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In this paper, the current challenges of mitochondrial potassium channels research were critically reviewed. Even though recent progress in understanding K+ traffic in mitochondria has been substantial, some basic issues of this process remain unresolved. Here, we focused on the critical discussion of the molecular identity of various mitochondrial potassium channels. This point helps to clarify why there are different potassium channels in specific mitochondria. We also described interactions of mitochondrial potassium channel subunits with other mitochondrial proteins. Posttranslational modifications of mitochondrial potassium channels and their import are essential but unexplored research areas. Additionally, problems with the pharmacological targeting of mitochondrial potassium channel were illustrated. Finally, the limitation of the techniques used to measure mitochondrial potassium channels was explained. We believe that recognizing these problems may be interesting for readers but will also help to progress the field of mitochondrial potassium channels.
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INTRODUCTION
The first mitochondrial potassium-selective channel, namely, the ATP-sensitive potassium (mitoKATP) channel, was discovered over 30 years ago (Inoue et al., 1991). Application of patch-clamp technique also revealed the sensitivity of the mitoKATP channel to antidiabetic the sulfonylurea—glibenclamide. These properties suggest that in the inner mitochondrial membrane, there are potassium channels similar to the ATP-sensitive potassium (KATP) channels present in the plasma membrane of various cells (Inoue et al., 1991; Kravenska et al., 2021). Initial observations were focused on the functional characterization of the mitoKATP channel. For many years, the task of this channel was not in line with Peter Mitchell’s chemiosmotic theory. This is because ion channels that dissipate the electric potential of mitochondria lower the synthesis of ATP by mitochondria. Later, the mitochondrial potassium channels were joined with cytoprotection phenomena and positioned as molecular representation of the potassium uniport, and this helped to reveal that these proteins are central part of mitochondrial ion transport complexes. This was the beginning of the story on mitochondrial potassium channels. Additionally, it is important to remember that influx of K+ into mitochondria is coupled with efflux of potassium via K+/H+ antiport forming so called K+ cycle (Garlid and Paucek 2003; Pereira and Kowaltowski 2021).
Later, the identification of several other mitochondrial potassium channels such as mitochondrial large-conductance calcium-activated potassium (mitoBKCa) channels, mitochondrial intermediate-conductance calcium-activated potassium (mitoIKCa) channels, mitochondrial small-conductance calcium-activated potassium (mitoSKCa) channels, mitochondrial sodium-activated potassium (mitoSlo2) channels, mitochondrial voltage-regulated potassium (mitoKv) channels and mitochondrial two pore domain potassium (mitoTASK) channels was reported (Laskowski et al., 2016; Krabbendam et al., 2018; Kravenska et al., 2021). The properties, pharmacology and function of these proteins were discussed in a set of review publications summarized in Table 1.
TABLE 1 | Review papers on mitochondrial potassium channels published since 2012 till 2022.
[image: Table 1]In this paper, we will not summarize existing data on mitochondrial potassium channels but rather identify the current challenges of this field (Figure 1). Despite a substantial progress in our understanding of mitochondrial K+ traffic, some key issues have not been resolved. Despite advancements in the molecular identification of various mitochondrial potassium channels, there is still no precise map for the distribution of specific potassium channels in various types of mitochondria. Additionally, our understanding of why a simple process of K+ influx into mitochondria is catalyzed by so many different channels is not clear. Furthermore, the targeting and import of potassium channels into mitochondria remains a mystery. Moreover, there are strong indications suggesting that interactions of potassium channels with other mitochondrial proteins may create a specific regulatory context in which they function. Understanding the posttranslational modification of mitochondrial potassium channels is still in the early stage of understanding. Another important issue is the development and application of techniques to study the function of mitochondrial potassium channels in intact cells. Finally, the pharmacology of mitochondrial potassium channels, which are very similar to plasma membrane potassium channels, requires careful and thoughtful examination.
[image: Figure 1]FIGURE 1 | Schematic presentation of topics related to the current state of research on mitochondrial potassium (mitoK) channels—discussed in this report.
We believe that the identification of these challenges may not only be interesting for the reader but will also help to support progress in this field.
Molecular Identity of Mitochondrial Potassium Channels
For many years, since the discovery of mitoKATP channels in liver mitochondria (Inoue et al., 1991), mitochondrial potassium channels in various types of tissue cells have been identified on functional bases (Szabo and Zoratti 2014; Laskowski et al., 2016). Mitochondrial potassium channels were simply a phenomenon with no clear molecular origin. It is difficult for some bioenergetics groups to accept the presence of channel-like proteins in the inner mitochondrial membrane. The membrane potential dissipating proteins such as ion channels is not an obvious and obligatory element of chemiosmotic theory (Garlid and Paucek 2003; Jarmuszkiewicz and Szewczyk 2019; Kulawiak et al., 2021; Pereira and Kowaltowski 2021).
