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Abstract 

Phylogenetic analysis can be a powerful tool for generating hypotheses regarding the evolution of 

physiological processes. Here, we provide an updated view of the evolution of the main cation 

channels in plant electrical signalling: the Shaker family of voltage-gated potassium channels and 

the Two Pore cation (K+) Channel (TPC1) family. Strikingly, the TPC1 family followed the same 

conservative evolutionary path as one particular subfamily of Shaker channels (Kout) and remained 

highly invariant after terrestrialisation, suggesting that electrical signalling was, and still remains, 

key to survival on land. We note that phylogenetic analyses can have their pitfalls, which may lead 

to erroneous conclusions. To avoid these in the future, we suggest a guideline for analyses of ion 

channel evolution in plants. 

 

HIGHLIGHTS 

 New sequence data resources allow the investigation of physiologically important 

processes in the spotlight of evolution to an unprecedented level of detail. 

 Outward-rectifying Kout channels and TPC1 – cation channels predominantly involved in 

electrical signalling in angiosperms – remained largely conserved during land plant 

evolution. 

 Inward rectifying potassium channels segregated into different subclades in seed plants, 

not before their divergence from a common ancestor with ferns. 

 Mosses have lost the subclade of outward-rectifying Kout channels, while lycophytes have 

lost the inward-rectifying clade of Shaker K+ channels. 

 Mosses and liverworts (setaphytes) show a second clade of TPC1-type channels, that likely 

have lost their sensitivity towards cytosolic and luminal Ca2+. 

 

Tracking the evolution of electrical signalling in plants 

Although it is generally accepted that modern land plants evolved from a green algal ancestor, 

several hypotheses regarding the relative placement of some clades, including bryophytes (mosses, 

liverworts and hornworts), are still actively discussed. The increased availability of sequence data 

is enabling more robust analyses as relationships between species in the tree of life are continually 

revised [1–4]. This data is also driving popularity in research examining the evolution of gene 

families underlying key traits for major adaptations that likely enabled terrestrialisation. In order 
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to thrive on land, plants would have benefitted from signalling pathways to facilitate the 

transmission of signals between cells in the plant body for coordinated responses to environmental 

changes. A prerequisite for the evolution of cellular excitability and electrical communication is 

voltage-gated cation channels that modulate ion fluxes into and out of the cell in response to 

stressors including drought, heat, and pathogens. The capacity for ‘action-potential (AP)’-based 

electrical signalling, involving changes in cell membrane potential controlled by the sequential 

activation of ion channels, is also found in some algae and for this reason, these ‘green axons’ 

were, in addition to the sensitive Venus flytrap (Dionaea) and Mimosa, among the first model 

systems used to study the nature of electrical excitability [5–12]. 

Compared to animals, less is known about the molecular players that drive electrical 

signalling in plants. While in animals, voltage-dependent sodium channels shape the depolarisation 

phase of an AP, in plants (Figure 1), it is believed that anion channel-mediated chloride efflux 

fulfils this role [13]. This depolarization activates voltage-dependent plasma membrane potassium 

efflux channels, which are currently considered responsible for repolarization of the cell 

membrane, resetting the cell, ready for the next AP [14,15]. Due to the activity of voltage-

dependent, K+-permeable channels in the tonoplast, the vacuole membrane also contributes to 

electrical excitability [16]. The plasma and vacuolar membranes are likely coupled via the Ca2+ 

wave that accompanies electrical signals (Figure 1; [17]). 

