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The Ca2+-activated K+ (KCa) channels can be grouped into three categories: large (BK, KCa 1.1), intermediate

(SK4/IK/KCa3.1), and small (SK1, SK2, SK3/KCa2.1, KCa2.2, KCa2.3) conductance ion channels. They possess a

unique feature to connect intracellular Ca2+ signals to cell excitability. KCa channels are widely expressed in the neurons

of the central nervous system (CNS), where they are involved in the control of excitability, synaptic signal transduction,

and firing pattern. 
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1. Introduction

Ca  ions entering the cell are a crucial source for the activation of a diversity of Ca -sensing proteins. The latter include

Ca -activated potassium (K ) ion channels, which have been reported to be controlled via the Ca  entry across diverse

Ca  channels.

In non-excitable cells, K  channels organize K  homeostasis and cell volume. Additionally, they trigger hormone

secretion and the release of neurotransmitters. The plethora of functions of K  channels reflects their imperative in living

organisms. Defective working mechanisms or overexpression of K  channels have been associated with neuronal

disease  and many cancer phenotypes .

BK channels define the membrane potential and possess a very high single-channel conductance of ~100–300 pS. They

are activated by both, voltage and enhanced cytosolic Ca  levels. The single-channel conductance of SK4 channels is in

the range of 20–85 pS, while that of SK1–3 channels exhibit 4–14 pS. Small and intermediate K  channels activate at

low intracellular Ca  concentration (300 nM) in a voltage-independent manner. Despite BK and SK channels show a

rather low homology, both are regulated by Ca . Nevertheless, their gating mechanism is completely distinct. While BK

channels are directly gated by Ca  ions, the activation of SK channels is triggered upon Ca  binding to calmodulin

(CaM), which is constitutively bound to SK channels . This entry highlights the activation mechanisms of SK

channels.

2.1. SK Channels

SK channel complexes possess a tetrameric stoichiometry with each of the four subunits composed of six transmembrane

(S1–S6) domains. Thus, they resemble the overall structure of voltage-gated (Kv) K  channels, whereas the voltage

sensor S4 is absent. Both, N- and C-termini of SK channels are situated in the cytosol. The pore region of SK channels is

formed by a re-entrant loop between the S5 and S6 domains  (Figure 1a).
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Figure 1. The structure and activation mechanism of SK channels. (a) The proposed structure of the SK channel with

constitutively bound CaM. P represents the pore region of the channel. Moreover, residues that have been associated

with the rare developmental disorder, the Zimmermann–Laband Syndrome, are highlighted. (b) The top and side view of

SK4 tetramer (PDB ID 6CNM; 4 subunits colored distinct in red, yellow, light blue, green) bound to 4 CaM (dark blue). (c)

The scheme depicts the stepwise gating mechanism of the SK channel. Under the Ca  free conditions (left panel), the

SK channel remains closed. The C-lobe of CaM is constitutively associated with the channel, whereas the CaM N-lobe

possesses diverse conformations due to a high level of flexibility and almost no present interaction to the channel. The

binding pocket of the CaM N-lobe at this stage stays closed. In the presence of Ca , the ions bind to the CaM N-lobe,

which structurally rearranges into a more open conformation (middle panel). The latter rearrangement allows the

interaction of CaM N-lobe with the S A helix. In the following, the N-lobe pulls the S A toward the cytosol, displacing

S B away from the pore axis (right panel). Subsequently, the S6 helical bundle expands and potentially opens the pore.

Modified from .

Recently, two cryo-EM structures of the SK4-CaM complex in the closed and open conformation with a resolution of 3.4

and 3.5 Å , respectively, have been reported. These structures confirm that four SK4 subunits assemble in a four-fold-

symmetric tetramer which is ~95-Å long and 120-Å wide . The pore region formed by the re-entrant loop between S5

and S6 domains is surrounded by S1 and S4 helices. The topology of SK channels resembles that of BK channels,

however, there are two essential differences in the length of S1 and S2 helices and the structure of the S4-S5 linker. In the

SK channel, the S1 and S2 expand to the cytosol and are much longer (60 Å) than those of the BK channels. The S4-S5

linker in the SK channel comprises two α-helices, S A and S B, whereas it forms a short turn in the BK channel. The

structure of the S4-S5 linker is assumed to be responsible to transfer Ca  sensitivity to the SK channel gate mediated by

CaM (Figure 1).

