitability[12,17,18]. KCa2.3 channels are intensely expressed on dopaminergic 

substantia nigra neurons, which maintain regular firing, pace-making control [1,19], and also on 

serotonergic raphe neurons that regulate burst firing [20].  

Among KCa2x subtypes, KCa2.3 is the only member present in the endothelial cells of 

blood vessels that, together with KCa3.1, underlies a phenomenon called the endothelium-derived 

hyperpolarization (EDH), together with prostacyclin and nitric oxide, controls vessel tone 

[16,18,21,22]. Intracellular Ca2+ levels increase in response to mechano-stimuli or chemo-

stimuli, activating KCa2.3 channels. The opening of KCa2.3 allows K+ efflux and hyperpolarizes 

vascular endothelial cells. The hyperpolarization then spreads to the underlying vascular smooth 

In the vascular endothelium,

KCa2.3 and KCa3.1 together mediate the endothelium-derived 
hyperpolarization response.

KCa2.3 regulates neuronal firing frequency

KCa2.3 is involved in repolarizing the cardiac action potential

KCa3.1 In lung epithelia regulates electrolyte and water movement

KCa2.3

KCa3.1

KCa3.1 In red blood cells plays an important role in cell volume regulation. 

KCa3.1 In microglia regulates 
calcium signaling and cellular 
activation. 

KCa3.1 In T-cells regulates calcium 
signaling and cellular activation. 

Figure 2.2 Expression and Physiology of the KCa2.3 and KCa3.1 channels  



 

26 

muscle, leading to blood vessel dilation and endothelium-dependent hyperpolarization-mediated 

vasodilation [13]. A genetic defect of KCa2.3 or KCa3.1 channels results in hypertension in mice 

[13,16,23]. KCa2.3 deficiency impaired Nitric-Oxide NO-mediated dilation to acetylcholine and 

shear stress stimulation [23]. Therefore, KCa2.3 / KCa3.1 -deficient mice exhibited raised arterial 

blood pressure. Suggesting both KCa2.3 and KCa3.1 are significant players in the EDH pathway 

and significantly contribute to arterial blood pressure regulation (Figure 2.2) [13,24]. 

Additionally, the KCa2.3 channel is expressed in the heart and has been shown to play a role in 

repolarizing the cardiac action potential, particularly within the atrial myocyte and 

atrioventricular nodes. As KCa2.3 activity increases, cardiac action potentials become shorter, 

increasing susceptibility to Atrial fibrillation AF [25]. The KCa2.3 is also expressed in liver 

hepatocytes and plays a role in the metabolic stress response [26] (figure 2.2). 

2.3.2  Expression and physiology of KCa3.1 

The expression and function of Ca2+-activated potassium (KCa) channels often correlate 

positively with cell proliferation. As an example, the expression of KCa3.1 increases 4-fold upon 

T-lymphocyte activation, and this channel is inhibited with the specific inhibitor that inhibits T-

lymphocyte proliferation [19]. This is because the KCa3.1 channel contributes to electrochemical 

gradients for Ca2+ influx, which is critical for the proliferation of the T cells [13,15,27]. KCa3.1 is 

also broadly expressed in other cells of the immune system, such as B cells, macrophages, 

microglia, and mast cells. The major function of KCa3.1 in immune cells is to hyperpolarize the 

cell membrane and create the driving force for calcium entry, which is necessary for proliferation, 

activation, and cytokine production [1,28,29].  
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Vascular endothelium expresses substantial amounts of KCa3.1 channels, which play an 

important role in the cardiovascular system. The KCa3.1 deficiency had a severe impact on 

acetylcholine-induced EDHF-mediated vasodilation and thus significantly raised the arterial blood 

pressure in mice [16,23]. The KCa3.1 channel, also called the Gardo’s channel, was first described 

in erythrocytes in 1958 [30]. This channel, together with the mechanosensitive PIEZO1 channel, 

regulates blood cell volume. This is pathophysiologically important because it represents the major 

pathway for cell shrinkage via KCl and water loss that occurs in erythrocyte dehydration and sickle 

cell disease [14]. Currently, there is no clear understanding of the function of KCa3.1 in neurons. 

Some studies, though, suggest that the KCa expression in the brain appears to be localized mainly 

in the microalgae [1,31]. KCa3.1 is expressed in secretory epithelia of the lung and gastrointestinal 

tract and works with other cotransporters to facilitate chloride and fluid secretion [32,33] (Figure 

2.2).  

2.4 KCa2.3 and KCa3.1 Channels Structure 

KCa2.3 and KCa3.1 channels are assembled as homotetramers of four α- subunits; each 

subunit is composed of six transmembrane α-helical domains denoted S1–S6 (Figure 2.3). The 

selectivity filter within the channel pore between the S5 and S6 transmembrane domains is 

responsible for the selective permeability of the K+ ions [13,18,34]. The KCa2.3/KCa3.1 channel 

subtypes are highly homologous in their six transmembrane domains, but the amino acid sequence 

and length at their cytoplasmic N- and C- termini differ among the subtypes [13,35]. 

Among the four KCa2.x/KCa3.1 channel subtypes, the full-length cryogenic electron 

microscopy (cryo-EM) structure is only available for the KCa3.1 channel determined in the absence 

and presence of Ca2+ providing insight into the Ca2+/CaM gating mechanism for these channels 
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[3]. The calmodulin-binding domain consists of two α-helices, HA and HB, whereas the S4-S5 

linker includes two α-helices, S45A and S45B. The HA and HB helices from one channel subunit, 

the S4-S5 linker from a neighboring channel subunit, and Calmodulin closely interact (Figure 2.3 

B). When Ca2+ is absent, the C-lobe of CaM binds to the HA/HB helices in the proximal channel 

C-terminus, the N-lobe of CaM is highly flexible, and the channel pore is closed. In the presence 

of Ca2+, the N-lobe of CaM becomes well-structured and interacts with the linker between the S4 

and S5 transmembrane domains (S4–S5 linker) of a neighboring α-subunit. The interaction 

between the Ca2+- bound CaM N-lobe and the S4-S5 linker causes the movement of the S6 

transmembrane domain and the opening of the channel pore [13] (Figure 2.4).  

 

 

 

 

Figure 2.3  KCa Channels Structure - in the resting state (Absence of Ca2+) 

A) Human KCa3.1 channel cryo-EM structure (PDB: 6cnn). KCa channels are assembled as homotetramers of 

four α- subunits. For clarity,  four-channel subunits are shown in different colors  (green),(cyan), (yellow), 

and (magenta), along with calmodulin (CaM) (gray). B) Schematic representation of one channel subunit 

(green). A was generated using Pymol (Schrödinger LLC), B was generated using Biorender.com.  
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Figure 2.4 KCa Channels Structure - in the presence of Ca2+ binding to calmodulin 

A) Human KCa3.1 channel cryo-EM structure (PDB: 6cnn) [3]. For clarity, four-channel subunits are shown 

in different colors (green), (cyan), (yellow), and (magenta), along with calmodulin (CaM) (gray) B) 

Schematic representation of one channel subunit (green) with neighboring channel subunit in (yellow) in the 

presence of Ca2+ in green. C)  Intracellular view (The S45A/S45B helices and HA/HB helices of human KCa3.1 

channel cryo-EM structure with Ca2+ (PDB: 6cnn). B was generated using Biorender.com. A was generated 

using Pymol (Schrödinger LLC) 
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2.5 Channelopathies and pathophysiology of KCa2.3 and KCa3.1 Channels 

The discovery of mutations in genes encoding K+ channel subunits has provided unique 

insights into the pathophysiology of human disorders affecting the central nervous system, heart, 

kidney, and other organs [36]. Decreased or increased activity of KCa channels caused by loss-of-

function (LOF) and gain-of-function (GOF) variants in the corresponding genes, respectively, 

underlies a broad spectrum of human channelopathies [13,37]. Below I present a more in-depth 

consideration of GOF mutations of KCa2.3 that are linked with Zimmermann-Laband syndrome 

(ZLS) [10,13,38,39] and idiopathic non-cirrhotic portal hypertension (INCPH) [10,13,40]. Then I 

will display the GOF mutations of KCa3.1 that are linked with a subset of the hereditary xerocytosis 

(HX) [13,41–43]. Followed by the Structure-function relationship of the GOF KCa2.3 and KCa3.1 

mutations [13].  

2.5.1 KCa2.3 mutations 

ZLS [OMIM: 135500] is a rare genetic disorder characterized by coarse facial features with 

gingival enlargement, intellectual disability, hypertrichosis, and hypoplasia or aplasia of nails. ZLS 

has been related to genetic mutations in KCNH1 that encode Eag1 K+ channel [44], KCNK4 that 

encodes a K2P K+ channel [45], and most recently, ZLS has been determined to be associated with 

KCNN3, which encodes KCa2.3 genes [13,38,39]. As of now, seven mutations in the KCNN3 gene 

have been associated with ZLS in humans [37–39]. The hKCa2.3_K269E [39], hKCa2.3_A287S 

[37], hKCa2.3_G350D [39], hKCa2.3_S436C [39], hKCa2.3_A536T [38], hKCa2.3_V539del and 

hKCa2.3_V555F mutations [37].  