Recently, the molecular identity of some mitochondrial potassium channels has been established (Foster et al., 2012; Singh et al., 2013; Paggio et al., 2019; Kulawiak et al., 2021). Based on the biophysical and pharmacological properties, it is believed that the mitochondrial potassium channels have some similarities to plasma membrane potassium channels. Hence, the majority of mitochondrial potassium channels are probably isoforms (splice variants) of plasma membrane potassium channels. Defining the molecular identity of the various mitochondrial potassium channels is one of the most important current challenges in this field. This conclusion also concerns the issue of auxiliary proteins such the β subunits of mitoBKCa channels or sulfonylurea receptor (SUR) (Szabo and Zoratti 2014; Paggio et al., 2019; Szteyn and Singh 2020).
Initial findings suggested that the mitoKATP channel was formed by the inward rectifier Kir6.1 or Kir6.2 subunits similar to the plasma membrane KATP channel. This hypothesis is not supported by current observations. Later studies showed that the ROMK2 potassium channel isoform of the renal outer medullary potassium channel could be the structural component of the mitochondrial channel (Foster et al., 2012; Bednarczyk et al., 2018; Laskowski et al., 2019). Recently, it was shown that the pore-forming subunit of the mitoKATP channel is a product of the CCDC51 gene (Paggio et al., 2019). The mitoKATP is inhibited by the antidiabetic sulfonylurea glibenclamide. Therefore, it was speculated that the glibenclamide receptor (SUR), is an integral part of the mitochondrial channel. Indeed, CCDC51 interacts with mitochondrial SUR, encoded by the ABCB8 gene. The mitoKATP channel formed by these two proteins has the established pharmacological properties of the mitoKATP channel (Paggio et al., 2019). Interestingly, it was also suggested that the subunits of ATP synthase or some components of the respiratory chain could form mitoKATP channels. Surprisingly, this channel was sensitive to mitoKATP channel modulators and FO inhibitors (Juhaszova et al., 2022a; Juhaszova et al., 2022b). It was concluded that mammalian F1FO can operate utilizing K+ flux and that both K+ and H+ travel the same route within ATP synthase (Juhaszova et al., 2022a). It cannot be ruled out that ATP-sensitive K+ flux in mitochondria may be catalyzed by several different proteins.
The mitoBKCa channel activity was originally identified in the mitochondria of LN229 glioma cells by the patch-clamp technique (Siemen et al., 1999). Later, similar channel was described in other tissues, including the brain, heart, skeletal muscle, dermal fibroblasts, pulmonary and kidney epithelial cells and endothelium (see references in Table 1). The KCNMA1 gene encodes the pore-forming α subunit of both the mitoBKCa and the plasma membrane BKCa channels. The VEDEC isoform of the α subunit is targeted to cardiac mitochondria (Singh et al., 2013). Transfection with a VEDEC-encoding plasmid results in mitoBKCa channel activity in HEK293T cells (Galecka et al., 2021). Additionally, the functional heterogeneity of mitoBKCa suggested that there are few mitochondrial isoforms of the α subunit and various auxiliary subunits such as β proteins. Similar channels, have been identified in the mitochondria of lower animals and plants. However, molecular identity of these channels is unclear (Koszela-Piotrowska et al., 2009; Pastore et al., 2013; Laskowski et al., 2015).
The molecular identity of mitochondrial intermediate (mitoIKCa) and small conductance (mitoSKCa) channels is also unclear. Intermediate conductance calcium-activated potassium channels from the mitochondrial inner membrane were identified for the first time in human colon cancer cells. These channels show a conductance close to 27 pS (De Marchi et al., 2009; Dolga et al., 2013; Szabo and Zoratti 2014; Krabbendam et al., 2018; Rotko et al., 2020b). Mitochondrial channels are likely splice variants of plasma membrane channel. The activity of IKCa channels in the mitochondria and plasma membrane influences oxidative phosphorylation (Kovalenko et al., 2016). In the inner mitochondrial membrane channel with conductance 4–14 pS i.e. small conductance calcium-activated potassium channels have also been identified (Dolga et al., 2013; Stowe et al., 2013; Szabo and Zoratti 2014; Krabbendam et al., 2018; Rotko et al., 2020b).