Proteins from the plant Shaker family of voltage-dependent plasma membrane K+ channels 

are tetramers built of four subunits, where each subunit comprises six transmembrane domains 

(S1-S6), a pore-forming loop and helix (P) between S5 and S6 and cytosolic N- and C-termini. In 

particular the C-terminus contains regulatory sites and the regions important for channel assembly 

[18–22]. The plant Two-Pore-Channel 1 (TPC1) is a dimer, consisting of two Shaker-like modules 

linked by a calcium-sensing domain (EF-hands), and encodes a calcium and voltage-dependent 

cation channel with a main permeability for K+ [23,24] that confers vacuole electrical excitability 

[16]. Understanding the evolution of electrical signalling in plants requires sequence knowledge 

of voltage-dependent plant cation channels. The recently published 1KP transcriptomes [3], and 

genomes of early- and late-diverging streptophyte algae [25–27] and early-diverging land plants 

[28,29] provide a rich resource from which to mine this information. However, recently published 

evolutionary analyses highlight the need for awareness of common pitfalls in dealing with large 

sequence datasets in the context of gene family evolution.  
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A Prudent Phylogenetic Approach 

Gene families evolve in complex ways through a variety of events such as gene duplication, 

deletion, and horizontal gene transfer, and therefore, it is not always easy to accurately reconstruct 

their phylogenetic relationships. One of the major limitations is the number of nucleotide or amino 

acid sites available for analysis. The use of coding sequences is often the only option because it is 

extremely difficult to align the other sequences that comprise or are associated with genes, such as 

untranslated regions, introns, and flanking intergenic regions, including promoters, especially 

when distantly related genes or organisms are compared. Therefore, protein sizes, domain 

architecture and their evolutionary rates are major determinants for the number of phylogenetically 

informative sites and for the success of phylogenetic analysis. Increased taxon sampling could 

compensate for such limitations, as it is known to improve the accuracy of tree reconstruction, 

even with modest amounts of sequences [30]. In addition, there are a few ways to improve 

phylogenetic trees with further information. Among others, perhaps the most commonly used 

technique is phylogeny reconciliation, which uses a pre-established species tree (see e.g. Figure 

S1 in the Online Supplemental Information) to refine less-supported branches based on 

duplication-loss parsimony [31]. While refining the topology, this method also allows tree rooting 

and the inference of speciation, duplication, loss, and transfer events, providing a platform for 

disentangling the complex history of gene family evolution. Large-scale databases such as 

TimeTree [32] and Open Tree of Life [33] are useful to apply phylogeny reconciliation when 

species trees are not available otherwise. Gene trees can also be crosschecked with structural and 

functional information available for the genes/proteins of interest. This step may identify 

anomalous genes that can bias the analysis, such as nonhomologous genes and genes with a poor 

quality of annotation. Here we employed the aforementioned methods and provide a 

comprehensive guide (described in more detail in the Supplementary Information online) for the 

proper classification of voltage-dependent cation channels in plants using the Shaker and TPC 

channel families as examples. 

 

Subclasses of Voltage-Gated Plant Potassium Channels  

Pioneering research on voltage-gated plant potassium channels has been carried out on the model 

plant Arabidopsis thaliana [19]. The Arabidopsis genome encodes nine different subunits of 
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voltage-gated potassium channels. According to structural and functional characteristics these 

were categorized into five subgroups [18,34]: (i) outward-rectifying Kout channels including SKOR 

and GORK [35,36], (ii) inward-rectifying Kin-a channels including KAT1 and KAT2 [37–39], (iii) 

inward-rectifying Kin-b channels including AKT1, SPIK, and AKT5 [40,41], (iv) weakly 

rectifying Kweak channels with the protagonist AKT2 (AKT2/3, AKT3) [42,43], and (v) modulating 

subunits (Ksilent, AtKC1) that alone do not form functional channels but modulate channel 

properties in heteromeric assemblies [44–47]. This five-group classification is applicable to all 

currently known voltage-gated K+ channels from angiosperms [48–55]. For gymnosperms and 

earlier-diverging plants, however, this classification has its limitations (Figure 2A; a fully 

expanded tree is provided as Figure S2). Channels from these organisms cannot always be 

assigned to one of these five subgroups because they lack some or all of the characteristic sequence 

fingerprints that determine the functional differentiation. Instead, it is clear that the five-group 

distribution of GORK-like, KAT1-like, AKT1-like, AKT2-like and AtKC1-like channels resulted 

from key evolutionary events (Box 1). 