 

31 

One mutation in the KCNN3 gene, hKCa2.3_V450L, has been associated with INCPH but 

not ZLS [40]. These mutations include mutant hKCa2.3_K269E, hKCa2.3_G350D, 

hKCa2.3_S436C, and hKCa2.3_V450L channels showed faster kinetics of current activation by 

Ca2+ upon break-in than the hKCa2.3_WT on whole-cell patch-clamp recordings [39]. In the next 

chapter, the results that I obtained for determining Ca2+ sensitivity will be represented of these four 

mutant channels along with the hKCa2.3_V555F mutant. 

 

All these mutations showed an increase in apparent Ca2+ sensitivity compared with the 

hKCa2.3_WT in the inside-out patch-clamp recordings when examined via heterologous 

expression of these mutant channels in HEK293 cells [10]. In terms of the remaining three 

mutations, hKCa2.3_A287S [37], hKCa2.3_A536T [38], and hKCa2.3_V539del [37], their effects 

on channel activity remain to be studied (Table 2.1) [13]. INCPH is characterized by features of 

Species Mutation Effect Related disease Apparent 
Ca

2+
sensitivity (μM)

Electrophysiological 
recordings

Cells

human K269E GOF ZLS [39] ~0.086 [10]
Whole-cell [39], 
inside-out [10]

CHO [39], HEK-
293 [10]

human A287S GOF ZLS [37] N/A N/A N/A

human G350D GOF ZLS [39] ~0.12 [10]
Whole-cell [39], 
inside-out [10]

CHO [39], HEK-
293 [10]

human S436C GOF ZLS [39] ~0.087 [10]
Whole-cell [39], 
inside-out [10]

CHO [39], HEK-
293 [10]

human V450L GOF INCPH [40] ~0.15 [10]
Whole-cell [39], 
inside-out [10]

CHO [39], HEK-
293 [10]

human A536T GOF ZLS [38] N/A N/A N/A

human V539del GOF ZLS [37] N/A N/A N/A

human V555F GOF ZLS [37] ~0.067 [10] Inside-out [10] HEK-293 [10]

human (CAG)n GOF Schizophrenia [48] _ Whole-cell [48] HEK-293 [48]

human
ΔSKCa3

L283fs2876X
LOF Schizophrenia [50-52]

_
Whole-cell [51]

E61, HEK-293 
[51]

The apparent Ca2+ sensitivity of the KCa2.3_WT is ~0.30 μM

Table 0.1  Effects of KCa2.3 mutations on channel activity [13] 
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portal hypertension, primarily affecting small intrahepatic portal veins that cause portal 

hypertension without cirrhosis. Although the expression of KCa2.3  channels in portal veins has 

not been reported, and the mechanism for hKCa2.3_V450L to cause INCPH is unclear, the authors 

of a recent study [40] have speculated that specific mutations in KCNN3 affect endothelial vaso 

regulation in the portal vein or hepatic artery [40] through homeostasis of liver cells, like what had 

been reported for the KCa3.1 channel [46]. 

Additionally, increased K+ channel activity in liver cells may cause stress and portal 

hypertension [39]. It has been speculated that the mutant KCa2.3 channels in ZLS patients could 

be related to vascular damage resulting from the EDH-mediated vasodilation (excessive 

vasodilation because of the extreme hyperpolarization due to hypersensitivity to Ca2+ of the ZLS-

related mutant KCa2.3 channels [39]. ZLS patients are also reported to have developmental delays 

and intellectual disabilities due to the KCa2.3 mutation. The overexpression of KCa2.3 channels in 

mice leads to cognitive impairment and hippocampal shrinkage [47,48]. This suggests that KCa2.3 

channels play a role in the nervous system, and the GOF mutation of hKCa2.3 is expected to result 

in intellectual disability and developmental delay [13] (Table 2.1). Gingival enlargement was also 

reported in patients carrying mutations in hKCa2.3_ A287S [37], hKCa2.3_ G350D [39], and 

hKCa2.3_ A536T [38].  

A recent study suggested that GOF mutations in genes encoding K+ channels have been 

associated with hereditary gingival overgrowth because K+ channels activation will promote a 

fibrogenic response in hereditary gingival overgrowth via clustering and activating the small GTP-

binding protein Ras [49]. Schizophrenia is a progressive neurodegenerative disorder that affects 

cognition, thinking, and emotional responses [50]. In one study, CAG repeat polymorphism in 
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KCNN3 was linked to schizophrenia. It was reported that short CAG repeat length in the KCNN3 

gene increases KCa2.3 channel conductance (GOF mutation of KCa2.3) and thus would impair the 

cognitive performance of schizophrenic patients. The results of this study suggested that 

pharmacological reduction of KCa2.3 channel conductance might improve cognitive function in 

schizophrenia patients [48]. 

On the other hand, another study [51] found that a mutation of the KCa2.3 channel gene 

(L283fs287X) results in the deletion of the protein N-terminal region identified in schizophrenic 

patients. The resulting mutant KCa2.3 channels were found to suppress KCa2.3 channel currents 

[51] (LOF mutation). Additionally, it was shown that this functional deficit of KCa2.3 channels 

could alter the balance between phasic and tonic dopamine signals that are associated with the 

pathogenesis of schizophrenia [52]. 

2.5.2 KCa3.1 mutations 

Hereditary Xerocytosis HX (OMIM 194380) is an autosomal dominant congenital 

hemolytic anemia characterized by erythrocyte dehydration. Most HX cases have been related to 

GOF mutations of the PIEZO1 channel, a mechanosensitive cationic channel in the erythrocytes 

[53]. Around ~10% of HX cases have been linked with KCa3.1 channel mutations (also called 

Gardo’s channelopathy) encoded by the KCNN4 gene. These mutations include hKCa3.1_V282M, 

hKCa3.1_V282E [54], hKCa3.1_S314P [41], hKCa3.1_A322V [43], and hKCa3.1_R352H [42]. 

Three of these mutations cause hypersensitivity to Ca2+ of the mutant channels, which are the 

hKCa3.1_S314P, hKCa3.1_A322V, and hKCa3.1_R352H (Table 2.2) [10,13]. The Ca2+ sensitivity 

was not studied for the remaining two mutations, hKCa3.1_V282M and hKCa3.1_V282E [54].  
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The extreme opening of the mutant KCa3.1 channels leads to increased K+ efflux, followed 

by water loss and erythrocyte dehydration [37,41,42,55]. Patients with these mutations in KCa3.1 

often exhibit decreased K+ content in the erythrocytes and increased Na+ content with increased 

hemoglobin concentration resulting from cell dehydration [13]. Mutant KCa3.1 subunits may co-

assemble in the tetrameric channel assembly with KCa3.1_WT subunits. The activity of such 

channels containing both WT and mutant channels is unknown and requires future studies (Table 

2.2) [13]. 

 

2.5.3 Structure-function relationship of the KCa2.3 and KCa3.1 mutations 

Wild-type KCa2.3 and KCa3.1 channels are activated by Ca2+ with an EC50 value of ~ 0.3 

μM and ~ 0.27μM, respectively [10]. Human gain-of-function mutations increase the apparent 

Ca2+ sensitivity of both channel subtypes. It remained unclear, however, how the apparent Ca2+ 

sensitivity of these channels is regulated. In our previous study, I contributed to the 

electrophysiology recordings, we demonstrated that hydrophobic interactions between the HA 

helix and the S4–S5 linker play a crucial role in KCa2 channel apparent Ca2+ sensitivity [18]. Many 

Species Mutation Related disease Apparent 
Ca

2+
sensitivity (μM)

Electrophysiologica
l recordings

Cells

human V282M/E HX [44] N/A N/A N/A

human S314P HX [41] ~0.064 [10]
Whole-cell [41], 
inside-out [10]

erythrocytes [41], 
HEK-293 [10]

human A322V HX [43] ~0.059 [10]
Whole-cell [43], 
inside-out [10]

erythrocytes [43], 
HEK-293 [10]

human R352H HX [42, 44] ~0.085 [10]

Whole-cell [42, 52], 
inside-out [52, 10], 

two electrode 
voltage-clamp [52]

erythrocytes [42], 
HEK-293 [52, 10], 

xenopus oo10cytes 
[52]

The apparent Ca2+ sensitivity of KCa3.1_WT is ~0.27 μM [10]

Table 0.2 Effects of KCa3.1 mutation on channel activity [13] 
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of the KCa2.3/3.1 GOF mutation hot spots are located at regions essential for channel gating, 

involving the S4-S5 linker, the pore-lining transmembrane S6 domain, the selectivity filter, and 

the HA/HB helices [13]. In the S4-S5 linker, the hKCa2.3_S436C and hKCa2.3_V450L are GOF 

mutations that increase the apparent Ca2+ sensitivity [10].  