Few voltage-gated potassium channels, including mitoKv1.3, mitoKv1.5, and mitoKv7.4, have been identified in mitochondria. These channels are similar to those found in the plasma membrane of various cells (Szabo et al., 2005; Checchetto et al., 2018; Wrzosek et al., 2022). The pore-forming α subunit of the Kv1.3 channel contains voltage-sensing domains and is encoded by the KCNA3 gene. Activity of these channels is regulated by auxiliary β subunits. The presence of the mitoKv1.3 channels was observed in T cells and in cancer cells such as leukemia Jurkat T cells, prostate cancer PC-3 cells, B-cell chronic lymphocytic leukemia (CLL), and breast cancer MCF-7 cells (Szabo et al., 2008; Severin et al., 2022). Similar channel have been identified in gerbil hippocampal mitochondria (Bednarczyk et al., 2010). The Kv7 channel subfamily consists of five members named sequentially from Kv7.1 to Kv7.5, encoded by the KCNQ1-5 genes. Each of these channels forms homotetramers, or heterotetramers, that exhibit different tissue distributions and physiological roles. The presence of mitoKv7.4 channels was demonstrated in the H9c2 cardiomyoblast cell line and in adult cardiomyocytes (Testai et al., 2016). Recently the same channel was described in neuronal cells (Paventi et al., 2022).
In the mitochondria of cardiac tissue sodium-activated potassium channels have been identified. These channels belong to the Slo2 family (Wojtovich et al., 2011; Kulawiak et al., 2021). Two genes encode Slo2 channels in mammalian cells: KCNT2, which encodes Slo2.1 (also known as Slick) channels, and KCNT1, which encodes Slo2.2 (Slack) channels (Wojtovich et al., 2011; Kulawiak et al., 2021).
The mammalian TASK-3 channel encoded by KCNK9 gene has been identified in the inner mitochondrial membrane of melanocytes, melanomas (WM35 and B16F10), and keratinocytes. In the human keratinocyte HaCaT cell line the mitochondrial TASK-3 had a conductance of 83 pS at positive voltages and 12 pS at negative voltages in symmetric 150 mM KCl, as measured by the single-channel patch clamp technique (Nagy et al., 2014; Toczylowska-Maminska et al., 2014; Wrzosek et al., 2022).
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are localized mainly in the plasma membrane, although they have also been detected in the mitochondria. This was suggested for rat kidneys, human HEK 293 cells, and human cardiac tissue (Leon-Aparicio et al., 2019; Wrzosek et al., 2022). We believe that their presence in mitochondrial membranes and molecular origin need further confirmation.
A very interesting hypothesis has recently been put forward by Zemel and others. Their work suggests existence of nonselective monovalent cation (including K+) channel which is closely associated with respiratory chain complex I (Zemel et al., 2022). However, it seems that this issue requires further research.
All of the above information suggests that determining the molecular identity of mitochondrial potassium channels is a very complex and difficult task. We believe this complexity is also due to the dynamic nature of the mitochondria. The structural and functional dynamic nature of mitochondria may lead to heterogeneity of mitochondrial potassium channels expression within the cell. In other words, the mitochondria in a cell may contain different sets of potassium channels. Insufficient information on the molecular identity of mitochondrial potassium channels significantly limits the progress in understanding their functional role and pharmacological properties.
Why Are There Different Potassium Channels in the Mitochondria
Potassium cation transport in mitochondria plays an important role in mitochondrial volume homeostasis. The complex coupling of mitochondrial matrix swelling and contraction to mitochondrial metabolism was previously described. Additionally, K+ transport modulates ROS synthesis in mitochondria (Garlid and Paucek 2003; Jarmuszkiewicz and Szewczyk 2019; Pereira and Kowaltowski 2021). For many years the description of the mitochondrial potassium cycle involved a pathway of K+ influx known as potassium uniport. It was assumed that this kind of specific transport activity was catalyzed by one type of protein. Currently, we believe that a set of mitochondrial potassium channels form a pathway (known previously as potassium uniport) of K+ influx into the negatively charged mitochondrial matrix (Augustynek et al., 2017; Kulawiak et al., 2021).
As mentioned above, a few different potassium channels have been described in the inner mitochondrial membrane. Why does the inner mitochondrial membrane contain a few various potassium ion channels? Why is a simple process of K+ influx not catalyzed by only one type of potassium channel? The way in which this question is answered does testify to our understanding of the functional role of potassium channels in mitochondria. Specifically, this demonstrates our understanding of the physiological role of mitochondrial potassium channels in processes such as ischemia/reperfusion and oxidative stress.
