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Since their discovery 21 years ago, channelrhodopsins have come of age and have become indispensable tools for
optogenetic control of excitable cells such as neurons and myocytes. Potential therapeutic utility of
channelrhodopsins has been proven by partial vision restoration in a human patient. Previously known
channelrhodopsins are either proton channels, non-selective cation channels almost equally permeable to Na* and
K" besides protons, or anion channels. Two years ago, we discovered a group of channelrhodopsins that exhibit
over an order of magnitude higher selectivity for K" than for Na*. These proteins, known as “kalium
channelrhodopsins” or KCRs, lack the canonical tetrameric selectivity filter found in voltage- and ligand-gated K*
channels, and use a unique selectivity mechanism intrinsic to their individual protomers. Mutant analysis has
revealed that the key residues responsible for K* selectivity in KCRs are located at both ends of the putative cation
conduction pathway, and their role has been confirmed by high-resolution KCR structures. Expression of KCRs
in mouse neurons and human cardiomyocytes enabled optical inhibition of these cells’ electrical activity. In this
minireview we briefly discuss major results of KCR research obtained during the last two years and suggest some
directions of future research.
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d Significance W

Potassium-selective channelrhodopsins known as “kalium channelrhodopsins” or KCRs are fundamentally
important because they expand our understanding of how ion channels discriminate between different ionic species.
These proteins are also important because they can be used as optogenetic silencing tools most closely matching
endogenous repolarization processes.

Introduction

Electrogenic microbial rhodopsins (light-activated ion channels and pumps) have been recruited for optical control of
excitable mammalian cells, such as neurons and myocytes [1]. This powerful approach, named optogenetics [2], is
increasingly popular in neuroscience and cardiology labs, has already been used for partial vision restoration in a human
patient [3] and is considered for gene therapy to treat other neurological, psychiatric, and cardiac disorders. Upon
photostimulation, channelrhodopsins (ChRs) generate passive ion currents across the cell membrane and are therefore
more efficient as optogenetic tools than ion-pumping rhodopsins that transport only one ion per absorbed photon [4,5].
The first ChRs were discovered in the chlorophyte alga Chlamydomonas reinhardtii [6] and shown to be primarily proton
channels that also conduct Na*, K and, to a lesser extent, divalent metal cations [7,8]. ChRs with similar selectivity but
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different spectral sensitivity and photocurrent kinetics have been cloned from many other chlorophytes and streptophytes
[9-11] and are known as cation channel rhodopsins or CCRs. Natural ChRs with strictly anion selectivity (anion
channelrhodopsins or ACRs) were first identified in cryptophytes [4] and then in several other major eukaryotic lineages
[12,13].

Cation channel function appears to have evolved independently in a different group of cryptophyte ChRs that show
higher protein sequence homology with haloarchaeal proton-pumping rhodopsins than with other known ChRs [14]. In
particular, the homologs of three residues (Asp85, Thr89 and Asp96) in the transmembrane helix 3 (TM3) required for
H* pumping in bacteriorhodopsin (BR) are conserved in these proteins, and yet they are capable of passive conductance
of protons and metal cations, like chlorophyte CCRs [15-17]. A detailed patch clamp and flash photolysis study of a
representative CCR from the cryptophyte Guillardia theta (GtCCR2) has revealed that it shares with haloarchaeal H*
pumps not only the sequence similarity, but also some functional characteristics. In GfCCR2, opening of the channel from
the cytoplasmic side requires the homolog of BR’s Asp96 to be unprotonated [15], as has been proposed for BR itself
[18]. To highlight the similarity of their sequences and function with haloarchaeal H*-pumping rhodopsins, cryptophyte
CCRs have been named “BR-like cation channelrhodopsins” or BCCRs. This naming was further justified by cryo-EM
studies on the BCCR known as ChRmine (derived from the cryptophyte Rhodomonas lens [17], although initially
misattributed to the ciliate Tiarina fusus [19]). ChRmine structures show trimeric organization [20,21], typical of
haloarchaeal rhodopsin pumps like BR [22,23].

