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Abstract: We report a family of K+ channels, kalium channelrhodopsins (KCRs) from a fungus-
like protist. Previously known potassium channels, widespread and mainly ligand- or voltage-
gated, share a conserved pore-forming domain and K+-selectivity filter. KCRs differ in that they 20 

are light-gated and they have independently evolved an alternative K+ selectivity mechanism. 
The KCRs are potent, highly selective of K+ over Na+, and open in less than 1 millisecond 
following photoactivation. Their permeability ratio PK/PNa of ~ 20 make KCRs powerful 
hyperpolarizing tools that suppress excitable cell firing upon illumination, demonstrated here in 
mouse cortical neurons. KCRs enable specific optogenetic photocontrol of K+ gradients 25 

promising for the study and potential treatment of potassium channelopathies such as epilepsy, 
Parkinson’s disease, and long-QT syndrome and other cardiac arrhythmias. 

One-Sentence Summary: Potassium-selective channelrhodopsins long-sought for optogenetic 
research and therapy of neurological and cardiac diseases. 
  30 
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Main Text: Potassium (K+) channels, ubiquitously found in all domains of life are easily 
recognized by their highly conserved “K+ channel signature sequence” (1-4) that encodes a K+-
selectivity filter that strongly favors conductance of K+ over Na+. We report here a type of K+ 

channel that defines a unique family in that its members (i) completely lack the signature 
sequence of previously known K+ channels, and (ii) unlike prior K+ channels, they are 5 

channelrhodopsins, retinylidene proteins gated by light. 

Channelrhodopsins (ChRs) are light-gated ion channels first discovered in the model 
chlorophyte alga Chlamydomonas reinhardtii that serve as membrane-depolarizing 
photoreceptors in phototactic protists (5-7). They are used to manipulate the membrane potential 
of excitable animal cells with light (optogenetics) (8). Cation conductive ChRs (CCRs) are 10 

primarily proton channels, some of which also conduct mono- and divalent metal cations (7, 9-
11). Photoactivation of CCRs depolarizes the neuronal membrane by Na+ and H+ influx, and 
stimulates spiking (12). Anion conductive ChRs (ACRs) conduct halides and nitrate (13). Their 
photoactivation hyperpolarizes or depolarizes the neuronal membrane depending on the 
electrochemical gradient of Cl-, and inhibits or stimulates spiking, respectively (14, 15). 15 

The electrochemical gradient of K+ favors membrane hyperpolarization in neurons, 
which has stimulated efforts to engineer light-gated K+ channels to be used as neuronal silencing 
tools. The K+/Na+ permeability ratio (PK/PNa) of C. reinhardtii ChR2 (CrChR2), the most used 
optogenetic variant, is 0.3-0.5 (7, 16, 17). Some mutations increased the PK/PNa ratio of CrChR2, 
but no more than twice (17). Alternatively, K+ channels have been modified to become 20 

photosensitive by the addition of synthetic photoswitches or photoactive protein domains. Recent 
results were obtained from fusing the photoreceptor LOV2 domain with a K+ channel (18), and 
indirect control by co-expressing a photosensitive adenylyl cyclase and a cAMP-gated K+ 
channel (19, 20). Both approaches are promising for some applications, but are limited by the 
slow kinetics of the LOV2/channel chimera (BLINK2) and possible cAMP-induced side effects. 25 

Here we show that two ChRs from Hyphochytrium catenoides, which we named HcKCR1 and 
HcKCR2 (for Hyphochytrium catenoides kalium channelrhodopsins), are highly specific, robust 
light-gated K+ channels that open on the submillisecond time scale. 