A very good example of the many different routes of potassium ion influx through the inner mitochondrial membrane is the cardiomyocyte mitochondria (Kulawiak et al., 2021). In cardiac mitochondria, the following mitochondrial potassium channels have been identified: mitoKATP channels, mitoBKCa channels, mitoSKCa channels, mitoSlo2 channels, mitoHCN channels and mitochondrial voltage-regulated potassium (mitoKv7.4) channels (Szteyn and Singh 2020; Kulawiak et al., 2021). What is the physiological benefit of using many different ligands and factors to regulate channels? Without experimental data, we speculate that temporal changes in cellular conditions will help us to understand the protective role of various mitochondrial potassium channels.
It is likely that potassium channels present in cardiomyocyte mitochondria are activated under specific circumstances. An early event during cardiac ischemia is ATP depletion, which should lead to mitoKATP activation. This is followed by mitochondrial membrane depolarization, which probably causes mitoKv7.4 activation (Giorgio et al., 2018; Kulawiak et al., 2021). Moreover, because of ATP depletion, ion pumps cannot function, leading an increase in the cellular Ca2+ concentration. The rise in Ca2+ during ischemia and reperfusion leads to an overload of mitochondrial Ca2+, particularly during reperfusion when oxygen is reintroduced (Borutaite et al., 2013; Giorgio et al., 2018). This should stimulate Ca2+-activated potassium channels such as mitoSKCa channels and mitoBKCa channels. During ischemia, anaerobic glycolysis, ATP hydrolysis, and the release of protons from acidic organelles cause the pH to decrease by approximately one unit, affecting mitoKATP activity. The decrease in intracellular pH during severe ischemia promotes the imbalance of other cations, leading to cellular Na+ overload (Borutaite et al., 2013; Kulawiak et al., 2021). This process may lead to Na+-activated mitoSlo2 channel stimulation. Reintroduction of oxygen during reperfusion allows synthesis of ATP and mitoKATP inhibition. However, restarting the electron transport chain results in increase of mitochondrial generation of reactive oxygen species (ROS). An increase in ROS may stimulate mitoKATP and mitoBKCa channels (Rotko et al., 2020b; Kulawiak et al., 2021).
This complex view of channel activation/inhibition possibly explains why there are few potassium channels. Most likely, the timing of changes such as ATP, pH, calcium and sodium cation concentration changes is critical to control K+ flux in mitochondria. In situ measurements of specific channel activity would help to identify when it becomes activated. However, how can the activity of intracellular K+ channels be measured in intact cells?
In situ Measurements of Mitochondrial K+ Traffic
The majority of techniques to study mitochondrial K+ transport were previously developed to characterize plasma membrane potassium channels. Most likely, measuring the mitochondrial swelling is the only unique technique that can follow the influx of K+ into mitochondria (Pereira and Kowaltowski 2021; Walewska et al., 2022b). Unfortunately, this technique cannot distinguish K+ flux via specific mitochondrial potassium channels. Moreover, the density of some mitochondrial channels is very low (Laskowski et al., 2016; Pereira and Kowaltowski 2021; Walewska et al., 2022b). Application of pharmacological tools is not helping to use mitochondrial swelling in mitochondrial channel studies. Hence, establishing technique for functional in situ studies of mitochondrial potassium channels is a real challenge.
The main difficulty in studying mitochondrial potassium channels is the need for isolating mitochondria and the mitochondrial inner membrane before functional experiments. This means that researchers must precisely design experiments to ensure that mitochondrial potassium channels, rather than plasma membrane channels, are studied in preparation. The reliability of functional studies on mitochondrial potassium channels is additionally influenced by the functional properties of mitochondria, such as their respiration, metabolic activity, swelling capacity or high electrical potential.
Key techniques used in mitochondrial potassium channel studies include i. electrophysiological methods (patch-clamp and planar lipid bilayer), ii. direct potassium flux measurements, and iii. biochemical techniques that are indirectly related to potassium movement across the inner mitochondrial membrane (Walewska et al., 2022b).
Key knowledge about the biophysical properties of the potassium channels (such as conductance or selectivity) was obtained with the application of the planar lipid bilayer technique and patch-clamp technique (Szabo and Zoratti 2014; Walewska et al., 2022b). These techniques are well established and widely used for studies of ion channels from the plasma membrane. However, the application of both techniques for mitochondrial potassium channel experiments requires a special approach. The first challenge is the need to use a membrane fraction with a very high purity. Due to the location of potassium channels in various organelles and cell compartments, this step is particularly important when using planar lipid membranes. These techniques not only helped to measure biophysical properties of the channels but were also crucial for identifying the pharmacology of mitochondrial potassium channels. Both electrophysiological techniques are demanding and require appropriate sample preparation and experience.