Recently, a new name, “pump-like channelrhodopsins” (PLCRs) has been proposed for BCCRs [20]. However, this
name is highly confusing, because besides haloarchaeal H" pumps, several other types of ion-pumping rhodopsins with
different TM3 motifs are known, such as inward H* pumps xenorhodopsins [24,25] and schizorhodopsins [26,27];
haloarchaeal [28] and eubacterial [29] inward Cl- pumps; and outward Na" pumps [30-32]. (Also see recent reviews
[33,34] for more examples and a more detailed discussion). However, only the DTD motif, typical of haloarchaeal outward
H" pumps first observed in BR but no other types of ion-pumping rhodopsins, is conserved in BCCRs (Figure 1), so the
name BCCRs is more accurate than PLCRs and should be used in the literature.

All so far tested cryptophyte BCCRs and chlorophyte CCRs that conduct metal cations in addition to protons show a
slightly lower permeability to K™ than to Na* (Px/Pna) and are therefore used to stimulate neuronal activity by depolarizing
the membrane [19,35]. Surprisingly, two ChRs from the fungus-like stramenopile Hyphochytrium catenoides showed
much higher Px/Pn, values (and lower Pu/Pna values), hyperpolarized the membrane upon illumination and inhibited
neuronal firing [36]. To reflect this unusual functionality, H. catenoides ChRs have been named ‘kalium
channelrhodopsins” or KCRs (HcKCR1 and HcKCR2). The discovery of light-gated K* channels in nature has attracted
much attention from the research community [37] because of two reasons. First, KCRs lack the “K* channel signature
sequence” T(S)VGY(F)G that forms a tetrameric selectivity filter in previously known voltage- and ligand gated K*
channels [38] and therefore reveal an alternative mechanism for K™ selection. Second, the direction of KCR photocurrents
is independent of the CI- gradients that are reversed in the axonal terminals and immature neurons and therefore, unlike
ACRs, KCRs are not compromised as optogenetic silencing tools in axons and embryonic neurons [39,40].

Out of all known ChRs, protein sequences of HcKCRs show the highest homology to those of BCCRs (including
conservation of the DTD motif in TM3, Figure 1), although their source organism is phylogenetically very distant from
cryptophytes. Close homologs of HcKCRs have been found in other stramenopile and colponemid protists, and in
metagenomic samples [41,42], but not in cryptophytes. Close homologs of KCRs form a distinct branch of the
phylogenetic tree together with KCRs, but most of these channels are not K* selective [41,43], which provides a unique
possibility to identify the residues involved in K* selection by comparative analysis of their sequences. Only six K*
selective homologs are currently known: in addition to HcKCRs, these are WiChR from Wobblia lunata [42], BIChR2
from Bilabrum sp. [42], and CovKCR1 and CovKCR2 from Colponema vietnamica [41]. As the first discovered, HcKCRs
have been characterized in more detail than the other homologs. Recently obtained high-resolution cryo-EM structures of
HcKCRs [44,45] help unravel their structure-function relationships. In this minireview we summarize and discuss so far
published literature on KCRs, and outline future research directions.

Channel Gating and Intramolecular Proton Transfers

The kinetics of channel gating can only be estimated using single-turnover conditions, i.e., under ns laser flash excitation,
when all ChR molecules are excited simultaneously. In HcKCR1, channel opening is biphasic with the time constants (1)
~0.3 and 3 ms [36]. However, in contrast to other ChRs, in which channel closing was also biphasic, closing of the
HcKCRI1 channel could be fit with only one exponent (t ~25-26 ms) [36,44].

As in earlier studied ChRs [46], passive channel current in HcKCRI1 is preceded by active intramolecular charge
displacement reflecting retinal isomerization [36]. The rise of the proton transfer current is biphasic, with t values roughly
corresponding to those of the Schiff base deprotonation monitored by flash photolysis in detergent-purified protein as the
rise of the blue-shifted M intermediate. In contrast to chlorophyte CCRs [46], opening of the HcKCRI1 channel is ~2-fold
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faster than active proton transfer. The voltage dependence of the proton transfer current is insensitive to the bath pH,
indicating that the photoactive site is inaccessible to protons from outside [36]. Mutagenetic neutralization of the residue
corresponding to BR’s Schiff base proton acceptor Asp85 (the D105N mutation) slowed the rise and decay of M relative
to the wild type, suggesting that Asp105 is the proton acceptor [44], as is the corresponding residue (Asp87) in GtCCR2
[15]. A strong reduction of photocurrents in the GfCCR2 DS87N [15] and HcKCR1_D105N [44] mutants suggests the
importance of the proton transfers for channel opening in BCCRs and KCRs, in contrast to chlorophyte CCRs, in which
replacement of the corresponding residue (Glul23 in C#ChR2) with Thr caused acceleration of channel opening without
reduction of the current amplitude [47]. In HcKCR 1, mutagenetic neutralization of the 2™ carboxylate in the photoactive
site (Asp229, corresponding to Asp212 in BR) also suppressed photocurrents and caused a large blue spectral shift [44]
indicating deprotonation of the Schiff base at neutral pH.