Based on the cryo-EM structure of KCa3.1 channels [3], the N-lobe of the CaM in the 

channel, when bound Ca2+, becomes well-structured and interacts with the linker between the 

S4_S5 transmembrane domains of a neighboring α-subunit, this interaction causes the movement 

of the S6 transmembrane domain and the opening of the channel pore. Similar interactions between 

the CaM N-lobe and the S4-S5 linker are also expected in the homology model of KCa2.3 [10] 

channels. The binding interfaces between CaM and its substrates are often hydrophobic [13,53]. 

So the hKCa2.3_V450L increases hydrophobicity and strengthens the interactions between the 

CaM N-lobe and the S4-S5 linker (Figure 2.5) [13], enhancing channel opening efficiency and 

GOF mutant KCa2.3 channels. It is still not clear how the hKCa2.3_S436C mutation causes GOF. 

Mutating is equivalent serine residue in hKCa3.1 (hKCa3.1_S181) to tryptophan or tyrosine amino 

acid residue increases the hydrophobicity at the interface and causes hypersensitivity to Ca2+ [54].  

In the transmembrane S6 domain, hKCa2.3_A536T, hKCa2.3_V539del, and 

hKCa3.1_V282M/E increase the apparent Ca2+ sensitivity [37,38,54]. The V539 residue in hKCa2.3 

(hKCa2.3_V539) is equivalent to the V282 residue in hKCa3.1 (hKCa3.1_V282). In the KCa3.1 cryo-

EM structure, V282 labels the narrowest constriction site of the cytoplasmic gate (Figure 2.6). The 

substitute of V282 by a glycine residue generates a  more permeable channel that conducts 

K+ current without Ca2+ [57]. A GOF mutation in hKCa3.1_V282E might negatively charge the 

cytoplasmic gate. This may cause electrostatic repulsion and enlargement of the gate, leading to 

https://www.nature.com/articles/s41401-022-00935-1#Fig2


 

36 

constitutively active channels that leak K+. It is still unknown how hKCa3.1_V282M mutation 

causes GOF channel activity.  

In the HA/HB helices, hKCa2.3_V555F, hKCa3.1_S314P, hKCa3.1_A322V, and 

hKCa3.1_R352H are GOF mutations [10]. Our previous study [18] tested the HA/HB helices 

mutation rKCa2.2_V407F mutation equivalent to hKCa2.3_V555F. The rKCa2.2_V407F mutation 

causes hypersensitivity to Ca2+  by increasing the hydrophobic interactions between the proximal 

end of the HA helix, the S4-S5 linker, and the CaM N-lobe, which may pull the transmembrane 

S6 domain more efficiently during the pore opening [18]. Similarly, the hKCa2.3_V555F mutation 

may increase the hydrophobicity at the proximal end of the HA helix of KCa2.3 channels and 

increase its interactions with the S4-S5 linker and the CaM N-lobe (Figure 2.5 A). The 

hKCa3.1_S314P and hKCa3.1_A322V mutations in the distal HA helix and the hKCa3.1_R352H 

mutation in the HB helix, are at the interface between the HA/HB helices and the CaM C-lobe 

(Figure 2.6). Their roles in the channel activation by Ca2+ remain unclear. It is also possible that 

changes at the interface between the HA/HB helices and the CaM C-lobe may also affect the 

channel activity. 

 It has been speculated that two GOF mutations, hKCa2.3_K269E and hKCa2.3_G350D, 

may interact with casein kinase 2 (CK2) [39]. This hKCa2.3_K269E mutation corresponds to K121 

in rKCa2.2 channels essential for the CK2 phosphorylation of the rKCa2.2-CaM complex [58]. I 

expect that these two GOF hKCa2.3 mutations may decrease the phosphorylation and negative 

modulation by CK2 and thus cause Ca2+-hypersensitivity. One GOF mutation, hKCa2.3_A287S, is 

in the transmembrane S1 domain (Figure 2.5). 

https://www.nature.com/articles/s41401-022-00935-1#Fig2
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 In the voltage-gated K+ (Kv) channels, transmembrane S1–S4 domains are denoted as the 

voltage-sensing domains [59]. We don’t expect the S1–S4 domains to have a voltage-sensing role 

here. KCa2.x/ KCa3.1 channels are voltage-independent because they only contain two positively 

charged amino acids in the S4 segment [58]. Yet, investigating their regulatory role in these 

voltage-independent channels needs to be elucidated [13]. 

2.6 KCa2.3 and KCa3.1 Channels Pharmacology 

The KCa2.3 and KCa3.1 potassium channels are characterized by their voltage 

independence, and thus they are activated by intracellular Calcium. Because of the distinct 

distribution of the channel subtypes in the mammalian cells and their involvement in the generation 

of afterhyperpolarization currents, there has been considerable interest in developing subtype-

selective pharmacological tools to study these channels [60,61]. Also, KCa2.3 and KCa3.1 channels 

comprise attractive new targets for several diseases that currently have no effective therapies. The 

pharmacology of KCa channels developed relatively rapidly after the cloning. The field now has a 

wide range of peptides, small-molecule inhibitors, and positive- and negative-gating modulators 

with differential subtype-selectivity available [13,33] (Table 2.3). Since the GOF missense 

variants in K+ channel encoding genes in individuals with syndromic developmental disorders 

have only recently been recognized [37], here, I will focus on the pharmacology (negative 

modulators) of KCa2.3 and KCa3.1 Channels. 

2.6.1  Pharmacology (Negative Modulators) of KCa2.3 Channels 

In KCa2 channels, negative-gating modulation means inhibiting calcium channel activation 

by shifting the calcium-activation curve to the right, thereby reducing the apparent Ca2+sensitivity 

of the channel. In this functional class, the first molecule discovered was the 
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aminobenzimidazolone NS8593 [62] and its analogs [63], which display high selectivity for KCa2x 

channels compared to KCa3.1. The uncharged nature of this molecule makes it more likely to pass 

biological barriers at physiological pH. NS8593 does not displace apamin (a bee venom toxin that 

inhibits KCa2x), and its activity is not reduced by mutations of the extracellular amino acid 

residues. This may verify that gating modulation is possible at this position and as it was 

hypothesized to be a pharmacological reflection of the previously suggested deep-pore gating in 

KCa2x channels [64].  

Recently, the essential characteristics of negative modulators, including their pore-binding 

sites, were confirmed with the drug candidate AP14145, which belongs to the same general class 

of molecules as NS8593 [65]. AP14145 inhibits both KCa2.2 and KCa2.3 with similar potency but 

is not efficient on KCa3.1 channels [65]. A proof-of-concept animal study demonstrated that 

NS8593 or AP14145 could terminate AF in rats [66,67] and pigs [68]. As such, for treating ZLS 

and INCPH related to GOF KCa2.3 mutations, we will need these negative-gating modulators. In 

chapter 3, I discuss the inhibitory effect of AP14145 on the ZLS- and INCPH-related mutant 

KCa2.3 channels. RA-2 [1,3-phenylenebis(methylene)bis(3-fluoro-4-hydroxybenzoate], a 

negative-gating modulation that equipotently inhibits both KCa2x and KCa3.1 channels, was 

recently identified [69]. 

2.6.2 Pharmacology (Blockers) of KCa3.1 Channels 

KCa3.1 has been suggested as a potential therapeutic target for diseases such as sickle cell 

anemia, asthma, atherosclerosis, and autoimmunity. The first KCa3.1 blocker identified is the azole 

antimycotic clotrimazole [35]. However, clotrimazole was not a perfect drug for long-term use 

because of its chronic induction of human cytochrome P450- enzymes that may lead to liver 

damage. By replacing clotrimazole’s imidazole ring with other heteroaromatic ring systems, 
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TRAM-34 was identified [70], a compound that inhibits KCa3.1 with an IC50 of 20 nM, did not 

affect the P450 enzyme and 1000-fold selectivity over KCa2x channels [71,72]. Scientists at Icagen 

Inc. explored Senicapoc (ICA-17043), a fluorinated triphenyl acetamide [73,74], which inhibits 

KCa3.1 with an IC50 of 11 nM ( Table 2.3). Senicapoc has more excellent stability than clotrimazole 

and TRAM-34, which has a half-life of ~2 hours and is acid-sensitive. Senicapoc also has a 

selectivity of ~1000-fold for KCa3.1 channels over KCa2.x channel subtypes [75] and currently 

being studied in a clinical trial (ClinicalTrials.gov Identifier: NCT04372498) for Hereditary 

xerocytosis patients carrying GOF KCa3.1 channel mutations [13]. 

Through site-directed mutagenesis, it was demonstrated that these triaryl-methane KCa3.1 

blockers clotrimazole, TRAM-34, and senicapoc interact with threonine 250 in the pore loop and 

w ith valine 275 in S6, so the mutations of these residues would completely abolish the sensitivity 

A) Table 2.3 Negative Small molecule modulators of KCa2.3 and KCa3.1 channels [13] 
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of KCa3.1 to triaryl-methane [1].  KCa3.1 blockers might also help inhibit tumor angiogenesis 

because of their proven ability to inhibit angiogenesis in the mouse Matrigel plug assay [76]. 