 

Kout (GORK-like) Channels Were Already Present Before the Divergence of Charophyte 

Algae and Land Plants 

The origin of plant voltage-gated potassium channels could be traced back to algae [56–58]. 

Chlorophytes like Volvox, Coccomyxa, Chlamydomonas, Ostreococcus, and Micromonas as well 

as charophytes including Chlorokybus, Mesostigma, Klebsormidium, Chara, Spirogloea, and 

Mesotaenium exhibit large sequence variability in putatively voltage-gated potassium channels 

represented by different clades in phylogenetic trees. With the transition of green plants from an 

aqueous to a dry environment, this diversity collapsed [53,56]. One structural class (BK-like 

channels) has been preserved up to gymnosperms, while plant Shaker-like channels are the only 

voltage-gated K+ channels found in angiosperms. The two subclades of this plant Shaker family – 

found already in some late-diverging streptophyte algae including Spirogloea muscicola and 

Mesotaenium endlicherianum – differ from each other in at least five characteristic structural 

fingerprints, which also discriminate GORK-like Kout channels in land plants from the sister branch 

of Kin/Kweak/Ksilent channels (Box 2; Figure 2B; see also Figure S3 in the Supplemental 

Information online). Interestingly, these Kout-specific characteristics have not changed 

significantly during evolution, after their first appearance in streptophyte algae. Some of these 
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structural features were shown on the Arabidopsis Kout channel SKOR to be correlated with 

particular properties including outward-rectification and the sensing of extracellular K+ 

concentration [59–64]. 

An evolutionary particularity of plant Shaker K+ channels is that both subbranches, Kin and 

Kout, are present in hornworts, liverworts, ferns, gymnosperms and angiosperms. However, mosses 

– as represented by the sequenced genomes of Physcomitrella patens [28] and Sphagnum fallax 

(DOE-JGI) and the transcriptomes of diverse species available from the recent 1KP project [3] – 

lack the Kout clade, while lycophytes including Selaginella moellendorffii have lost the Kin branch 

[4,56,65]. Although GORK-like channels exist in the late-diverging streptophyte algae S. 

muscicola and M. endlicherianum, the earlier-diverging species Klebsormidium nitens does not 

possess channels exhibiting the characteristic five-motive Kout-fingerprint (Figure S3). These 

details refute a recently published opinion [22] which erroneously claimed that GORK-like 

channels exist in mosses and K. nitens based on the misclassification of Shaker channels that lack 

the hallmarks of GORK-like channels. 

 

Kweak (AKT2-like) Channels Appeared in the Seed Plant Lineage 

Kweak channels are unique inward-rectifying K+ channels which can exist in two different gating-

modes [66–68]: depending on their phosphorylation status, they (1) either activate only at voltages 

more negative than about -80mV, and thus allow proton pump-driven K+ uptake; or (2) their 

activation threshold is shifted to far positive voltages with the consequence that the channel is open 

over the entire physiological voltage-interval. Several characteristic fingerprints discriminate Kweak 

channels from the other subclasses (Box 2; Figure 2B). For the Arabidopsis Kweak channel AKT2, 

the pore region was demonstrated to be responsible for a pronounced block of the channel by Ca2+ 

ions [42,67,69]. As shown for AKT2 [67,68,70,71] and its rice homolog, OsAKT2 [72], their 

unique gating [42,43,73–76] could be assigned to a lysine-residue in the S4 voltage-sensor together 

with two phosphorylation sites in the S4-S5 linker and after the S6 domain. The combined 

structural fingerprints of Kweak channels – in particular, the invariable S4 lysine-residue – likely 

co-occurred with the evolution of seed plants. According to our analysis, and in contrast to another 

recent report that erroneously misclassified Shaker channel types [76], AKT2-like channels are 

neither present in algae nor early-diverging land plants. The clade of AKT2-like channels is found 

only in gymnosperms and angiosperms (Figure 2A; Figure S4; Box 1). 
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Ksilent (AtKC1-like) Channels are Limited to Angiosperms 