Mutagenetic neutralization of Asp116 (the homolog of BRs” Asp96) strongly decreased channel currents in HcKCR1
[41,42,44,45], but did not abolish them completely as the corresponding D98N mutation in GtCCR2 [15]. In the latter
protein, deprotonation of Asp98 is required for channel opening and is >10-fold faster than reprotonation of the Schiff
base, which occurs not from this residue but by proton return from earlier protonated Asp87. In HcKCRs, Asp116 controls
the selectivity of the channel in addition to its gating (see the next section).

A characteristic feature of nearly all ChRs is the presence of a Cys in the position of BR’s Thr90 in the middle of TM3.
In chlorophyte CCRes, this residue forms a hydrogen bond (H-bond) with a conserved Asp in TM4 (the homolog of BR’s
Aspl15), the so-called “DC gate” [48]. Disruption of this bond by mutation of either residue causes a dramatic slowing
of photocurrent decay after the light is off [49,50]. Although Asp115 is replaced with non-polar Val (133) in HcKCRs,
the C110T mutation slowed the decay >1500-fold in both channels [44]. The current view is that the homolog of Asp115
in CrChR2 (Aspl56) serves as a proton donor to the Schiff base [51], and the effect of the DC gate mutations on
photocurrent kinetics is attributed to retardation of the Schiff base reprotonation. However, in HcKCRs the effect of the
Asp110 mutations is observed in the absence of the carboxylate H-bonding partner, which requires a different explanation.
Slower decay kinetics was also found in the HcKCR1_T109V mutant [45], although the effect was less dramatic than in
the C110T mutant.

In contrast to other KCRs, photocurrents generated by B/ChR2 exhibit strong inward rectification, i.e., outward currents
are much smaller than inward currents recorded at the voltages equidistant from the reversal potential [42]. Most tested
BCCRs show similar behavior [14,52], and most chlorophyte CCRs show weaker inward rectification [8,53,54]. In
CrChR2 rectification was explained by a combination of a nonlinear transport function and asymmetric competition
between several cation species [55]. In GfACR1 strong inward rectification was induced by Glu replacement of the
residues near the extracellular entry into the channel pore [56]. Further research is needed to elucidate mechanisms of
inward rectification in B/ChR2 and potentially to reduce it for optogenetic needs.

Photocurrents generated by all ChRs decrease under continuous illumination (a phenomenon known as desensitization).
As other ChRs, KCR differ in the degree of desensitization (Figure 2). Mechanisms of desensitization are poorly
understood and seem to involve different mechanisms in different ChRs. In Rhodomonas BCCRs desensitization is caused
by accumulation of a long-lived UV-absorbing intermediate [17]. Under physiological (i.e., asymmetric) ionic conditions
a decrease in positive KCR photocurrent during illumination is partially caused by a decrease in Px/Pna, as discussed in
the next section.

Ion Selectivity

The third ChR encoded by the H. catenoides genome, designated HcCCR, is more selective for Na* than K* (Px/Pna
0.02) [41,43], although it shows 70-73% identity and 83-86% similarity with HcKCRs in the seven-transmembrane (7TM)
domain at the primary structure level. Replacement of its individual helices with those of HcKCRI1 revealed that only
TM2 and TM7 confer K* selectivity [41]. Replacement of individual residues showed that residues in the positions 69
and 73 (TM2), and 222 (TM?7) are responsible for this effect, and a combination of the three mutations (F69L, S731 and
T222Y) converted the Na* channel into a K* channel.