H. catenoides is a fungus-like heterotrophic organism from the stramenopile class 
Hyphochytriomycetes, the genome of which has been sequenced (21). Two predicted H. 30 

catenoides proteins show homology to bacteriorhodopsin-like CCRs (BCCRs) from cryptophyte 
algae (fig. S1). In contrast to other known ChRs, BCCRs contain Asp residues in the positions of 
the photoactive site (retinylidene Schiff base) proton donor and acceptor of bacteriorhodopsin 
(Asp85 and Asp96, respectively) (11), conserved in the H. catenoides homologs (fig. S2). A 
recent high-resolution structure of a Rhodomonas lens BCCR known as ChRmine suggested 35 

trimeric organization with a conductive pore between subunits (22). However, out of the residues 
implicated in the trimer formation in ChRmine, only Glu68 is conserved in the H. catenoides 
homologs (fig. S2). 

We synthesized mammalian-codon adapted versions of the polynucleotides encoding the 
heptahelical transmembrane (rhodopsin) domains and expressed them in human embryonic 40 

kidney (HEK293) cells as mCherry fusions. Both homologs were photoactive; the action spectra 
of their photocurrents are shown in Fig. 1A. Following a historical convention, we assigned the 
number 1 to the more red-shifted paralog (spectral maximum 540 nm), and the number 2, to the 
other (spectral maximum 490 nm). 
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A series of photocurrents generated by HcKCR1 in response to pulses of continuous light 
under physiological ionic conditions (130 mM K+ in the pipette and 130 mM Na+ in the bath, 
both pH 7.4, for full solution compositions see table S1), is shown in Fig. 1B. The nearly linear 
current-voltage relationships (IE curves) showed a steep slope with a reversal potential (Erev) of -
85 ± 2 mV (mean ± sem, n = 10 cells) (Fig. 1C, red). Such behavior has not been observed in any 5 

previously tested ChRs, and could only be explained by selectivity for K+ over Na+, as the 
concentration of Cl- was nearly identical on the two sides of the membrane. This conclusion was 
confirmed by the shift of the Erev to -3 ± 1 mV (mean ± sem, n = 7 cells) measured upon 
complete replacement of Na+ in the bath with K+ (Figs. 1C and D, blue). The corresponding 
results for HcKCR2 are shown in fig. S3. The PK/PNa permeability ratio of HcKCR1 calculated 10 

using the modified Goldman-Hodgkin-Katz (GHK) voltage equation (23) was 23, 60 times 
greater than that of CrChR2. The PK/PNa value of HcKCR2 was 17. 

As HcKCR1 exhibited a more red-shifted spectrum, larger current amplitude and higher 
selectivity for K+ than HcKCR2, we chose this channel for a more detailed characterization. 
Using a similar procedure as for Na+, we determined the PX/PK ratios for other metal cations and 15 

N-methyl-D-glucamine (NMDG+). Representative series of photocurrent traces and mean IE 
curves are shown in fig. S4, and the PX/PK values, in Fig. 1E. The permeability sequence of 
HcKCR1 was K+ > Rb+ > Cs+ > Na+ > Li+ > NMDG+ ≅ Mg2+ ≅ Ca2+ (Eisenman sequence IV), 
the same as that of most voltage- and ligand-gated K+ channels (24). To estimate an upper limit 
of the PH/PK ratio, we measured the Erev shift between the bath containing K+ at pH 9.4 and non-20 

permeable NMDG+ at pH 7.4 (Fig. 2F, red). The PH/PK  calculated from this experiment was ~3 
× 104, ~80 times lower than that of CrChR2 (7, 16, 17).  

 

Fig. 1. KCR photocurrents evoked by pulses of continuous light. (A) The action spectra of 
photocurrents (mean ± sem, n = 7 scans). (B and D) Photocurrents traces recorded from 25 
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HcKCR1 in response to 1-s light pulses upon 20-mV voltage increments. (C and F) The IE 
curves (mean ± sem, n = 7 cells). (E) The permeability ratios (PX/PK); mean ± sd; the diamonds, 
the data from individual cells. 