Ksilent channel subunits, like AtKC1 from Arabidopsis and KDC1 from carrot, assemble with other 

inward-rectifying K+ channel subunits to form heteromeric channels with new permeation and 

gating properties [44–47,77–80]. Although no study has correlated structural motifs with 

functional properties of these channels, Ksilent channels are characterised by distinctive sequence 

fingerprints (Box 2; Figure 2B; Figure S5). The combination of their structural motifs is found 

only in angiosperms suggesting that branching of the AtKC1-like clade represents a rather recent 

event (Figure 2A; Box 1). 

 

Kin-a (KAT1-like) and Kin-b (AKT1-like) Channels Separated with the Appearance of 

Angiosperms 

Real inward-rectifying channel subunits in Arabidopsis segregate into two subclades: the Kin-a 

clade (KAT1 and KAT2) and the Kin-b clade (AKT1, SPIK and AKT6). A remarkable difference 

between both is that AKT1-like channels require phosphorylation activation by calcium-sensing 

CBL/CIPK complexes to be competent for sensing voltage changes [77,81–85] while KAT1-like 

channels do not. From the structural point of view, members of the two clades differ in several 

characteristic patterns (Box 2; Figure 2B; Figure S6). These distinct patterns are characteristic 

for K+ channels from angiosperms. Inward-rectifying potassium channels from earlier-diverging 

plant lineages that putatively belong to the Kin clade show mixtures of these properties and cannot 

be assigned to either of these two subclades, Kin-a or Kin-b. Thus, the separation between KAT1-

like and AKT1-like channels plausibly occurred during angiosperm evolution, after divergence of 

gymnosperms (Figure 2A; Box 1). 

 

Two Subclades comprise the Plant Two-Pore-Channel (TPC) family 

TPC channels are found in animal lysosomal compartments and plant vacuoles but seem absent 

from prokaryotes [24,86]. Plant TPC proteins constitute the slow vacuolar cation conductance – 

the SV channel [23,87]. Although evolutionarily and structurally related, TPC channels are 

distinguished from Shaker-like K+ channels by consisting of two Shaker domains (D1 and D2) in 

tandem connected by a cytosolic linker region. Hence, two TPC subunits assemble into a 

functional ion channel protein [88,89]. TPCs from angiosperms have two Ca2+-binding EF-hands 
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in their cytosolic linker region [90] and a Ca2+-coordination site facing the vacuole lumen [88]. As 

a consequence, they are gated synergistically by voltage and changes in cytosolic calcium 

concentrations, while luminal calcium ions affect ion permeation and modulate voltage-

dependence [91].  

Screening of recently available transcriptomes and genomes, and subsequent phylogenetic 

analysis, revealed that – in contrast to the findings of previous analyses [24,92–94] – the plant TPC 

family evolved in two directions (Figure 3A; Figure S7). The multiple gene copies that the 

ancestral algae probably already possessed led to a splitting into the subclade TPC1a (or simply 

TPC1) encompassing TPC genes from angiosperms, ferns and bryophytes, and the subclade 

TPC1b consisting TPC channel variants from mosses and liverworts (setaphytes), only. Automatic 

domain predictions suggest that TPC1b members seem to almost completely miss the typical EF-

hand domain architecture in the D1-D2 linker region (Figure S7). A closer examination of this 

section, however, revealed a pronounced sequence preservation within both subclades, TPC1 and 

TPC1b (Figure S8). Preliminary structural modelling [95] further proposes that even TPC1b 

channels still have an EF hand-like conformation in the linker regions. It is not clear though 

whether these EF-hand-like structures still coordinate Ca2+ ions or whether the differences enable 

the channels to sense different second messengers.  