Individually, the S731 and T222Y mutations caused stronger effects than the F69L mutation. The latter mutation alone
produced only a small increase in K selectivity, but its effect was increased in the S731_T222Y background, indicating
a synergistic action [41]. Ile73 corresponds to Glu90 of CrChR2, although there is little overall homology in TM2 between
KCRs and chlorophyte CCRs. Replacement of Glu90 with Ala, Gln or His reduced permeability of CrChR2 to protons
[57,58], and its replacement with Lys or Arg made CrChR2 permeable to anions [59]. Tyr222 is conserved in H.
catenoides and C. vietnamica KCRs, but is replaced with Phe in WiChR and B/ChR2, which are more K" selective. The
WiChR_F240Y mutation decreased K* selectivity, but so did the reverse mutation at the same position HcKCR1_Y222F
[42,44], showing that the effect of the residue in this position is controlled by a wider protein matrix (i.e., interactions of
the residue in this position with other residues).

The Px/Pna ratio of the triple HcCCR_F69L S731 T222Y mutant was only ~8 [41], indicating that there are other
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residues contributing to K* selectivity in HcKCR1. Indeed, mutations of several other residues along the putative ion
conduction pathway in HcKCR1 showed statistically significant shifts of the reversal potential revealing a decrease in
Px/Pna, although these residues are conserved in HcKCR1 and HcCCR [36,42,44,45]. Such residues and their
substitutions in TM2 (positions 70 and 87), TM3 (99, 100, 102, 105, and 116) and TM7 (218 and 229) that led to a
decrease of K* selectivity are shown in Figure 3. In addition, a small reduction of K* selectivity was observed in the
HcKCR1 N18D (the N terminus) and F144A (TM4) mutants [45].

Out of the residues conserved in all three H. catenoides ChRs, mutations of Trp102 (the residue corresponding to Arg82
in BR) and Asp116 (Asp96 in BR) caused the greatest reduction of K* selectivity in HcKCRs. Arg82 is conserved in most
microbial rhodopsins, except BCCRs, which demonstrate high residue variability at this position (Lys in >50% of known
sequences, Arg in ~35%, and Ala, Pro, Gln, Thr, Glu, Ile, or Tyr but not Trp in the remaining 15%). Metagenomic KCR
homologs with Arg or Pro in this position are not K* selective [41], which, together with the results of mutagenetic studies
in HcKCRs suggests that this Trp is required for K* selectivity. Among other microbial rhodopsins, Trp in BR’s Arg82
position is found in most xenorhodopsins that are inward H" pumps, although Arg is conserved in the H'-pumping
homolog from Parvularcula oceani (PoXeR) [24] suggesting that, in contrast to KCRs, in xenorhodopsins replacement
of Arg with Trp does not change the nature of the transported ion. Asp116 is conserved not only in all known KCR
homologs, but also in BCCRs, haloarchaeal H-pumping rhodopsins, and non-electrogenic algal rhodopsins with
unknown function. We conclude that its role in K* selectivity of KCRs is determined by its interactions with other residues,
some of which have been revealed by structural and computational analysis (see the next section).

Of the six currently known KCRs, WiChR shows the highest Px/Pn,ratio. One molecular determinant responsible for it
is Asp47 located in TM1 and corresponding to Cys29 of HcKCRs. The HcKCR1 C29D mutant showed an increased
Pk/Pna, and the reverse WiChR _D47C mutant, a decreased Px/Pna, compared to the respective wild types [42]. Several
other HcKCRI1 mutants exhibited slightly higher K" selectivity than the wild type: Y81A, Y106A, F221A, and
H225A/F/Y [44,45].

Px/Pnxa of HcKCRI1 does not change during the single-turnover photocycle under physiological conditions [36].
However, all tested KCRs showed more depolarized reversal potentials after prolonged illumination than at the time of
the peak current [36,41,42]. This was not observed under symmetrical K conditions or when Na' in the bath was replaced
with Ca%" or Mg?', which led to the conclusion that the reason for this behavior is accumulation of a late electrogenic
photocycle intermediate with lower Px/Pxa.

KCR Structures

Structures of both HcKCRs incorporated in nanodisks have been obtained by cryo-EM [44,45]. As those of the
cryptophyte BCCR ChRmine [20,21], they form trimers characteristic of haloarchaeal ion-pumping rhodopsins with the
space between the protomers filled with lipids. As in ChRmine, but not the pumps, TM3 is short (partially unwound at
the extracellular side) creating a large extracellular vestibule, but in contrast to ChRmine, TM7 in HcKCRs protrudes
longer into the cytoplasm, as in chlorophyte and cryptophyte ChRs.