Direct measurement of K+ flux across the inner membrane is also possible by applying of fluorescent probes, i.e., small molecule probes, genetically encoded probes, and thallium (Tl+)-sensitive indicators (Walewska et al., 2022b). All these techniques are not easy to apply to study mitochondrial potassium channels in intact cells. Developing genetically encoded specific probes is likely a promising but not easy direction. One of the most interesting tools is the genetically encoded potassium ion indicator (GEPII) based on Förster resonance energy transfer-(FRET) (Bischof et al., 2017). The probe may be targeted to mitochondria and other intracellular compartments (Bischof et al., 2017). However, influx of potassium in mitochondrial matrix is accompanied by matrix volume increase that leads to complex interpretation of experiments.
Finally, the application of biochemical techniques due to unique mitochondrial activity allows the changes in mitochondrial function induced by mitochondrial potassium activity to be monitored. This approach includes measurements of respiration and membrane potential to track potassium fluxes via inner membrane channel proteins. Because mitochondrial respiration and potential depend on various conditions K+ traffic via channels is not simple (Walewska et al., 2022b).
The contribution of all these methods to advancing our knowledge on mitochondrial K+ channels are important. However, a good and easy technique to measure mitochondrial potassium channels in intact cells is expected in the future. This kind of approach would progress our understanding of the functional role of mitochondrial potassium channels.
The Ambushes of the Pharmacology of Mitochondrial Potassium Channels
An important part of mitochondrial potassium channel identification is based on the usage of specific chemical substances. The application of pharmacological modulators of mitochondrial potassium channels is crucial for the characterization of channel proteins (Szabo and Zoratti 2014; Leanza et al., 2019; Wrzosek et al., 2020). The majority of these modulators were previously used to characterize the potassium channels present in the plasma membrane. The group of modulators includes channel activators known as potassium channel openers and channel inhibitors such as blockers. Among both groups of modulators, there are synthetic substances and substances of natural origin, such as flavonoids or neurotoxins (Wrzosek et al., 2020). The application of these substances has been essential for the identification of mitochondrial potassium channels in mitochondria by electrophysiological techniques that focus on single-channel activities (Szabo and Zoratti 2014; Laskowski et al., 2016; Leanza et al., 2019).
However, experiments characterizing the role of mitochondrial potassium channels in isolated mitochondria or in intact cells revealed that pharmacological tools have serious limitations. Unfortunately, the majority of mitochondrial potassium channel modulators exhibit a wide range of off-target effects (Szabo et al., 2021; Wrzosek et al., 2022). Mitochondria seem to be especially susceptible to the nonspecific action of channel modulators. This action includes uncoupling properties, respiratory chain inhibition, and effects on cellular calcium homeostasis (Augustynek et al., 2017; Wrzosek et al., 2020). Therefore, the correct application of potassium channel inhibitors or activators on mitochondrial potassium channels is crucial in functional studies on intact cells. Since the discovery of potassium channels in eukaryotic cells, a large number of endogenous and synthesized substances have been discovered that modulate potassium channel activity. Due to the similar structure of potassium channels, some of these compounds interact with the channels found in the inner mitochondrial membrane. As mentioned above, a number of plasma membrane modulators, potassium channel openers, and inhibitors have been tested, and some have also been shown to regulate potassium channels that are located in the inner mitochondrial membrane (Leanza et al., 2019; Wrzosek et al., 2020; Wrzosek et al., 2022).
Unfortunately, the accumulation of drugs in mitochondria increases the probability of side effects (off-target effects) on mitochondrial enzymes, especially interactions with the respiratory chain or ATP synthase, which may be harmful due to multiple negative consequences on cellular function (Leanza et al., 2019; Wrzosek et al., 2020; Wrzosek et al., 2022).
The scales of difficulty are illustrated by, for example, the use of a diazoxide potassium channel activator. Diazoxide is still used as the primary treatment to control hypoglycemia in insulinoma (Wrzosek et al., 2022). Interestingly, mitoKATP channel is more sensitive to diazoxide than its counterpart in the plasma membrane. It was also observed that diazoxide is responsible for protecting heart cells against ischemia and reperfusion heart injury. However, this compound has also protonophoretic (uncoupling) properties and inhibits mitochondrial succinate dehydrogenase. There seems to be a debate as to whether the cytoprotective effect of diazoxide is due to mitoKATP activation or if it acts synergistically with other targets (Leanza et al., 2019; Wrzosek et al., 2020). Cytoprotection induced by diazoxide might be a result of complex II inhibition and production of reactive oxygen species and mitoKATP channels may be involved in cytoprotection as an independent factor (Leanza et al., 2019; Wrzosek et al., 2020). It has been speculated that by targeting nucleotide-requiring enzymes, particularly SDH and cellular ATPases, diazoxide reduces ROS generation and nucleotide degradation, resulting in the preservation of ATP levels in tissue during ischemia.