In contrast to cytosolic Ca2+, which activates angiosperm TPC1, vacuolar (luminal) Ca2+ 

inhibits channel activity. The amino acid exchange D454N in the Arabidopsis AtTPC1 gain-of-

function mutant fou2 (fatty acid oxygenation upregulated 2) renders the SV channel insensitive to 

inhibitory luminal Ca2+ [96–98]. This aspartate residue is part of a luminal Ca2+-coordination site 

which is highly conserved in members of the TPC1 subclade, but rather variable in those belonging 

to TPC1b (Figure S9; Figure 3B). Besides the aspartate (D454 in AtTPC1), luminal Ca2+ is further 

coordinated by side-chain carboxylates from two other residues (e.g. AtTPC1-E528 and AtTPC1-

D240 from the neighbouring subunit). Most TPC channels from both subclades exhibit the 

negatively charged side-chains corresponding to D240 in AtTPC1, while at the other two positions 

one or both negatively charged residues have been replaced with mainly uncharged residues in the 

TPC1b clade. Depending on the actual pattern of the coordinating motif, this suggests that 

members of the TPC1b subclade exhibit impaired luminal Ca2+ sensing. Finally, the observation 

that the D1 domain in many members of the TPC1b subclade is not properly annotated, is well in 

line with the finding that this domain evolves faster than the voltage-sensing D2 domain [99]. 
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Important Protagonists in Plant Electrical Signalling are Conserved During Land Plant 

Evolution 

The evolution of part of the Shaker family and that of the TPC1 family in land plants shows striking 

similarities. Both, the Shaker Kout subclade and the TPC1a subclade remained highly invariant 

after terrestrialisation. This might be a coincidence. However, considering the fact that both 

channel types are the main cation channels in plant electrical signalling [14,16], it instead suggests 

that electrical signalling in combination with Ca2+ signalling was, and still is, key to survival on 

land. In this context, the additional TPC1b clade might compensate for the absence of the Kout 

clade in mosses. Although we still do not know the biophysical properties and target membranes 

of TPC1b channels, the coincidence between Kout-absence and TPC1b-presence may suggest that 

in mosses, members of the TPC1b clade could be targeted to the plasma membrane where they 

may take over the function of the missing potassium release channels. Alternatively, BK-like 

potassium channels are also present in mosses and lycophytes [56,65] and might have taken over 

the tasks of lost Shaker sub-classes. However, plant BK-like channels remain to be functionally 

characterized. Therefore, it is not yet clear whether they have the biophysical properties to 

compensate the losses of Kout and/or Kin plasma membrane channels. 

 

Pitfalls of Phylogenetic Analyses 

Phylogenetic analysis is not an end in itself but the basis for better understanding of fundamental 

physiological phenomena in an evolutionary context. To avoid forming distorted views, it is 

therefore critical to maintain a careful approach and to take all available data into account. This 

has been exemplified recently in studies that have presented incorrect phylogenetic analyses of 

voltage-gated plant potassium channels [22,76]. Using Arabidopsis genes as queries, these 

analyses have been performed with only the highest BLAST match from each considered plant 

species rather than including all hits. Such an approach, which fails to take into account gene 

duplication and loss events, misclassified moss Kin channels as GORK-like channels and lycophyte 

Kout channels as AKT2-like channels, for instance [22,76]. As this concerning method has been 

used as a basic pipeline for numerous gene families [e.g. 100,101], the conclusions drawn in these 

studies are not placed on proper scientific grounds and should be re-examined. Readers need to be 

aware of this issue to avoid circulating erroneous interpretations further in the literature. 
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Another important issue is the reproducibility of the analyses. For publications of results 

from wet-laboratory experiments it is indispensable to present all information and material needed 

to reproduce the experiment. Unfortunately, this good scientific practice has not been followed by 

several recent bioinformatics studies, which lack the accession details of the analysed genes [e.g. 

22,92,102,103]. Without this essential information it is difficult for peers to detect potential errors 

in the analyses and, even more problematic, it hinders other researchers from building on the work 

and directly investigating the genes identified in functional analyses.  