Structural analysis has revealed that the photocurrent action spectra difference between HcKCR1 (Amax 540 nm) and
HcKCR2 ((Amax 490 nm) arises from the difference in the chromophore ring/chain geometry [44]. The HcKCR2 electron
density map could only be modeled using 6-s-cis retinal to avoid a steric clash of C17 of the chromophore with Ala140
(replaced with Gly in HcKCR1). In addition, Alal36 in HcKCR2 (replaced with Thr in HcKCR1) creates a cavity to
accommodate C16. Rotation of the B-ionone ring shortens the m-conjugated system and induces a blue shift in HcKCR2
as compared to HcKCRI. This conclusion has been confirmed by HcKCR1 T136A G140A and
HcKCR2 _A136T A140G mutations.

The overall arrangement of the photoactive site (the Schiff base region) in HcKCRs is similar to that in ChRmine,
although no water molecules have been resolved in the former. In both HcKCRs, the D229N mutation caused a larger
blue shift at pH 7 than the D105N mutation, which suggests that Asp229 is unprotonated and acts as the primary
counterion to the Schiff base [44]. In both HcKCRs, the side chain of Asp229 is stabilized by H-bonds with Tyr81 (TM2)
and Tyr106 (TM3). These tyrosines are highly conserved in KCRs and BCCRs and form a similar H-bonding arrangement
with the Asp229 homolog (Asp253) in ChRmine [20,21]. Intriguingly, Asp212 in BR and Asp234 in GfACRI, the
homologs of Asp229 in HcKCRs, are also H-bonded to two Tyr residues [22,60], but the positions of the latter are
different: Tyr57/72 (TM2, BR/GtACR1 numbering) corresponds to Cys77, and Tyr185/207 (TM6), to Phe202 in HcKCRs.

A fundamental difference between KCRs and canonical voltage- and ligand-gated K* channels is that in the former the
residues implicated in K* selectivity are distributed along the putative conduction pathway between TM1, 2, 3 and 7
within each protomer [44,45] rather than form a single tetrameric selectivity filter contributed by two or four subunits, as
in the latter [61]. In the cryo-EM HcKCR structures [44,45], Asp116 near the cytoplasmic entrance is H-bonded to Ser70
and Arg244, as predicted by homology models [41]. A loss in K* selectivity in HcCCR by replacement of the nearby
Ile73 with polar Ser, and of Leu69 with bulkier Phe is predicted to perturb this network, but this hypothesis needs to be
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verified by obtaining a high-resolution structure of HcCCR. Molecular dynamic (MD) simulations using the HcKCR1
structure show transient binding of partially dehydrated K* to Asp116 and nearby Thr120 leading to breaking of the H-
bond between Aspl16 and Arg244, and reorientation of the latter towards the cytoplasm [44].

Trp102 and Tyr222 form a constriction near the extracellular entry and interact with two other aromatic residues,
Phe/Tyr221 and His225 [44]. Disruption of this interaction by replacement of Tyr222 with Thr in HcCCR, and by
mutations in HcKCRs decreases K* selectivity. When measured under reversed physiological conditions (i.e., K* outside
and Na' inside), the absolute magnitude of the reversal potentials in both HcKCRs was much smaller than under normal
physiological conditions (Na* outside and K" inside) [44]. This observation is explained by the hydrophobic side chain
cluster near the extracellular entry acting as a hydrophobic size exclusion filter that prevents flow of larger hydrated Na*
from outside but passes smaller partially dehydrated K™ and Na* flowing from the cytoplasm.