2.7 Conclusions and Perspectives 

 In recent years, remarkable progress has been made in understanding the 

physiological and pathophysiological role of KCa channels. The advances in understanding 

KCa3.1 structure and the resulting improvements in other KCa subtypes modeling have yet to be 

used not only for drug discovery but also for understanding the pathophysiological mutations and 

developing more subtype-selective biophysical and pharmacological tools. Here I have reviewed 

the physiological significance of KCa2.3/KCa3.1 channels, the channelopathy of KCa2.3 and 

KCa3.1 channels, the structure-function relationship of the GOF mutant KCa2.3/KCa3.1 channels, 

showing the site of mutations related to ZLS & INCPH located in the S45A/S45B of KCa2.3 

channels, and the Gordo’s channelopathy-related mutations that cause HX in the HA/HB helices 

of KCa3.1 channels.  

 Which part of the KCa2 channels is responsible for the differences in Ca2+ 

sensitivity between the KCa2.3 and KCa3.1 channel subtypes? Our previous mutagenesis study, I 

contributed to the electrophysiology, revealed that the HA/HB helices were responsible for KCa2 

subtype-selective positive allosteric modulators. " Nam, Y.-W.; Cui, M.; El-Sayed, N. S.; Orfali, 

R.; Nguyen, M.; Yang, G.; Rahman, M. A.; Lee, J.; Zhang, M. Subtype-Selective Positive 

Modulation of KCa 2 Channels Depends on the HA/HB Helices. Br. J. Pharmacol. 2022, 179 

(3), 460–472. https://doi.org/10.1111/bph.15676." 
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Therefore, the hypothesis of the project is formed “The differential effects on the apparent Ca2+ 

sensitivity of the KCa2.3 and KCa3.1 channel subtypes arise from mutations in the HA/HB helices 

rather than the S45A/S45B helices” The following three aims were proposed to test the hypothesis. 

Aim 1: To study mutations in the S45A/S45B helices of KCa2.3 and KCa3.1 channel subtypes. 

1-a: To study the ZLS- and INCPH- related mutations in the S45A/S45B helices of 

KCa2.3 channels. 

1-b: To test the ZLS- and INCPH- equivalent mutations in the S45A/S45B helices of 

KCa3.1 channels. 

Aim 2: To study mutations in the HA/HB helices of KCa2.3 and KCa3.1 channel subtypes. 

1-a: To study the KCa3.1_V298F mutation, together with the Gardo's channelopathy 

mutations in the HA/HB helices of KCa3.1 channels. 

1-b: To test the KCa3.1 channelopathy equivalent mutations in the HA/HB helices of 

KCa2.3 channels. 

Aim 3: To study the effects of a negative gating modulator on the Ca2+ dependent 

activation of KCa2.3 WT and mutant KCa2.3 channels. 

The effects of AP14145 on the Ca2+dependent activation of WT and mutant KCa2.3 

channels.  

 In the next chapter, I performed studies on the apparent Ca2+ sensitivity of KCa2.3 

and KCa3.1 channels to gain insights into the structural differences between the two channel 

subtypes and to help us develop more potent positive modulators that match some GOF mutation 

sites in KCa2.3 and KCa3.1 channels. 
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 3 Chapter 3: THE MODULATION of KCa2.3 and KCa3.1 

CHANNELS By S45A/S45B and HA/HB HELICES. 

Orfali, R.; Nam, Y.-W.; Nguyen, H. M.; Rahman, M. A.; Yang, G.; Cui, M.; Wulff, H.; Zhang, 

M. Channelopathy-Causing Mutations in the S45A/S45B and HA/HB Helices of KCa2.3 and 

KCa3.1 Channels Alter Their Apparent Ca2+ Sensitivity. Cell Calcium 2022, 102, 102538. 

https://doi.org/10.1016/j.ceca.2022.102538. 

3.1 Abstract 

KCa2.x and KCa3.1 channels are an exceptional group of potassium ion channels that are 

voltage-independent and uniquely activated by intracellular Ca2+. Heterozygous genetic mutations 

of KCa2.3 channels have been associated with Zimmermann-Laband syndrome and idiopathic 

noncirrhotic portal hypertension, while KCa3.1 channel mutations were reported in hereditary 

xerocytosis patients. Here, the apparent Ca2+ sensitivity of KCa2.3 and KCa3.1 was measured using 

inside-out patch clamp recordings. Wild-type KCa2.3 channels have a Ca2+ EC50 value of ∼0.3 μM, 

while the apparent Ca2+ sensitivity of wild-type KCa3.1 channels is ∼0.27 μM. ZLS and INCPH-

related KCa2.3_S436C and KCa2.3_V450L channels with mutations in the S45A/S45B helices 

exhibited increased Ca2+ sensitivity. The equivalent mutations in KCa3.1 channels also elevated the 

apparent Ca2+ sensitivity. HX-related KCa3.1_S314P, KCa3.1_A322V, and KCa3.1_R352H 

channels with mutations in the HA/HB helices are hypersensitive to Ca2+, whereas KCa2.3 channels 

with the corresponding mutations are not. These effects of equivalent mutations in HA/HB helices 

on KCa2.3 and KCa3.1 channels on their apparent Ca2+ sensitivity may suggest the distinct 

modulation of the two-channel subtypes by the HA/HB helices. AP14145 reduced the apparent 

Ca2+ sensitivity of the hypersensitive mutant KCa2.3 channels, suggesting the potential therapeutic 

usefulness of negative gating modulators. 
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Figure 3.1  Graphical Abstract 
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3.2 Introduction 

The group of small-conductance Ca2+-activated potassium KCa2.X channels and 

intermediate-conductance KCa3.1 channels are a special group of potassium ion channels that are 

uniquely activated by intracellular Ca2+. The KCNN genes encode three mammalian KCa2.x 

channel subtypes. including KCNN1 for KCa2.1 (SK1), KCNN2 for KCa2.2 (SK2), KCNN3 for 

KCa2.3 (SK3), and one KCNN4 for KCa3.1 (IK or SK4) channel subtype [1–3]. The KCNN genes 

are expressed in neurons, epithelium, several types of smooth muscle, and the endothelium of the 

vasculature. The GOF mutations in KCNN gene subtypes underlie a broad spectrum of human 

disorders affecting the central nervous system, kidney, heart, and other organs 5/17/2023 10:28:00 

AM. 

 Human heterozygous genetic mutations in the KCa2.3 channel have been associated with 

the Zimmermann-Laband Syndrome (ZLS) [2,4] and Idiopathic Noncirrhotic Portal Hypertension 

(INCPH) [5,6]. A whole-cell patch-clamp recording of mutant channels related to ZLS (K269E, 

G350D, and S436C) and INCPH-related (V450L) mutant channels displayed faster Ca2+-activation 

kinetics upon break-in (increased the apparent Ca2+ sensitivity) [2]. In any of these mutant KCa2.3 

channels related to ZLS or INCPH, the apparent Ca2+ sensitivity has not been quantified [7]. 

Meanwhile, the heterozygous mutations in KCa3.1, which underlies the Gardos channel in 

erythrocytes, cause hereditary xerocytosis. There is also speculation that mutant KCa3.1 channels 

(V282M/E [8], A322V [9], S314P [10], and R352H [11–13]) related to Gardos channelopathy 

cause hypersensitivity to Ca2+, based on the more pronounced responses of mutant channel current 

to an inhibitor TRAM-34 [10,11] or a positive modulator NS309 [9,10]. The apparent Ca2+ 

sensitivity has only been quantified for one of these Gardos channelopathy mutants, 

KCa3.1_R352H[12].  
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A cryo-electron microscopy study has recently determined the structure of the human 

homotetrameric KCNN4 channel activation and highlighted the role of the S4-S5 linker in coupling 

Ca2+-induced CaM binding to the channel opening [14]. The S4-S5 linker consists of two -

helices, S45A and S45B (Figure 1B). Four CaM molecules bind to one channel tetramer. Each lobe 

of CaM serves a distinct function: the C-lobe binds to the channel constitutively, whereas the N-

lobe interacts with the S4-S5 linker in a Ca2+-dependent manner. The S4-S5 linker, which contains 

two distinct helices, undergoes conformational changes upon CaM binding to open the channel 

pore [15–17].  

KCa2 and KCa3.1 channels are highly druggable, making them prime targets for novel 

therapies. KCa2.3 and KCa3.1 channels play crucial roles in the cardiovascular system [18,19]. 

KCa3.1 is co-expressed in vascular endothelial with KCa2.3, and their pharmacological activation 

may represent a potential unique endothelium-specific antihypertensive therapy since these two 

channels are associated with endothelial-derived hyperpolarization (EDH) [20,21]. KCa2.3 and 

KCa3.1 channels also play a critical role in the physiology of various tissues and disease states. 