We used 6-ns laser flash excitation to follow the kinetics of channel gating, probe for 
active charge movements and eliminate effects of second photon absorption. Regardless of ionic 5 

gradients, channel currents could be fit with three exponentials (Fig. 2A and fig. S5A). Channel 
opening was biphasic, as in GtACR1 (25) and CrChR2 (26), but channel closing was 
monophasic, unlike these two ChRs. The fast opening accelerated, and the slow opening slowed 
upon depolarization (fig. S5B). Тhe Erev of the amplitudes of the three kinetics components were 
the same in all experimental conditions (Fig. 2B and fig. S5C). Our interpretation is that the 10 

relative permeability for different cations does not change during opening and closing of the 
channel. With equal concentrations of K+ on both sides of the membrane the Erev depended on 
bath pH (Fig. 2C). However, the difference between pH 5.4 and 9.4 was only ~15 mV, which 
confirmed the low PH/PK of HcKCR1 relative to earlier known CCRs. 

The photocurrent decayed to the noise level in < 200 ms after the flash. To estimate the 15 

time for complete dark recovery we applied a series of laser flashes with progressively shorter 
intervals between them (fig. S6). The recovery was biphasic with τ = 0.6 and 6.6 s (Fig. 2D). We 
observed multiphasic recovery with similar τ values by flash photolysis in both detergent-
purified pigment and Pichia membranes (fig. S7). 

Absorbance at 430 nm dropped concomitant with an increase at 395 nm, which indicated 20 

that these wavelengths were characteristic of an L-like and an M-like intermediate, respectively 
(Fig. 2E). Opening of the channel occurred upon transition from the late L to the early M 
intermediate. The M rise was biphasic, and τ of the fast component was close to that of channel 
opening unlike both GtACR1, in which channel opening takes place in the L state (25, 27), and 
“classical” chlorophyte CCRs, in which M rise (i.e. deprotonation of the retinylidene Schiff base) 25 

precedes channel opening (28, 29).  

In previously characterized BCCRs, channel conductance was found to be tightly coupled 
to active vectorial transport of protons (11). Upon substitution of non-permeable NMDG+ for K+ 
and Na+, photocurrents several times slower than channel current were recorded (Fig. 2F). Their 
voltage dependence crossed the X axis at very negative values, characteristic of active charge 30 

movement (Fig. 2G). These values remained close even when the difference in the H+ gradient 
was varied over four orders of magnitude (i.e. 240 mV), suggesting that the photoactive site was 
barely accessible to protons from outside, as expected from the relatively low proton 
permeability of HcKCR1. 

The initial unresolved negative component of charge movement is a typical reflection of 35 

retinal isomerization, reported earlier in other ChRs (29). Rise of positive photocurrent was 
biphasic with τ values similar to those of components of biphasic M rise, indicating active proton 
transfer from the Schiff base to an outwardly located acceptor (Fig. 2E, F). However, the peak of 
the current was reached before that of M accumulation, and the current decayed in the time 
window of M decrease (Fig. 2H). This observation suggests that reprotonation of the Schiff base 40 

at least partially takes place inside the photoactive site from the initially protonated acceptor, and 
there is no actual proton pumping across the membrane. In some recordings the decay of active 
charge movement could be resolved in two exponentials with τ = 65 and 420 ms (Fig. 2F). 
However, in most cases the two decay components were merged into a single one with τ ~120 
ms (Fig. 2I and fig. S8). At an increased outwardly directed H+ gradient the rates of both positive 45 
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currents only slightly increased (Fig. 2I), which confirmed the isolation of the photoactive site 
from the outside medium. Such isolation is unusual for H+-pumping rhodopsins and may be 
related to the high K+ selectivity of the HcKCR1 channel.  