At the C-terminal end of S6, two helices H  and H  positioned in parallel to the membrane plane were resolved. The

peripheral ends of H  and H  of each SK4 subunit represent the binding site for CaM C-lobes. Four CaMs bind to one SK

channel tetramer. H  is still followed by another helix, H , which forms a coiled-coil region positioned in the center of the

complex. This region is essential for channel assembly and trafficking  (Figure 1).

While the structure-function relationship of all SK channels is comparable, they exhibit distinct expression patterns in

specific cell types. SK1–3 channels are found in different kinds of cells including neurons, smooth muscle, and sensory

cells . The SK4 channel is mainly expressed in the epithelial cells .

2.2. Activation Mechanism of a Human SK-Calmodulin Channel Complex

SK channel gating is accomplished by submicromolar changes in cytosolic Ca  levels (K  = 0.5 µM) . Ca -dependent

regulation of K  channels is established via constitutively bound calmodulin (CaM)  to the calmodulin-binding domain

(CaMBD) at the C-terminus. The first indications of K  activation via CaM have been obtained upon CaM binding to

partially purified K  channels from the kidney. Furthermore, SK2 channel deletion mutants have unraveled the proximal

C-terminus as the CaM-binding domain, CaMBD. GST fusion protein experiments have revealed that CaM was efficiently

bound to the CaMBD, both, in the absence as well as the presence of Ca  .
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CaM binding to the C-terminus of SK channels has been further verified via the structural resolution of a complex of a C-

terminal fragment of SK2 channels together with Ca /CaM. This structure shows an elongated dimer of two C-termini

containing a CaM attached at each end . Each CaM twists around three alpha-helices, whereas two are from one CaM-

binding domain and one is from the other CaMBD subunit. These findings have suggested that a CaMBD dimerization

process induced via the Ca /CaM complex establishes SK channel gating .

Structural resolutions of the SK4 channel in complex with CaM have suggested that the C-terminal CaM lobe (C-lobe) is

constitutively bound to SK4, whereas the N-terminal lobe (N-lobe) controls SK4 gating in a Ca -dependent manner 

(Figure 1). Indeed, in the Ca -free environment, the cryo EM structure reveals a tight association of the CaM C-lobe to

the H  and H  helices, while the CaM N-lobe displays high mobility. The latter likely allows fast detection of and response

to the local Ca  signals . In the presence of Ca , the cryo EM structure reveals that the CaM N-lobe is attached to

SK4, thus, forming a novel interaction network. Specifically, CaM binds to the S1 and S2 helices and directly contacts the

H  and H  helices of a neighboring subunit. Overall, each CaM molecule has been reported to interact during SK channel

activation with three subunits of the SK channel tetramer. The binding pocket for CaM is formed by S A, with S B

forming a bridge to S6 which enables the indirect contact of CaM to the pore. In support, several residues of S A helix

face the CaM N-lobe pocket directly. This region of the helix is highly conserved among the SK channel family potentially

reflecting its importance for the channel function. Moreover, several amino acids, that form interactions within one subunit

and between two subunits (N201 with R287 and K197 with E295, respectively) have been reported to hold the structural

elements together. The gate formed by the residues V282 at the S6 helices represents the narrowest part of the channel

pore with a radius <1 Å in the closed state. The SK4 V282G mutant has been reported to form a leaky channel that allows

activation of currents also in the absence of Ca . Moreover, two disease-related gain-of-function mutants SK4 V282Q

and SK4 V282M associated with a type of hemolytic anemia are currently known .