Optogenetic Applications

Under physiological ionic conditions upon illumination, KCRs generate outward K* fluxes and thus mimic endogenous
repolarization processes in neurons mediated by voltage-gated K* channels. Therefore, using KCRs as optogenetic
inhibitors creates less undesired side effects, as compared to other classes of inhibitory tools, such as ACRs that may
cause neurotransmitter release at axonal terminals and ion-pumping rhodopsins that may drive the membrane potential
beyond physiological values. [llumination inhibited spiking in KCR-expressing mouse cortical [36] and hippocampal [42]
neurons. Consistent with slow photocurrent decay in WiChR (Figure 2), a single 5-ms pulse results in complete cessation
of firing for 500 ms in WiChR-expressing neurons upon holographic two-photon (2P) stimulation with infrared light [42].
Also because of its slower photocycle, the operational light sensitivity of WiChR was higher than that of HcKCR1 when
probed with pulses of continuous light [42], as previously found in slow mutants of other ChRs [49,62]. Besides neurons,
WiChR has been tested in human induced pluripotent stem cell-derived atrial cardiomyocytes (aCMs) [42]. [llumination
fully suppressed spontaneous action potentials and contractions of aCM syncytia, which were restored after light was
turned off. When high time-resolution is not required, the combination of a large photocurrent amplitude and the so-far
largest Px/Pna value may make WiChR a preferred inhibitory tool. However, the faster HcKCRs are better suited for
temporally precise silencing. Another advantage of HcKCR1 over WiChR is its more red-shifted absorption (540 nm vs.
490 nm).

Future Directions

First examples of their optogenetic applications described in the previous section have already shown that KCRs are
promising neuronal silencing tools. Also, their unique selectivity mechanism, fundamentally different from that of
canonical K* channels, opens up a new avenue for molecular engineering. HcKCR dark (closed-state) structures discussed
in this minireview have provided some clues to this mechanism, but better understanding requires more structure/function
research. Time-resolved serial femtosecond X-ray crystallography has been instrumental in deciphering initial
conformational changes following photoactivation of C1C2, a hybrid between CrChR1 and CrChR2 [63]. However, flash
photolysis showed that a major conducting state (P520) was not formed in the crystals, which limits the utility of this
method for analysis of channel gating. KCR mutants with long-lived open states (such as the HcKCR1_C110T mutant
[44]) may provide an opportunity to freeze-capture the open state by cryo-EM.

Several strategies can be envisioned to optimize KCRs as optogenetic tools. First, net photocurrent amplitude tested by
whole-cell patch clamp depends not only on the unitary conductance of a particular ChR, but also on the expression level
of the transgene and targeting of the encoded protein to the cell membrane. HcKCRs and especially B/ChR2 can be made
more efficient silencing tools by improving their suboptimal expression/targeting in neurons [36,42]. Second, the Px/Pa
values of all known KCRs are lower than that of typical voltage-gated K" channels. A systematic functional analysis of
KCR homologs and mutants in combination with their structural analysis by cryo-EM and X-ray crystallography is needed
to engineer better K selectivity. Alternatively, further screening of KCR homologs may identify natural variants with
higher conductance and greater K™ selectivity. Finally, all known KCRs absorb blue or green light, which limits their
utility in combinatorial applications such as all-optical electrophysiology — simultaneous optical perturbation and
measurement of membrane voltage [64]. Also, red light penetrates more deeply through biological tissues, and therefore
red-shifted optogenetic tools are desired. The spectral sensitivity of rhodopsins is mostly determined by the residues in
the conserved retinal-binding pocket according to fairly well-understood quantum mechanical principles [65]. However,
color-tuning mutations frequently lead to a loss of function, so a search for natural red-shifted KCR variants may be more
promising than engineering the retinal pocket by mutagenesis, especially considering that the most red-shifted
chlorophyte CCR [10] and cryptophyte ACR [12] have been found in this way.

The evolutionary relationship between KCRs and cryptophyte BCCRs is relatively close but remains unclear. BCCRs
themselves are a very divergent family, only a few members of which have been functionally characterized [15,17,52],
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and the structure of only one member has been resolved [20,21]. Both functional and structural studies on other BCCRs
are needed to clarify the differences between them and KCRs. It is also possible that future research will uncover some
ChR variants intermediate between KCRs and BCCRs.

Chlorophyte CCRs are the only ChR family, the biological functions of which as photoreceptors in phototaxis in their
source organisms have been proven by gene knockdown using RNA interference [6] and later, confirmed by RNA
interference [66] and gene knockout [67,68]. Photoreceptor currents similar to those in C. reinhardtii have been recorded
from all tested chlorophytes [69-72] and a freshwater cryptophyte [73]. The latter suggests that BCCRs (and possibly
ACRs) also guide phototaxis. The biological functions of KCRs in their source organisms are currently unknown and
need to be elucidated in the future.