Moreover, properties of mitochondria such as high membrane potential, alkaline matrix and presence of respiratory chain generating protonmotive force are not helping for finding specific modulators of mitochondrial potassium channels. The identification of potassium channel modulators that are specific for mitochondrial potassium channels is an important aim of future studies. It is important for more than improving the identification of mitochondrial potassium channels. Specific drugs acting only on mitochondrial potassium channels in specific tissues or cell types will accelerate the use of these substances in medical applications, such as cytoprotection of ischemic tissue.
Neighborhood of Mitochondrial Potassium Channels
The environment in which mitochondrial potassium channels operate differs from that of the plasma membrane. This unique environment mainly involves a unique set of proteins in mitochondria, some of which interact directly with channel proteins (Kathiresan et al., 2009; Singh et al., 2016; Rotko et al., 2020b). Many of them are involved in redox reactions (Singh et al., 2016). Additionally, the active role of mitochondria as the site of ROS synthesis differs considerably from that of the plasma membrane. Mitochondrial potassium channels are regulated by factors such as ATP and Ca2+, which are important participants in mitochondrial metabolism (Szabo and Zoratti 2014; Rotko et al., 2020b).
The structural-functional interactions of mitochondrial potassium channels with respiratory chain proteins exhibits a strong context of channel functioning in mitochondria. A unique (specific for mitochondria) regulation of mitochondrial potassium channels was reported (Bednarczyk et al., 2013). The single-channel activity of the mitoBKCa channel was measured by patch-clamping mitoplasts isolated from the human astrocytoma (glioblastoma) U-87 MG cell line (Bednarczyk et al., 2013). It was shown that substrates of the respiratory chain, such as NADH, succinate, and glutamate/malate, decrease the activity of the channel. This effect was abolished by rotenone, antimycin, and cyanide, which are inhibitors of the mitochondrial respiratory chain. The putative interaction of the β4 subunit of mitoBKCa with cytochrome c oxidase (COX) was demonstrated using the blue native electrophoresis technique. These results indicated possible structural and functional coupling of the mitoBKCa channel with the mitochondrial respiratory chain in human astrocytoma U-87 MG cells (Bednarczyk et al., 2013). Directly regulating mitoBKCa channels by mitochondrial respiratory chain redox status may play an important role in the ischemia reperfusion phenomenon. In addition, a physical interaction was observed between the mitochondrial respiratory chain complex I and the mitoKv1.3 channel (Peruzzo et al., 2020).
The interaction of the mitoBKCa channel with COX has an additional interesting functional consequences. It is known that mitochondrial respiratory chain absorb near-infrared light between 700 and 1400 nm. In the near-infrared region, the 820 nm absorption band belongs mainly to the relatively oxidized CuA and the 760 nm absorption band to the relatively reduced CuB chromophore of COX. The absorption of infrared light by COX enhances respiratory chain function and increase the synthesis of ATP by mitochondria. The mitoBKCa channels of the astrocytoma cell line was investigated using a patch clamp technique with an illumination system (Szewczyk and Bednarczyk 2018). It was found that the mitoBKCa channel activity was modulated by illumination by infrared light. Activation of the mitoBKCa channel was observed after illumination using specific infrared light wavelengths. These findings confirmed the functional coupling of the respiratory chain via COX to the mitoBKCa channel and regulation its activity by infrared light (Szewczyk and Bednarczyk 2018).
Mitochondria are highly dynamic intracellular structures in which inner mitochondrial membrane can be dramatically remodeled, depending on metabolic activity. It was shown for the first time that mechanical stimulation of the mitoBKCa channel resulted in an increased probability of channel opening as measured by the patch-clamp technique in mitochondria isolated from human astrocytoma U-87 MG cells (Walewska et al., 2018a). These results indicated the possible involvement of mitoBKCa channels in mitochondrial activities in which changes in membrane shape and tension play a crucial role, such as fusion/fission and cristae remodeling (Walewska et al., 2018b).