Human genetic mutations of these channels cause different channelopathies [22]. It has been 

identified that KCNN3 mutations in the valine-to-leucine change at position 450 in a family have 

a pathogenetic role in the idiopathic noncirrhotic portal hypertension (INCPH) [2,5]. INCPH is 

characterized by features of portal hypertension, mostly affecting small intrahepatic portal veins 

that cause portal hypertension without cirrhosis. Although the expression of SK channels in portal 

veins has limited studies, the authors speculated that certain mutations in KCNN3 affect endothelial 

vaso-regulation in the portal vein or hepatic artery [5].  

Three KCNN3 amino acid substitutions identified in Zimmermann-Laband syndrome ZLS-

affected individuals are located at structurally and functionally relevant positions and may impact 
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KCa2.3 channel gating [2,5]. This KCa2.3-related disorder belongs to a channelopathy characterized 

by coarse face, gingival hyperplasia, and nail hypo- or aplasia and is caused by dysregulated 

several K+ channels. The ZLS-related mutations (K269E, G350D, and S436C) cause an increase 

in the apparent Ca2+ sensitivity of KCa2.3 channels [2,4].  

In the same way, the genetic mutations in KCa3.1 channels may lead to “Gardos 

channelopathy” in patients with hereditary xerocytosis (hemolytic anemia characterized by 

primary erythrocyte dehydration). In 1958, Gárdos first discovered a link between Ca2+ and K+ 

permeability when he recognized that Ca2+ could enhance the K+ permeability of human 

erythrocytes [14,23]. These hemolytic anemias resulting from increased erythrocyte permeability 

and subsequent Gardos channel activation may be fit for treatment with KCa3.1 channel blockers 

such as Senicapoc. Treatment of sickle cell disease with Senicapoc has already increased 

erythrocyte lifespan. However, it was observed that the three Gardo’s mutants result in higher 

channel activity, while they do not share a common mechanism in altering channel characteristics, 

i.e., Ca2+ sensitivity [24]. These Gardos channelopathy-related mutations (V282M/E [8], 

S314P5[10], A322V6[9], and R352H [11]) cause hypersensitivity to Ca2+ of KCa3.1 channels.  

The primary focus of this study is to compare the KCa2.3 and KCa3.1 subtypes on the 

regulation of their apparent Ca2+ sensitivity by the S45A/S45B helices and HA/HB helices, 

respectively. It is critical to identify the role of KCa2.3 and KCa3.1 channels in genetic disorders 

and understand the regulation of their apparent Ca2+ sensitivity. The structural information guided 

us in identifying the effect of KCa2.3 and KCa3.1 channel mutations in genetic disorders. Here I 

utlized the recent cryo-EM structure (PDB code: 6CNN) [14] as a template (Figure 3.2 A+B). Our 

collaborator Dr. Cui was able to generate a homology model of the human KCa2.3 channels (Figure 

3.2 C+D). Besides, our electrophysiological expertise also was vital in determining the Ca2+ EC50 
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values of KCa2.3 and KCa3.1 based on their apparent Ca2+ sensitivity [18]. We could effectively 

quantify the apparent Ca2+ sensitivity of the INCPH-related (V450L) and the ZLS-related (S436C) 

mutations in the S45A/S45B helices of KCa2.3 channels. Their equivalent mutations in the S45A/S45B 

helices of KCa3.1 channels also increased apparent Ca2+ sensitivity. On the other hand, the Gardos 

channelopathy-related (S314P, A322V, and R352H) mutations in the HA/HB helices elevated the 

apparent Ca2+ sensitivity of the KCa3.1 channel but not in KCa2.3 channels (did not change the 

apparent Ca2+ sensitivity). The negative gating modulator, AP14145, decreased the apparent Ca2+ 

sensitivity of the INCPH- and ZLS-related mutant KCa2.3 channels suggesting its potential 

therapeutic usefulness [25–27]. 

Figure 3.2 Disease-causing mutations in the S45A/S45B helices and HA/HB helices of human KCa3.1 and 

human KCa2.3 channels. The HA/HB helices from one channel subunit (green), the S45A and S45B helices from a 

neighboring channel subunit (yellow), and CaM (grey) closely interact with each other. (A+B) KCa3.1 channel 

subunits (PDB: 6cnn). The Gardos channelopathy-related mutations (S314P, A322V, and R352H) shown as red 

spheres are located in the HA/HB helices. (C+D) KCa2.3 channel subunits A homology model was generated using 

the human KCa3.1 channel cryo-EM structure with Ca2+. The ZLS-related (S436C) and INCPH-related (V450L) 

mutations shown as red spheres are located in the S45A/S45B helices. 
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3.3  Materials and Methods 

The effect of mutations on the apparent Ca2+ sensitivity of KCa2.3 and KCa3.1 channels was 

investigated using the following techniques.  

3.3.1 Site-Directed Mutagenesis: 

Site-Directed Mutagenesis SDM is a vital in-vitro technique for characterizing the 

dynamic, complex relationships between protein structure and function, studying gene expression 

elements, and carrying out vector modification [28-30]. In our study, the mutations were 

introduced to human KCa2.3 and KCa3.1 channels using the mutagenesis method. Sense and 

antisense primer sequences were synthesized by IDT (Integrated DNA Technologies). The DNA 

fragments with point mutant were amplified by PCR and ligased into restriction enzyme sites; Nhe 

I and EcoR I for KCa2.3 and Nhe I and Xho I for KCa3.1. The mutant plasmids were extracted by 

QiAprep Spin Miniprep kit (QIAGEN). The DNA sequence of mutants was confirmed by 

Retrogen Inc. The CLC sequence viewer software was used for designing primers and alignment 

DNA sequences. 

3.3.2  Transfection: 

 The WT and mutant channel cDNAs, constructed in the pIRES2-AcGFP1 vector 

(Clontech), were transfected into HEK293 cells (Homo sapiens, female, RRID: CVCL_0045) by 

the calcium–phosphate method when the cells were ~50% confluent (A buffered 

saline/phosphate solution is used to mix DNA with Ca2+ chloride to generate a calcium-

phosphate-DNA co-precipitate). Ca2+ phosphate enables the binding of DNA to the cell surface. 

DNA then enters the cell by the endocytosis [31]. The cells were harvested 2 days post-
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transfection. KCa2.3 and KCa3.1 currents were recorded 1–2 days after transfection with an 

Axon200B amplifier (Molecular Devices) at room temperature.  

3.3.3 Electrophysiology (Patch-clamp recording): 

The patch-clamp recording is a gold standard and powerful technique for studying ion 

channels' physiological, pharmacological, and biophysical properties [32]. pClamp 10.5 

(Molecular Devices) was used for data acquisition and analysis. The resistance of the patch 

electrodes ranged from 3–5 MΩ. The pipette solution contained (in mM): 140 KCl, 10 HEPES 

(pH 7.4), and 1 MgSO4. The bath solution containing (in mM) 140 KCl, 10 HEPES (pH 7.2), 1 

EGTA, 0.1 Dibromo-BAPTA, and 1 HEDTA was mixed with Ca2+ to obtain the desired free Ca2+ 

concentrations, calculated using the software by Chris Patton of Stanford University 

(https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm). 

The Ca2+ concentrations were verified using a Ca2+ calibration buffer kit (Thermo Fisher 

Scientific). A standard curve was generated using the Ca2+ buffers from the kit and a fluorescence 

Ca2+ indicator. Then the Ca2+ concentrations of our bath solutions were determined through 

interpolation on the standard curve. 

Currents were recorded using an inside-out patch configuration [33] (Figure 3.3). The 

apparent Ca2+ sensitivity of KCa2.3 and KCa3.1 channels is regulated by the phosphorylation [34]. 

The EC50 values for Ca2+ determined in inside-out patches may deviate from the apparent Ca2+ 

sensitivity of KCa2.3 and KCa3.1 channels in intact cells. Nonetheless, the inside-out patch 

configuration allows us to measure the response of the channels to various Ca2+ concentrations 

from the same patch and effectively compare the apparent Ca2+ sensitivity of WT and mutant 

channels. The intracellular face was initially exposed to a zero-Ca2+ bath solution and subsequently 

https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm
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to bath solutions with a series of Ca2+ concentrations. Currents were recorded by repetitive 1-s-

voltage ramps from − 100 mV to + 100 mV from a holding potential of 0 mV. Ten sweeps with a 

1-s interval were recorded one minute after switching bath solutions. The integrity of the patch 

was examined by switching the bath solution back to the zero-Ca2+ buffer. Data from patches, 

which did not show significant changes in the seal resistance after solution changes, were used for 

further analysis. To construct the concentration-dependent positive modulation of channel 

activities, the current amplitudes at − 90 mV in response to various concentrations of Ca2+ were 

normalized to that obtained at   amaximal concentration of Ca2+. The normalized currents were 

plotted as a function of the concentrations of Ca2+.The Hill coefficient, a measure of cooperativity 

in a binding process. The Hill coefficient is related to the sigmoidal shape, as the Hill coefficient 

increases, the curve becomes more sigmoidal, indicating greater positive cooperativity between 

substrate molecules [35]. EC50 values and Hill coefficients were determined by fitting the data 

Figure 3.3 The general principle of patch-clamp electrophysiological recording technique. (A) The 

patch-clamp recording workflow. (B) The methods of performing electrophysiological recordings with the inside-

out configuration. KCa channels were co-transfected with a Green Fluorescent Protein (GFP) in HEK293 cells. 
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points to a standard concentration-response curve (Y = 100/(1 + (X/EC50)^ − Hill)). To measure 

the effects of AP14145, the intracellular face was exposed to a specific Ca2+ concentration. One 

minute after switching bath solutions, ten sweeps with a 1-s interval were recorded at a series of 

concentrations of AP14145 in the presence of the Ca2+. 