The overinterpretation of sequence data is also a potential issue. It should always be taken 

into account that genetic information in the databases might be incomplete or genes might be 

improperly annotated (e.g. see Figure S7 for two C. quinoa TPC1 genes that are annotated with 

spurious deletions in the latest Phytozome gene models but not in the NCBI Gene database). It is 

risky to interpret sequence gaps without wet-laboratory experimental confirmation as structural 

adaptation of an organism to environmental conditions [92], especially if the gaps are in 

structurally conserved protein domains, coincide with annotated exon boundaries, and/or if 

additional sequence information is available in the databases that do not show these gaps. 

 

Concluding Remarks and Future Perspectives 

Phylogenetic analyses can be a powerful tool to generate plausible hypotheses for the evolution of 

physiologically important processes. The growing amount of sequencing data provides a rich 

resource from which to mine valuable information. Nevertheless, phylogenetic analyses have their 

pitfalls, as some recent inaccurate publications have shown. Neglecting available information can 

very quickly lead to erroneous conclusions becoming established as alternative facts.  

Examination of the evolution of the voltage-gated plant cation channels shown to be 

involved in electrical signalling in angiosperms, reveals surprising parallels. Despite the fact that 

Kout channels appeared suddenly in streptophyte algae, our picture of the evolution of Shaker K+ 

channels, which was developed in 2012 [56] with the few data resources available at that time, is 

still current and has since been further corroborated and refined [4,53,57,58,65]. Now, we see that 

the TPC1 family took the same highly-conservative evolutionary path as the Kout subfamily. Based 

on this observation, future studies will need to investigate whether the basis of electrochemical 

signalling in land plants was already firmly established during the transition from an aqueous to a 

dry environment (see also Outstanding Questions). 
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OUTSTANDING QUESTIONS 

 Many important structural motifs in Kout channels appeared suddenly in some late-

diverging streptophyte algae without a clear evolutionary origin. Were they acquired by 

horizontal gene transfer? 

 Channels of the TPC1b subclade in mosses and liverworts differ in characteristic features 

from vascular plant TPC1-type channels. Are TPC1b-type channels targeted to the plasma 

membrane, and do they fulfil different functions and compensate for the missing Kout 

channels in mosses? 

 Kout channels and normal TPC1 channels did not change substantially during land plant 

evolution. Was the basis for electrical signalling in plants already set during the transition 

from an aqueous to a dry environment? 

 What are the functional properties of the Shaker channels from early-diverging 

streptophyte algae, which lack the characteristic features of channels of land plants? 

 How do lycophytes compensate for the loss of the Kin branch? 
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Glossary 

Kin: inward-rectifying plant potassium channels. These channels open upon hyperpolarization and 

allow the uptake of K+ into the cytosol. 

Kout: outward-rectifying plant potassium channels. These channels open upon depolarization and 

allow the release of K+ into the apoplast. Their activity is modulated by the external K+ 

concentration. 

Kweak: weakly-rectifying, bi-modal plant potassium channels. These are specialized Kin channels 

that are switched by post-translational modifications between an inward-rectifying mode and an 

open mode. 

Ksilent: silent potassium channel subunits. Together with Kin channel subunits they form 

heteromeric channels and modulate the features of Kin channels. 

TPC1 (TPC1a): Two Pore Ca2+-regulated Cation channel 1. A channel-type targeted to the 

vacuole membrane which activates upon depolarization. TPC1 carries the slow vacuolar SV-

currents and is stimulated by cytosolic Ca2+ and inhibited by luminal Ca2+. 

TPC1b: Channels in setaphytes with a TPC1-like structure but with largely modified regions 

that usually coordinate cytosolic and luminal Ca2+ ions in normal TPC1. 
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Box 1: Key evolutionary events in the history of voltage-gated plant K+ channels.  