These examples illustrate that localization of potassium channels in the mitochondrial inner membrane may form a new context of channel functioning and regulation. Understanding the new channel regulatory mechanisms, as a consequence of mitochondrial localization, seems to be an important challenge in the field of mitochondrial potassium channels.
Targeting of Potassium Channels to Mitochondria
Mitochondria have their own genome, which makes them semiautonomous organelles. However, mitochondrial DNA encodes only a small part of the mitochondrial proteome. Genes encoding most mitochondrial proteins are located in the nucleus and are translated by cytosolic ribosomes. Therefore, more than 99% of mitochondrial proteins must be imported into mitochondria. The same is true for the genes that encode mitochondrial potassium channels (Wiedemann and Pfanner 2017). However, little is known about the mechanism responsible for targeting potassium channels to mitochondria.
Many mitochondrial proteins translated in the cytosol have mitochondrial targeting signals (Chacinska et al., 2009; Wiedemann and Pfanner 2017). This signal can be localized in a specific region (e.g., presequence in the N-terminal part of the protein) or can be dispersed in different parts of the protein. Mitochondria are equipped in the system of protein translocases that recognize and sort imported proteins to mitochondrial compartments such as the matrix, inner mitochondrial membrane, intramembrane space, and mitochondrial outer membrane. Important steps of mitochondrial protein maturation may include cleavage of the mitochondrial presequence by mitochondrial proteases (Kulawiak et al., 2013; Wiedemann and Pfanner 2017).
Mitochondrial potassium channels are a heterogeneous group of proteins and include proteins with two transmembrane segments (such as ROMK protein or regulatory β subunits of mitoBKCa channels) and multispanning proteins (such as pore forming α subunit of the mitoBKCa or mitoKv1.3 channels).
Interestingly, the only mitochondrial potassium channel localized exclusively in the mitochondrial inner membrane is the CCDC51 protein. This protein has been identified as the pore-forming protein of the mitoKATP channel (Paggio et al., 2019). The amino acid sequence of CCDC51 suggests the existence of two transmembrane segments which makes it a good candidate for a TIM23 substrate. Similarly, ROMK2 protein also has two transmembrane segments. Interestingly, it has been suggested that this isoform has a mitochondrial targeting sequence localized in the N-terminus, which also makes it a potential substrate for TIM23 translocase (Foster et al., 2012). On the other hand, in the case of the mitoBKCa channel, the situation is probably different. The channel pore-forming α subunit has several transmembrane domains, which probably means that import to mitochondria arises a different path (Szteyn and Singh, 2020). However, a recent study showed that mitochondrial import of the Kv1.3 channel (which is a multispanning protein) is mediated by TIM23 translocase (Capera et al., 2022). This unexpected observation points to the need for a more detailed study of this issue.
Another issue is sorting of the mitochondrial potassium channel subunits between various cellular compartments. For example, BKCa channels are found in the plasma membrane, nucleus or mitochondria (Figure 2). This requires the existence of an efficient protein distribution system. Regarding the BKCa channel, it is possible that, in some cases, selection may be accomplished by mRNA splicing. For example, in cardiomyocytes it has been shown that the VEDEC isoform of α subunit is exclusively targeted to mitochondria (Singh et al., 2013). It is also possible that chaperone proteins play an important role in the distribution mechanism. HSP60 has been shown to interact with the α subunit of the BKCa channel. It has been proposed that this interaction might increase mitochondrial targeting of this subunit (Singh et al., 2016).
[image: Figure 2]FIGURE 2 | Diagram showing the problem of targeting potassium channels to multiple cell compartments using the example of a BKCa channel. The nascent pore forming subunit of the channel (1) can be targeted to the endoplasmic reticulum as its primary destination (2). A certain fraction of the protein, possibly using chaperones (3), can be directed to the mitochondria (4). From the endoplasmic reticulum, protein can be directed to other cell compartments such as the nucleus (5) or via the Golgi apparatus (6) to the plasma membrane (7). Probably the target location of the protein may also be influenced by the translation rate, which may be influenced by the codon usage bias (1). In addition, an important role in protein targeting may be played by alternative splicing, which results in the formation of various isoforms containing the appropriate targeting sequences.
Another interesting observation is that codon bias can alter the sorting of virus potassium channels between mitochondria and other cellular compartments (Engel et al., 2021). It has been described that codon optimization results in increased sorting of viral potassium channels to mitochondria. This seemed to be valid for several cell lines which suggests a general mechanism (Engel et al., 2021). Therefore, this line of research seems very interesting, especially when considering that different potassium channels may be present in the mitochondria of different tissues.