To conclude, we would like to point out that KCRs are yet another example of nature being a better molecular engineer
than us scientists, as we have already found earlier with ACRs, natural versions of which [4] are highly more conductive
than engineered versions [74,75].

bacteriorhodopsin-like haloarchaeal
kalium channelrhodopsins cation channelrhodopsins outward H* pumps
85 ] 89 | 96 85 ] 89 [ 96 85 89 | 96
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Figure 1 TM3 residue motifs conserved in different families of microbial rhodopsins. Carboxylated residues are
shown in red; polar residues in green; aromatic residues in violet; and small non-polar residues in orange. The red
rectangle highlight that the DTD motif is only found in KCRs, BCCRs, and haloarchaeal H" pumps. Abbreviations:
HcKCRI1 and HcKCR2, Hyphochytrium catenoides kalium channelrhodopsins 1 and 2, respectively; CovKCR1,
Colponema vietmamica kalium channelrhodopsin 1; WiChR, Wobblia inhibitory channelrhodopsin; GfCCR1 and
GtCCR4, Gulliardia theta cation channelrhodopsins 1 and 4, respectively; RsCCR1, Rhodomonas salina cation
channelrhodopsin 1; RICCR1, Rhodomonas lens cation channelrhodopsin 1; HsBR and HwBR, Halobacterium
salinarum and Haloquadratum walsbyi bacteriorhodopsins, respectively; aR3, archacorhodopsin 3; cR3,
cruxrhodopsin 3; CrChR1, Chlamydomonas reinhardtii channelrthodopsin 1; MvChR1, Mesostigma viride
channelrhodopsin 1; GtACR1, Gulliardia theta anion channelrhodopsin 1; HfACR1, Hondaea fermentalgiana anion
channelrhodopsin 1; NsXeR, Nanosalina sp. xenorhodopsin; PoXeR, Parvularcula oceani xenorhodopsin; SzR1-3,
schizorhodopsins 1-3, respectively; AntR, Antarctic rhodopsin; HsHR, Halobacterium salinarum halorhodopsin;
NpHR, Natronomonas pharaonis halorhodopsin; HmHR, Haloarcula marismortui halorhodopsin; NmCIR,
Nonlabens marinus chloride-pumping rhodopsin; PoCIR, Parvularcula oceani chloride-pumping rhodopsin; FR,
Fulvimarina rhodopsin; LmCIR, Lewinella maritima chloride-pumping rhodopsin; DeNaR, Dokdonia eikasta
natrium rhodopsin; GINaR, Gillisia limnaea natrium rhodopsin; laNaR, Indibacter alkaliphilus natrium rhodopsin;
PoNaR, Parvularcula oceani natrium rhodopsin.
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HcKCR2 WiChR HcKCR1

25%
54%
82%

13 ms
330 ms

J J 22 ms

Figure 2 Photocurrents generated by the indicated KCRs at -40 mV under physiological ionic conditions in response
to a 1-s light pulse, the duration of which is shown by the colored bars. The current traces were normalized at the peak
value. The numbers show desensitization (reduction of photocurrent at the end of the light pulse in % of the peak
value) and the time of half-amplitude reduction of photocurrent after the light is turned off. The grey area shows the
s.e.m. (n = 5-7 cells).
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HcKCR2 S D
HCCR |F|] s | s]| D
[42] [42]
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99 100 102 105 116
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HcCCR N W W D D
[42] | A [45] [42] | N[42] | N [41, 42, 44, 45]
D [42] H [42]
[42] K [41]
[42]
Q [42, 44]
S [45]
™7
218 222 229
HcKCR1 | Q@ Y D
HcKCR2 | R Y D
HcCCR Q T D
E [45] | A [42, 44, 45] | N [42]
F [42, 44]

Figure 3 The residues in TM2, TM3 and TM?7 that determine K* selectivity of KCRs, as demonstrated by mutation
analysis. The lower rows show the substitutions of the residues conserved in HcKCR1 and HcCCR that nevertheless led
to a decrease in K selectivity in the former. The color code is as in Fig. 1. For more detailed explanation see the text.
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