3.3.4 Computational modeling 

Our collaborator, Dr. Meng Cui in Northeastern University School of Pharmacy, was able 

to build a homology model for the human KCa2.3 channel based on a cryo-EM structure of the 

KCa3.1 channel (PDB Code: 6CNN) [14] (Figure 3.2). Sequence alignment among KCa2.3 and 

KCa3.1 channels was generated by the Clustal Omega server 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). The sequence identity between KCa2.3 and KCa3.1 is 

46.6%, which makes the KCa3.1 Cryo-EM structure an excellent structural template for generating 

the homology models for the KCa2.3 channels. Using the MODELLER program [36] to generate 

ten initial homology models for the KCa2.3 channel based on the KCa3.1 structural template. We 

selected the one with the best internal DOPE score from the program. Structural images were 

created with the UCSF Chimera program [37]. 

3.3.5  Data and statistical analysis 

Patch-clamp recordings were analyzed using Clampfit 10.5 (Molecular Devices LLC, San 

Jose, CA, USA, RRID: SCR_011323), and concentration-response curves were analyzed in 

GraphPad Prism 9.0.2 (GraphPad Software Inc., La Jolla, CA, USA, RRID: SCR_002798). The 

responses to various concentrations of AP14145 or Ca2+ were normalized to that obtained at a 

maximal concentration of AP14145 or Ca2+ to control for unwanted sources of variation, including 

the size of the inside-out patches and the expression level of channels. If normalization generated 
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values with no variance, the data point was not subjected to parametric statistical analysis. 

Concentration-response curves were acquired from multiple patches for each data set. Each curve 

was fitted individually, which yielded the EC50 value for that curve. EC50 values are shown as 

mean ± SEM obtained from multiple transfections, and the number of separate transfections is 

indicated by n. 

The cell transfection with channel cDNAs, the patch-clamp recordings, and data analysis 

were performed in a blinded fashion. Data with a maximal current in response to 10 μM Ca2+ out 

of the range between 100 and 4000 pA were excluded from the data set, and this caused the variable 

group sizes. All experimental electrophysiology results included at least five patches. In MD 

simulations, minimum distances at the cytoplasmic gate were fitted to Gaussian distribution, which 

is shown as mean ± SD. The unpaired student's t-test was used for data comparison if only two 

groups existed. ANOVA (One-way) and Tukey's post hoc tests were used for data comparison of 

three or more groups. Post hoc tests were carried out only if F was significant and there was no 

variance inhomogeneity. P values of <0.05 were considered statistically significant. 

3.3.6 Materials 

AP14145 was dissolved in DMSO to make a stock solution of 100 mM. The stock solution 

was then diluted in bath solution to the final concentrations for patch-clamp recordings. KCl, 

MgSO4, and DMSO were purchased from Fisher Scientific. EGTA, Dibromo-BAPTA, and 

HEDTA were purchased from Sigma-Aldrich. HEK293 cells (RRID: CVCL_0045) were used to 

express ion channels in electrophysiological experiments. Cell culture media and solutions were 

from Gibco/Invitrogen. Molecular biology reagents were from New England Biolabs and Takara 

Bio. 
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3.4 Results 

3.4.1  The mutations in the S45A/S45B helices of KCa2.3 and KCa3.1 channels 

Previously, we discovered that an asparagine-to-alanine (N-to-A) mutation in the 

S45A/S45B helices increased the apparent Ca2+ sensitivity in both KCa2.2a and KCa3.1 channel 

subtypes [18]. Here I first investigated the equivalent N441A mutation, together with the ZLS-

related S436C and INCPH-related V450L mutations in the S45A/S45B helices of KCa2.3 channels 

(Figure 3.4) [7]. The effect of these mutations on the Ca2+-dependent channel activation was 

examined using inside-out patch-clamp recordings on the mutant channels heterologously 

expressed in HEK293 cells (Figure 3.4). 

 

 

 

 

 

 

The S436C, N441A and V450L mutations obviously elevated the KCa2.3 channel apparent 

Ca2+ sensitivity compared with wild- type (WT) KCa2.3 channel (EC50 = 0.30 ± 0.025 μM, n = 8)  

Figure 3.4  The ZLS-related (S436C) and INCPH-related (V450L) mutations increased 

Ca2+ sensitivity of KCa2.3 channels. (A) Amino acid sequence alignment of human KCa2.3 

[GenBank: NP_002240.3] and human KCa3.1 [GenBank: NP_002241.1] at the S45A and S45B helices 

(highlighted in yellow). Amino acid residues mutated are shown in red font. (B) Activation by Ca2+ of 

the WT and mutant KCa2.3 channels carrying mutations in the S45A/S45B helices. (C) EC50 values for 

activation by Ca2+ of the WT and mutant KCa2.3 channels. 
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(Figure 3.4 B) (Figure 3.5). EC50 values for Ca2+ were 0.087 ± 0.0058 μM (n = 6, P < 

0.0001), 0.064 ± 0.0098 μM (n = 6, P < 0.0001), and 0.15 ± 0.013 μM (n = 6, P < 0.0001), 

respectively (Figure 3.4, C and Table 3.1). I tested the equivalent mutations to move to the KCa3.1 

channels (Figure 3.6). Three equivalent mutations, S181C, N186A, and V195L, also increased the 

apparent Ca2+ sensitivity of KCa3.1 channels (Figure 3.7). EC50 values for Ca2+ of the three mutants 

were 0.10 ± 0.011 μM (n = 7, P < 0.0001), 0.10 ± 0.0055 μM (n = 5, P < 0.0001), and 0.20 ± 0.020 

μM (n = 5, P < 0.01), compared with WT KCa3.1 channels (EC50 = 0.27 ± 0.012 μM, n = 8, (Figure 

3.6, B and Table 3.1).  

 

 

 

Figure 3.5 Current traces of concentration-dependent activation by Ca2+ 

of the WT (A), S436C (B), N441A (C), and V450L (D) KCa2.3 channels. 
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Figure 3.7  The mutations equivalent to KCa2.3_S436C and KCa2.3_V450L increased the 

Ca2+ sensitivity of KCa3.1 channels. (A) Concentration-dependent activation by Ca2+ of the WT and 

mutant KCa3.1 channels carrying mutations in the S45A/S45B helices. (B) EC50 values for the 

activation of the WT and mutant KCa3.1 channels by Ca2+. 
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Figure 3.6  Representative current traces of concentration-dependent activation by Ca2+ 

of the WT (A), S181C (B), N186A (C), and V195L (D) KCa3.1 channels. 
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3.4.2 The Mutations in the HA/HB helices of KCa2.3 and KCa3.1 channels 

Based on our previous study, a valine-to-phenylalanine (V-to-F) mutation in the HA helix 

caused Ca2+ hypersensitivity in the KCa2.1, KCa2.2, and KCa2.3 subtypes [38]. Still, the equivalent 

V-to-F mutation in KCa3.1 channels did not alter their apparent Ca2+ sensitivity [18]. Fortunately, 

a heterozygous V-to-F mutation in KCa2.3 (V555F) in a young child was reported to be linked to 

ZLS [2]. We investigated this new mutation hypothesizing that it would increase the apparent Ca2+ 

sensitivity similar to the corresponding KCa2.2 mutation [38]. 

I then tested the KCa3.1_V298F mutation, together with the Gardo's channelopathy-related 

(S314P [10], A322V [9], and R352H [11–13]) missense mutations located in the HA/HB helices 

of KCa3.1 channels (Figure 3.8 A and Figure 3.9). Three Gardos channelopathy-related S314P, 

A322V, and R352H mutations increased the apparent Ca2+ sensitivity of KCa3.1 channels (Figure 

3.8 B). The EC50 values for Ca2+ of the three mutants were 0.064 ± 0.0033 μM (n = 9, P < 0.0001), 

0.059 ± 0.0039 μM (n = 8, P < 0.0001), and 0.085 ± 0.0081 μM (n = 8, P < 0.0001), compared 

with WT KCa3.1 channels (EC50 = 0.27 ± 0.012 μM, n = 8, Figure 3.8 C and Table 3.2). Consistent 

with our previous report[18], the V298F mutation did not change the apparent Ca2+ sensitivity 

compared with the WT KCa3.1 channels (Figure 3.8 C3.8 C and Table 3.2). Consistent with our 

Table 3.1  Apparent Ca2+ sensitivity of each mutation located in the S45A and S45B helices compared with 

the WT channels. 
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previous report [18], the V298F mutation did not change the apparent Ca2+ sensitivity compared 

with the WT KCa3.1 channels (Figure 3.8 C and Table 3.2).  