Posttranslational Modifications of Mitochondrial Potassium Channels
Posttranslational modifications (PTMs) of membrane proteins, including ion channels, are one of the most important regulatory mechanisms of protein function and activity (Stram and Payne 2016; Aranda-Rivera et al., 2021). The issue of PTMs of mitochondrial potassium channels is a broad topic and the experimental data available thus far is limited. Therefore, detailed analysis of posttranslational modifications of mitochondrial potassium channels is still one of the main challenges in the field.
Many studies have described the phosphorylation of mitochondria potassium channels is as an important step in the cardioprotection mechanism in murine, rabbit, canine and in vitro cell culture models. It has been found that protein kinase C, protein kinase A and protein kinase G regulate the activity of selected mitochondrial potassium channels, including mitoKATP and mitoBKCa (Figure 3) (Rotko et al., 2020b; Checchetto et al., 2021). Apparently, the phosphorylation of mitochondrial potassium channels might be a trigger for the induction of a cardioprotective cascade. Despite numerous data showing that phosphorylation affects channel activity and is important in cytoprotection, there is still little data on phosphorylation sites or the relationship between the signaling pathways that lead to cytoprotection. This thread is of particular interest considering the presence of several potassium channels in the mitochondria from the same tissue.
[image: Figure 3]FIGURE 3 | Posttranslational modifications of mitochondrial potassium channels.
Another example of PTM is directly related to the regulation of mitochondrial potassium channel activity by gaseous transmitters such as carbon monoxide (CO), hydrogen sulfide (H2S) or nitric oxide (NO) (Walewska et al., 2018b; Rotko et al., 2020a). Regulation of mitochondrial potassium channels activity by these gases is directly connected with posttranslational modifications such as S-nitrosylation or S-sulfhydration. However, the influence of this type of PTM on mitochondrial potassium channels is more complex. For example, a recent study showed that applications of the H2S donor NaHS result in the mitoBKCa S-sulfhydration of cysteines; however, this did not change the channel activity (Walewska et al., 2022a). The regulation of activity by gases is also related to the interaction of cofactors with channels such as heme (Walewska et al., 2018b; Rotko et al., 2020a; Rotko et al., 2020b). Nevertheless, the regulation of channel activity by gases seems to be important from the perspective of cytoprotective mechanisms, and a detailed understanding of this regulatory mechanism should be an important direction of research.
It seems that redox reactions play an important role in the cytoprotective mechanism. Mitochondrial potassium channels can act as redox sensors and are targets for reactive oxygen species, which may induce post-translational modifications (Aranda-Rivera et al., 2021; Kulawiak et al., 2021; Queliconi et al., 2011; O-Uchi et al., 2014; Trono et al., 2015). It has been shown that this may be necessary for the activation of cardioprotection (Queliconi et al., 2011; Rotko et al., 2020b). On the other hand, channel activation may regulate the synthesis of reactive oxygen species in the mitochondria. Regulation of the synthesis of reactive oxygen species also appears to be an important element of the cytoprotective signaling pathway (Rotko et al., 2020b; Borchert et al., 2013; O-Uchi et al., 2014; Trono et al., 2015).
Another potential and interesting issue is the glycosylation of mitochondrial channel subunits. It is known that the β regulatory subunits of plasma membrane BKCa channels are N-glycosylated. This has a major impact on the properties and regulation of the BKCa channels (Meera et al., 2000; Martinez-Espinosa et al., 2014). However, N-glycosylation only seems to occur outside the mitochondria. On the other hand, another type of glycosylation such as O-GlcNAcylation takes place in mitochondria, which may be an indication for the direction of research in this area. For example, this type of modification has been described for VDAC (Johnsen et al., 2013; Zhao et al., 2016). However, the fact that O-GlcNAcylation is a more dynamic process must be taken into account, and this causes some technical problems in regard to the methodological approach to this research (Zhao et al., 2016).
Final Remarks
In this paper, we have defined a few current challenges of mitochondrial potassium channel research. Despite 30 years of studies and substantial progress in understanding K+ traffic through the mitochondrial inner membrane, still some essential problems remain unresolved. Most likely, the most important issue is the identification of the molecular identity of mitochondrial potassium channels. Due to progress in this area, advancements in understanding the interactions of potassium channel proteins with other mitochondrial proteins and identifying of specific pharmacology, etc., will be possible. Progress in the techniques of measuring mitochondrial potassium channels will help to clarify of the physiological role of these proteins. We hope that clearly expressing all these problems will help to advance the field of mitochondrial potassium channels.
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