Overall, structural and functional analysis has demonstrated that the C-lobe is responsible for Ca -independent tight

association to the SK channel subunit, whereas Ca -induced gating is established via EF hands in the N-lobe. Ca -

bound CaM triggers structural alterations within the SK channel that leads to pore opening . The current idea of the

SK channel activation mechanism suggests that upon the increase of [Ca ]  CaM N-lobe binds to Ca  ions, which

induces a conformational change. Hence, the affinity of the N-lobe for binding to S A helix is enhanced. Subsequently,

CaM couples to the S A and moves it toward the cytosol, whereas S B helix is displaced from the pore axis (Figure 1c).

This movement leads to structural changes of the S6 helices allowing pore opening. Ca -independent CaM binding has

been shown to control the SK channel trafficking to the membrane .

2. Ca -Activated K  Channels in Diseases

2.1. SK Channel in Neurons and Neuronal Disease

SK channels play an essential role in neurons for the intrinsic excitability and synaptic function. Dysregulation of SK

channels has been connected to neuropsychiatric/neurodegenerative disorders such as epilepsy, Parkinson’s disease,

schizophrenia, or bipolar disorder . In human patients diagnosed with schizophrenia, a spontaneous N-terminal

deletion mutation of the SK channel gene has been detected . Similarly, significantly suppressed expression and

function of SK channels are responsible for the development of epilepsy . Down-regulation of SK channels has been

determined after induced status epilepticus (30 min continuous seizure or repeated seizures). The role of SK channels in

Parkinson’s disease has remained elusive because of the contradictory evidence. Although some reports have

demonstrated that enhanced SK channel activity could mitigate symptoms of Parkinson’s disease . The

reason for the different results is probably that Parkinson’s disease consists of different stages. Besides the role of the SK

channels in neurons and epithelial cells, several publications have already highlighted their role in breast, colon, or

prostate cancer cells.

Several SK3 gain-of-function mutations (K269G, G350N, S436C, V450L; positions indicated in Figure 1 A) have been

associated with a rare developmental disorder, the Zimmermann–Laband Syndrome. As patients show, among diverse

phenotypes, in addition epilepsy, this syndrome has been proposed to belong to neurological channelopathies .

2.2. SK Channels in Cancer

With respect to the potential role of the K  channels in cancer only a few studies are currently available. Interestingly, SK

channels have been reported to be expressed only in four cancer types. Gene expression of at least one of the K

members has been identified in medulloblastoma (SK3) , glioma (SK2) , melanoma (SK2 and SK3) , or breast

cancer (SK2 and SK3) . Interestingly, despite the detection of gene expression in medulloblastoma and brain tumor

cells, no SK-typical current activation or other biological effects have been detectable. Thus, diverse reports have
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assumed that the presence of the gene does not necessarily lead to the subsequent expression of the functional protein

. Contrarily, in breast cancer and melanoma cells, both SK2 and SK3 channel activity have been proven.

Additionally, in colon cancer cells SK3 expression and SK3-mediated currents have been detectable. In particular, SK3

channel activity drives breast and colon cancer cell migration, which is abolished by the SK channel inhibitor apamin. In

melanoma cells, SK3 channel expression controls cell motility. The proliferation enhancing the role of SK2 in melanoma

cells appears only under hypoxia .

Among other members of the Ca -activated K  channel family, both, IK and BK channels, have been found to play a

significant role in cancer. The association of BK and IK channels to specific cancer hallmarks and tumor progression has

already been reported for many diverse tumor cell lines such as breast, prostate, colon, glioblastoma, melanoma, cervical

carcinoma, and others. This knowledge has already been discussed in many excellent reviews 

. Specifically, BK channels have been found to determine glioma, breast, and prostate cancer cell growth 

. IK channels are involved in the control of the typical cancer hallmarks of glioma, colon, prostate, breast cancer, and

cervical carcinoma . The most frequently occurring type of cancer-cell-hijacked biological function appears to

be the upregulation of the protein expression which induces cell proliferation, migration, and finally triggers bone

metastasis .
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