The combination of phylogenetic analyses with structural information and known functional 

properties allows the identification of four important steps in the evolution of voltage-gated plant 

Shaker-like K+ channels (Figure I, red dotted lines; Figure 2A, red dots): (i) Kin and Kout channels 

share many common structural properties, but were separated already before the split of 

streptophyte algae and land plants. Kout-specific structural features are present in species from the 

algal class Zygnematophyceae, thought to be sister to land plants, but not in other earlier-diverging 

streptophyte algae. (ii) In a common ancestor of modern seed plants, the clade of Kweak channels 

separated from Kin channels. (iii and iv) In angiosperms, the Kin clade further subdivided into Ksilent 

(AtKC1-like), Kin-a (KAT1-like) and Kin-b (AKT1-like) channels. This view is further supported 

by the observation that members of Kin-a, Kin-b, Ksilent and Kweak channel subgroups can form 

heteromeric K+ channels among each other [44,46,73,78–80,104–108]. Likewise, different Kout 

channel subunits can co-assemble, but there is no heteromeric assembly between Kin/Kweak/Ksilent 

subunits and Kout subunits [21]. 

 

 

Figure I. Presence of putatively voltage-gated K+ channels in plants. While angiosperms have 

a diverse set of voltage-gated K+ channels of the Shaker type (Kin-a, Kin-b, Ksilent, Kweak, Kout), 

earlier-diverging plant lines are equipped with different varying sets, reflecting multiple 

duplication and divergence events during evolution and losses of basic Shaker-types in some 

lineages (Kin in lycophytes and Kout in mosses). These losses might have been partially 

compensated for by the presence of another type of TPC1-like channels (TPC1b) and/or 
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structurally distantly-related BK-like channels [56,65]. These channel types are not found in 

angiosperms. 
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Box 2: Characteristic structural patterns of voltage-gated plant K+ channels. 

The five known subclasses of GORK-like (Kout), AKT2-like (Kweak), AtKC1-like (Ksilent), KAT1-

like (Kin-a) and AKT1-like (Kin-b) plant K+ channels differ in characteristic structural fingerprints 

(Figure 2B, see also Figures S3, S4, S5, and S6 in the Online Supplemental Information).  

 Kout channels from streptophyte algae to angiosperms have (1) a FTP-motif in the first 

transmembrane domain S1; (2) a PWDxxYKxxGxxE-motif in a shorter S3-S4-linker; (3) 

a VELYCTHTAACxFYYLATTxP-motif in S5 together with a 6-aminoacids longer S5-P-

linker; (4) a YFAxxTMATxGYGD-motif in the selectivity filter; and (5) a SFDMILG-

motif in S6 together with a ALIVKGSxTE-motif at the end of S6 (Figure 2B, yellow; 

Figure S3). 

 Kweak channels have (1) a glutamine-residue in the S2-S3-linker; (2) a lysine-residue in S4 

together with a threonine-residue and a RFS-phosphorylation site in the S4-S5-linker; (3) 

a methionine-residue in the pore-region; and (4) an RRTMEFRNS-phosphorylation site 

after S6 (Figure 2B, orange; Figure S4). 

 Ksilent channels have (1) an additional amino acid in the S3 segment; (2) a missing positive 

charge with a [G,C,N]YTY-motif in the pore region; and (3) a FAM-motif after S6 (Figure 

2B, cyan; Figure S5). In combination, these motifs can only be found in angiosperms. 

Nevertheless, a putative channel subunit from P. patens shares the peculiar feature of an 

additional amino acid in S3; and some channel subunits in ferns and bryophytes also lack 

an otherwise highly conserved arginine-residue in the pore region but have an uncharged 

amino acid instead. 