Fig. 2. Photocurrents and photochemical conversion upon single quantum excitation. (A) 
Photocurrent traces (thin solid lines) recorded from HcKCR1 in response to laser flashes upon 5 

20-mV voltage increments under the indicated ionic conditions superimposed with their 
multiexponential approximations (dashed lines). (B) Voltage dependence of the three kinetic 
components of channel currents. (C) Dependence of the channel current Erev on bath pH (mean ± 
sem, n = 3-8 cells). (D) Time course of the peak current recovery (mean ± sem, n = 5 cells). (E) 
Transient absorbance changes (blue and black) and channel current (red). (F) Photocurrent traces 10 

in the absence of permeant metal cations at bath pH 7.4. (G) Voltage dependence of active 
current at different bath pH. (H) Transient absorbance changes at 400 nm (blue), compared to 
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active and channel currents (red and black, respectively). (I) Photocurrent traces in the absence 
of permeant metal cations at bath pH 9.4. 

We tested whether HcKCR1 can be used to suppress excitable cell firing. HcKCR1 fused 
with EYFP and tdTomato were expressed in layer 2/3 pyramidal neurons of the mouse 
somatosensory cortex by in utero electroporation (Fig. 3A). We prepared acute brain slices from 5 

2–4-week-old mice and performed whole-cell voltage clamp recording from HcKCR1-
expressing neurons with 142 mM K+ in the pipette and 2.5 mM K+ in the bath (for full solution 
compositions see Methods). In response to 1-s pulses of green light, HcKCR1 generated robust 
photocurrents (Fig. 3B) that  recovered quickly in the dark (fig. S9). The decay of photocurrents 
was best fit by two exponentials with τ1 = 40 ms (Fig. 3C) and τ2 = 0.6 ± 0.1 s at -45 mV and 0.5 10 

± 0.2 at -85 mV (mean ± sem, n = 8 cells). The ratio of steady-state to peak photocurrents 
increased when the membrane was hyperpolarized (Fig. 3D). The IE curves showed a reversal 
potential of -63 mV for peak photocurrents and -56 mV for steady-state photocurrents (Fig. 3E-
G), indicating that channel states formed upon absorption of a second photon under continuous 
light stimulation alter the relative permeability for cations. We next performed current clamp 15 

recordings to test HcKCR1 as a neuronal silencing tool. Photoactivation of HcKCR1 instantly 
and persistently inhibited all action potentials induced by current injections (Fig. 3H, I), 
demonstating that HcKCR1 is a potent optogenetic silencer. 

The discovery of KCRs provides an alternative mechanism for K+ selection and our 
studies lay the basis for its elucidation. KCRs also expand the optogenetic toolbox with a natural 20 

K+-selective tool that benefits from the high efficiency provided by evolution, enabling direct, 
rapid, and potent photocontrol of K+ transmembrane gradients. 
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Fig. 3. Photoactivation of HcKCR1 in neurons generates robust photocurrents and 
efficiently suppresses neuronal firing. (A) Fluorescent images of a cortical slice showing 
HcKCR1-EYFP and tdTomato expression in layer 2/3 neurons. Cortical layers were identified by 
DAPI staining. L, layer. (B) Photocurrents traces of a HcKCR1-expressing neuron in response to 
a 1-s 565 nm light pulse at holding voltages increased in 5-mV steps. (C) The fast time constant 5 

of photocurrent decay at indicated voltages. (D) Ratios of steady-state to peak photocurrents. (E, 
F) IE curves of peak (E) and steady state (F) photocurrent of individual neurons indicated by 
different colors. (G) Reversal potentials calculated from the data in E and F. (H) Membrane 
voltage traces of a HcKCR1-expressing neuron in response to 0.2 (left) and 0.5 nA (right) 
current injections without (top) and with (bottom) 565 nm light pulses. (I) The frequencies of 10 

action potentials evoked by different current injections with (magenta) and without (black) 
photoactivation. Data in C, D, G and I are expressed as mean ± sem, n = 8 cells; ** P < 0.01, *** 
P < 0.001, **** P < 0.0001.  
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