Figure 3.8 The Gardos channelopathy-related (S314P, A322V, and R352H) mutations 

caused Ca2+ hypersensitivity of KCa3.1 channels. (A) Amino acid sequence alignment of human KCa2.3 

[GenBank: NP_002240.3] and human KCa3.1 [GenBank: NP_002241.1] at the HA and HB helices 

(highlighted in green). Amino acid residues mutated are shown in red font. (B) Concentration-dependent 

activation by Ca2+ of the WT and mutant KCa3.1 channels carrying mutations in the HA/HB helices. (C) 

EC50 values for activating the WT and mutant KCa3.1 channels by Ca2+*** P < 0.001 compared with WT 

channels. No asterisk means no statistical significance compared with respective WT channels. 

Next, I tested the equivalent mutations in KCa2.3 channels (Figure 3.11). Three equivalent 

mutations, A571P, T579V, and R612H, did not alter the KCa3.1 channel's apparent Ca2+ sensitivity 

(Figure 3.10 A). The EC50 values for Ca2+ of the three mutants were 0.30 ± 0.027 μM (n = 8, P > 

0.9999), 0.25 ± 0.032 μM (n = 6, P = 0.5666), and 0.27 ± 0.014 μM (n = 11, P = 0.8339), compared 

with WT KCa2.3 channels (EC50 = 0.30 ± 0.025 μM, n = 8, Fig. 3.10 B and Table 3.2). On the other 

hand, the V555F mutation increased the apparent Ca2+ sensitivity compared with the WT KCa2.3 

channels (Figure 3.10 B and Table 3.2).  
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Figure 3.9  Representative current traces of concentration-dependent activation by Ca2+ of 

the V298F (A), S314P (B), A332V (C) and R352H (D) KCa3.1 channels. 

 

Figure 3.10  The mutations equivalent to KCa3.1_S314P, KCa3.1_A322V, and KCa3.1_R352H 

did not change the apparent Ca2+ sensitivity of KCa2.3 channels.  (A) Activation by Ca2+ of the WT 

and mutant KCa2.3 channels carrying mutations in the HA/HB helices. (B) EC50 values for activation 
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by Ca2+ of the WT and mutant KCa2.3 channels. *** P < 0.001 compared with WT. No asterisk means 

no statistical significance compared with WT. 

 

I then tested the other two ZLS-related mutations in the N-terminus, K269E (Figure3.12 

A) and G350D, in the transmembrane domains (Figure3.12 B) of KCa2.3 channels. Both 

mutationsK269E and G350D increased the apparent Ca2+ sensitivity of KCa2.3 channels, with EC50 

values of 0.086 ± 0.013 μM (n = 6, P < 0.0001) and 0.12 ± 0. 013 μM (n = 8, P < 0.0001), 

respectively (Table 3.3). 

Figure 3.11  Representative current traces of concentration-dependent activation 

by Ca2+ of the V555F (A), A571P (B), T579V(C), and R612H (D) KCa2.3 channels. 
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3.4.3 The effects of a negative gating modulator on the mutant KCa2.3 channel 

AP14145, a negative KCa2 gating modulator, inhibits KCa2.3 channels by decreasing the 

calcium sensitivity of the channel. The inhibitory effect of AP14145 is dependent on two amino 

acids, S508 and A533, located in the inner pore of the KCa2.3 channel [39,40]. I tested the effects 

of AP14145 on the WT and mutant KCa2.3 channels to discover potential pharmacological 

therapies for the diseases caused by mutant KCa2.3 channels (Figure 3.12 A-F). AP14145 (10 μM) 

right-shifted the Ca2+ concentration-response curves of all the mutant and WT channels, 

demonstrating its effectiveness as a negative gating modulator. 

Table 3.2  Apparent Ca2+ sensitivity of each mutation located in the HA/HB helices compared with the WT 

channels. 
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AP14145 produced a ~3.6-fold decrease in the apparent Ca2+ sensitivity of KCa2.3_WT 

channels (Figure 3.12 F, Table 3.3). However, its effects on the mutant channels were slightly less 

prominent. AP14145 changed the EC50 values for Ca2+ of KCa2.3_K269E, KCa2.3_G350D, 

KCa2.3_S436C, KCa2.3_V450L and KCa2.3_V555F channels by ~1.63, ~2.25, ~2.18, ~2.07 and 

~2.09 folds, respectively (Table 3, Figure 3.12 A-E). 

 

AP14145+2.3 caK2.3caK

AP14145
Inhibitory 

effect 

)Mμ(50  EC Effect  Hill coefficient  N* 

 

Channels  )Mμ(50 EC Effect  Hill coefficient  N* Channels 

~3.61.08 ± 0.10

Decrease  
Ca2+ 

sensitivity
(shift to left)

 

1.34 ± 0.14
8WT + AP141452.3_caK0.30 ± 0.025___ 3.88 ± 0.598 WT2.3_caK

~1.63 0.14 ± 0.0113.15 ± 0.72
5K269E + AP141452.3_CaK

0.086 ± 0.013 

Increase  
2+Ca

sensitivity
(shift to left)

3.45 ± 0.46
6 2.3_K269ECaK

~2.25 0.27 ± 0.025
3.86 ± 1.09

52.3_G350D + AP14145caK
0.12 ± 0.0134.19 ± 0.43

8 2.3_G350DcaK

~2.18 0.19 ± 0.026
2.28 ± 0.45

52.3_S436C + AP14145caK
0.087 ± 0.00584.37 ± 0.85

6 2.3_S436CcaK

~2.07 
0.31 ± 0.0613.01 ± 0.6252.3_V450L + AP14145caK

0.15 ± 0.0133.01 ± 0.62
5 2.3_V450LcaK

~2.09 
0.14 ± 0.0152.81 ± 0.335Kca2.3_V555F + AP14145

0.067 ± 0.00473.77 ± 0.20
6 2.3_V555FcaK

N*= number of experiments 

Table 3.3 The effects of AP14145 on the Ca2+dependent activation of WT and mutant KCa2.3 channels. 
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3.5 Discussions 

KCa2.x/KCa3.1 channels are a unique group of potassium ion channels activated exclusively 

by sub micromolar concentrations of intracellular calcium and thus are voltage-

independent[10,24,25]. Mutations in both KCa2.3 and KCa3.1 channels have been linked with 

human genetic disorders. The effects of these mutations on the apparent Ca2+ sensitivity of the 
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Figure 3.12  The effects of a negative modulator on the Ca2+-dependent activation of WT and 

mutant KCa2.3 channels. Activation by Ca2+ of the KCa2.3_K269E (A), KCa2.3_G350D (B), KCa2.3_S436C 

(C), KCa2.3_V450L (D), KCa2.3_V555F (E) and KCa2.3_WT (F) channels. 
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channels were determined. The Gardo's channelopathy-related KCa3.1_A322V[9], 

KCa3.1_S314P[10], and KCa3.1_R352H[11–13] mutations in the HA/HB helices caused 

hypersensitivity to Ca2+, which could lead to increased K+ outflow and erythrocyte dehydration 

[10,11,42,43].  

In the S45A/S45B helices, the ZLS- and INCPH-related mutations increased the apparent 

Ca2+ sensitivity of KCa2.3 channels. It is unclear exactly how the Ca2+ hypersensitivity of KCa2.3 

channels leads to ZLS and INCPH. Increased KCa2.3 channel function in the central nervous 

system might be related to defective cognitive function. In contrast, elevated KCa2.3 channel 

activity in the vascular endothelium is considered involved in the distal digital hypoplasia [2,7]. A 

previous report determined faster time courses of channel activation upon breakthrough of the cell 

membrane to the whole-cell configuration with pipette solution containing 1 μM of Ca2+[2,41], 

indicating higher apparent Ca2+ sensitivity of the ZLS- and INCPH-related mutant KCa2.3channels. 

In this study, we quantitatively determined the EC50 values for Ca2+ of these mutant channels using 

the inside-out configuration (Table 3.1-3.3). They are hypersensitive to Ca2+, with the ZLS-related 

mutants being more sensitive to Ca2+ than the INCPH-related mutant channel. 