 Kin-a (KAT1-like) and Kin-b (AKT1-like) channels differ (1) in the S1-S2-linker; (2) in S3; 

(3) in S4; (4) in the S4-S5 region; and (5) in the cytosolic C-terminus where many KAT1-

like (Kin-a) channels lack the ankyrin repeat domain that is present in Kin-b channels 

(Figure 2B, green/blue; Figure S6). Despite these differences the two channel types are 

functionally similar. 
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Figures 

 

Figure 1. Electric signalling in plants. Electrical signals at the plasma membrane are proposed 

to involve anion efflux via anion channels (AC), Ca2+ influx via non-selective cation channels 

(NSCC) and K+ efflux and influx via voltage-gated potassium channels (Kout and Kin). The entire 

process is energized by ATP-consuming proton pumps. Electrical signals are accompanied by 

extracellular waves of potassium and reactive oxygen species (ROS) and by a cytosolic Ca2+ wave 

[17]. Ca2+ ions affect the activity of membrane proteins (e.g. of the ROS-producing Respiratory 

Burst Oxidase Homologue, RBOH, family) directly via protein-intrinsic EF-hand motifs and/or 

indirectly via Ca2+-dependent protein kinases (CBL/CIPK and/or CPK families). The Ca2+ wave 

is also proposed to be central to vacuolar excitation. This process involves the voltage-gated 

channel TPC1 together with K2P-type K+ channels (TPK) [16]. 
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Figure 2. Voltage-gated plant K+ channels. (A) Condensed phylogeny of plant Shaker-like 

channels. The fully expanded tree (see Figure S2 in the Online Supplemental Information) is 

displayed here with collapsed subclades (triangles). Three proteins (P.abies_MA-4531g0010, 

K.nitens_kfl00021-0370-v1.1, and K.nitens_kfl00119-0090-v1.1) take on intermediate positions 

and could not be assigned to any subclade. The five subclades identified in Arabidopsis and 

confirmed in other angiosperms are coloured: GORK-like Kout channels (yellow), AKT2-like Kweak 

channels (orange), AtKC1-like Ksilent subunits (cyan), KAT1-like Kin-a channels (green) and 

AKT1-like Kin-b channels (blue). The red dots indicate the branching points that separated each 

subclade (Box 1) characterized by particular sequence motifs (Box 2). (B) Characteristic 

fingerprints in plant K+ channels. Plant voltage-gated K+ channels are composed of four subunits, 

where a channel subunit is built of six transmembrane regions (S1-S6) and a pore-forming loop 

and helix (P) between S5 and S6. The cytosolic C-terminal part of a subunit contains a putative 

cyclic-nucleotide binding-domain (cNBD), might contain an ankyrin-repeat domain (anky) and 

has at its very end an acidic domain (KHA) involved in channel clustering in the membrane. The 
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coloured dots indicate the positions of the fingerprints for GORK-like, Kout channels (yellow), 

AKT2-like, Kweak channels (orange), AtKC1-like, Ksilent channel subunits (cyan) and pinpoint the 

differences between KAT1-like and AKT1-like Kin channels (green/blue). 

 

 

Figure 3. Two-Pore-Cation-Channel 1 (TPC1) in plants. (A) Condensed phylogeny of TPC1. 

The fully expanded tree (see Figure S7 in the Online Supplemental Information) is displayed here 

with collapsed subclades (triangles). The protein K.nitens_kfl00012-0290-v1.1 takes an 

intermediate position and could not be assigned to any subclade. The plant TPC1 (cyan) and the 

Setaphyte TPC1b (magenta) subclades are coloured. (B) Differences in putative Ca2+-binding sites 

in plant TPCs. Plant TPCs are composed of two subunits, where a channel subunit is built of two 

Shaker-like modules (D1 and D2, compare with Figure 2B) connected via a cytosolic linker 

domain. Angiosperm TPCs sense the cytosolic and the luminal Ca2+ concentration. Two EF-hands 

in the linker domain sense cytosolic Ca2+, while three negatively charged residues (D240, D454, 

and E538 in the Arabidopsis AtTPC1) coordinate luminal Ca2+. The two subclades TPC1a (or 

simply TPC1) and TPC1b differ strongly at these Ca2+-sensing sites (coloured dots).  
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