The amino acid sequences of KCa2.3 at the S45A and S45B helices share ~59% identity with 

the KCa3.1 channel (highlighted in yellow, Figure 3.4). These two channel subtypes share ~60% 

identity at the HA/HB helices (highlighted in green, Figure 3.8). Ca2+ binding to CaM forms a 

stable structural group with the HA/HB helices and the S45A and S45B helices from a neighboring 

KCa3.1 channel subunit (Figure3.2 A, B)[7]. The homology model of the human KCa2.3 channels 

showed similar interactions (Figure 3.2 C, D). In the previous chapter, we addressed the crucial 

role of the interactions between CaM, the HA/HB helices, and the S45A/S45B helices in the 

apparent Ca2+ sensitivity of the channels [18]. 
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I demonstrated in this study that the equivalent mutations in the S45A/S45B helices of KCa2.3 

(KCa2.3_S436C, KCa2.3_N441A, and KCa2.3_V450L) and KCa3.1 (KCa3.1_S181C, 

KCa3.1_N186A, and KCa3.1_V195L) channels elevated the apparent Ca2+ sensitivity of both 

channel subtypes (Figure3.4 and Figure3.6). However, mutations in the HA/HB helices of KCa3.1 

(KCa3.1_S314P, KCa3.1_A322V, and KCa2.3_R352H) channels causedCa2+ hypersensitivity 

(Figure 3.8), whereas their equivalent mutations in KCa2.3 (KCa2.3_A571P, KCa2.3_T579V, and 

KCa2.3_R612H) did not alter the apparent Ca2+ sensitivity (Figure 3.10). Moreover, a mutation in 

the HA/HB helices of KCa2.3 (KCa2.3_V555F) channels increased Ca2+ sensitivity (Figure 3.10). 

In contrast, its equivalent mutations in KCa3.1 (KCa3.1_V298F) did not change the apparent Ca2+ 

sensitivity (Figure 3.8). More matched changes in the apparent Ca2+ sensitivity of KCa2.3 and 

KCa3.1 channel subtypes were observed in response to equivalent mutations in the S45A/S45B 

helices. These two channel subtypes often exhibited differential responses to equivalent mutations 

in the HA/HB helices.  

Studying the apparent Ca2+ sensitivity of KCa2.3 and KCa3.1 channels is essential because 

of their involvement in genetic disorders. As cryo-EM structures are only available for KCa3.1 

channels [14], caution should be taken when studying KCa2.x channel subtypes, especially for their 

HA/HB helices [7].  

It was reported that the apparent Ca2+ sensitivity of KCa2.2 channels could be negatively 

regulated by the phosphorylation of the CaM [44,45]. Indeed, the Ca2+ sensitivity of all 

KCa2.x/KCa3.1 channel subtypes can be reduced by the phosphorylation of the CaM [46]. As such, 

the EC50 values for Ca2+ determined in HEK293 cells may differ from the apparent Ca2+ sensitivity 

of the channels expressed in other cell types (e.g., endothelial cells) due to the phosphorylation 

status [46]. Interestingly, KCa3.1 is unique among these four subtypes in that activation of KCa3.1 
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can be enhanced by the phosphorylation of a histidine residue (H358) in the HB helix [47], possibly 

by antagonizing copper-mediated inhibition of the channel [48]. This unique regulation of KCa3.1 

by the phosphorylation of H358 in the HB helix may also echo this notion that KCa3.1 channels 

are modulated differently by the HA/HB helices from KCa2.x channels. 

The pharmacology for the KCa3.1 channel subtype has been well-developed[19]. TRAM-

34 [49,50] and Senicapoc [51,52] inhibit KCa3.1 channels with IC50 values of ~11 nM and ~20 nM, 

respectively, with selectivity (200-1000-fold) towards IK channels over other channel subtypes. 

With excellent pharmacokinetic properties in humans, senicapoc has become a potential candidate 

for the treatment of Gardos channelopathy, a subset of hereditary xerocytosis[51,53]. There is a 

current clinical trial (ClinicalTrials.gov Identifier: NCT04372498) studying senicapoc in patients 

with hereditary xerocytosis caused by KCa3.1 channel mutations. However, until now, no 

pharmacological treatment has been discovered for ZLS and INCPH caused by KCa2.3 channel 

mutations. A negative KCa2 gating modulator AP14145, which is equipotent in modulating KCa2.2 

and KCa2.3 [40,54], with no inhibitory effect on KCa3.1, has been reported to treat atrial fibrillation 

in pigs [55] and goats [56]. AP30663 [39,57] is a structurally related compound currently in early 

clinical development for converting atrial fibrillation [58]. The results indicated that AP14145 

reduced the apparent Ca2+ sensitivity and right-shifted the Ca2+ concentration-response curves 

(Figure 3.12) and (Table 3.3) of the mutant KCa2.3 channels, implying the potential therapeutic 

usefulness of negative KCa2 channel gating modulators.  
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3.6 Conclusions 

Understanding the regulation of Ca2+ apparent sensitivity is critical. This study's 

electrophysiological data and computational modeling collectively demonstrated that the 

equivalent mutations in the S45A/S45B helices increased the apparent Ca2+ sensitivity of both 

KCa2.3 and KCa3.1 channels subtypes. On the other hand, the equivalent mutations in HA/HB 

helices of KCa2.3 and KCa3.1 affected their apparent Ca2+ sensitivity differently. This, in turn, 

would suggest that the distinct modulation of the two-channel subtypes arises from the HA/HB 

helices rather than S45A/S45B helices. Future studies can take advantage of these results for the 

potential drug development for these channelopathy-causing gain of function mutations in the 

S45A/S45B of KCa2.3 channels subtypes. 
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 4 Conclusions 

Calcium-activated potassium (KCa) channels are widely expressed in excitable and non-

excitable tissues, including epithelia, smooth muscle, and sensory cells. KCa2.x/KCa3.1 are voltage-

independent and are activated by an increase in intracellular Ca2+ via the Ca2+ sensor protein 

calmodulin (CaM). Defects in the apparent Ca2+ sensitivity of KCa channels caused by GOF or LOF 

in the KCNN genes result in a broad spectrum of human genetic disorders. 

In this dissertation, the effects of these mutations on the apparent Ca2+ sensitivity were 

determined of both KCa2.3 and KCa3.1 channels. The research utilized the recent cryo-EM structure 

information that guided in identifying the impact of KCa2.3 and KCa3.1 channel mutations in 

genetic disorders. The Gardo’s channelopathy-related KCa3.1 GOF mutations in the HA/HB 

helices increased the Ca2+ sensitivity. The ZLS- and INCPH-related GOF mutations also increased 

the apparent Ca2+ sensitivity in the S45A/S45B helices of KCa2.3 channels. This study also 

demonstrated the potential therapeutic use of the negative KCa2 channel gating modulators. 

Collectively, these structure-function studies of KCa2 & KCa3 suggest that the distinctive 

modulation of the two-channel subtypes arises from the HA/HB helices rather than S45A/S45B 

helices. This finding is related to the previous mutagenesis work that revealed the HA/HB helices 

were responsible for KCa2 subtype-selective positive modulators. "Nam, Y.-W.; Cui, M.; El-Sayed, 

N. S.; Orfali, R.; Nguyen, M.; Yang, G.; Rahman, M. A.; Lee, J.; Zhang, M. Subtype-Selective 

Positive Modulation of KCa 2 Channels Depends on the HA/HB Helices. Br. J. Pharmacol. 2022, 

179 (3), 460–472. https://doi.org/10.1111/bph.15676." 

 

https://doi.org/10.1111/bph.15676
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Future Directions: 

- Continuing the structure-function studies on KCa2 channel subtypes, especially for the 

HA/HB helices, can help design more efficient and potent subtype selective positive 

modulators considering the previous works below of chemically modified CyPPA 

compounds and further investigations are needed to determine their effectiveness. 

"El-Sayed, N. S.; Nam, Y.-W.; Egorova, P. A.; Nguyen, H. M.; Orfali, R.; Rahman, M. A.; 

Yang, G.; Wulff, H.; Bezprozvanny, I.; Parang, K.; Zhang, M. Structure–Activity 

Relationship Study of Subtype-Selective Positive Modulators of KCa2 Channels. J. Med. 

Chem. 2022, 65 (1), 303–322." 

 

"Nam, Y.-W.; Pala, R.; El-Sayed, N. S.; Larin-Henriquez, D.; Amirrad, F.; Yang, G.; 

Rahman, M. A.; Orfali, R.; Downey, M.; Parang, K.; Nauli, S. M.; Zhang, M. Subtype-

Selective Positive Modulation of KCa2.3 Channels Increases Cilia Length. ACS Chem. Biol. 

2022, 17 (8), 2344–2354." 

 

- Future studies can benefit from these results for the potential drug development for these 

channelopathy-causing gain of function mutations in the S45A/S45B of KCa2.3 channels 

subtypes to gain insights into how to design selective blockers or negative-gating modulators 

for KCa2.3  

- Moreover, the structure-function studies on KCa2 channel subtypes, especially for the HA/HB 

helices can help answer the following question: why did the differential effects happen in the 

HA/HB helices? 
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