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The electric excitability of muscle, heart, and brain tissue relies on the precise interplay of Na*- and K*-selective
ion channels. The involved ion fluxes are controlled in optogenetic studies using light-gated channelrhodopsins
(ChRs). While non-selective cation-conducting ChRs are well established for excitation, K*-selective ChRs (KCRs)
for efficient inhibition have only recently come into reach. Here, we report the molecular analysis of recently
discovered KCRs from the stramenopile Hyphochytrium catenoides and identification of a novel type of hydro-
phobic K* selectivity filter. Next, we demonstrate that the KCR signature motif is conserved in related strame-
nopile ChRs. Among them, WiChR from Wobblia lunata features a so far unmatched preference for K* over Na*,
stable photocurrents under continuous illumination, and a prolonged open-state lifetime. Showing high expres-
sion levels in cardiac myocytes and neurons, WiChR allows single- and two-photon inhibition at low irradiance
and reduced tissue heating. Therefore, we recommend WiChR as the long-awaited efficient and versatile opto-

genetic inhibitor.

INTRODUCTION

Light-gated ion channels are used in modern life sciences from
plant physiology to systems neuroscience to control the electrical
activity of cells noninvasively with the temporal and spatial preci-
sion of light (I). Simultaneous illumination of individual cells
within larger brain areas is reliably achieved by holographic light
shaping and two-photon (2P) excitation (2). The used light switches
are in most cases channelrhodopsins (ChRs) that absorb light via a
retinal chromophore bound to the seven-transmembrane helix
protein. First described as the photoreceptor responsible for photo-
taxis in the green alga Chlamydomonas reinhardtii (3), ChRs have
been discovered across different groups of unicellular organisms-
with close to 800 representatives known today (4, 5).

While cation-conducting ChRs (CCRs) are well established for
excitation, neuronal inhibition is most frequently achieved with
anion-conducting ChRs (ACRs). However, variability of internal
Cl™ concentration in subcellular neuronal compartments, in cardi-
omyocytes (CMs), and during development, may cause depolariza-
tion instead of hyperpolarization and limits the application of ACRs
(6-8). Other inhibitory tools, such as light-driven ion pumps and
inhibitory Gj,,-coupled opto-GPCRs (G protein—coupled
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receptors), also have substantial limitations. Optogenetic pumps
require high expression levels and continuous bright illumination
due to a strict one photon/one charge ratio and can have undesired
side effects (9). Opto-GPCRs require cell type-specific examination
of engaged signaling cascades and might activate multiple signaling
pathways with limited temporal on-off control (10).

An attractive alternative for optogenetic inhibition and a long-
sought tool is a K*-selective CCR that would hyperpolarize the cel-
lular membrane despite high extracellular Na* concentration and
mimic the major endogenous repolarization processes based on
K* efflux. Engineering a K*-selective ChR has been an ambitious
goal, considering the low structural similarity between ChRs and
natural K* channels, and was unsuccessful so far. ChRs conduct
protons and partly hydrated ions along a sequence of water-filled
cavities through an asymmetric and still structurally unknown
pore within a rhodopsin monomer (11). Mammalian K* channels
feature a highly conserved and symmetric selectivity filter with four
subsequent K* binding sites for K* dehydration in the symmetry
axis of the tetrameric channel (12). Accordingly, first-generation
K* channels combined light-sensitive modules, such as ultravio-
let-switchable azobenzene compounds, blue light—sensitive light-
oxygen-voltage sensing (LOV) domains, or blue light-activated cy-
clases with ligand-, viral-, and adenosine 3',5'-monophosphate
(cAMP)—gated K* channels, as single- or two-component systems
(13-15). Currently, the need for an additional cofactor, low expres-
sion, slow kinetics, a limited dynamic range, and putative side
effects have limited their application . Structure-guided molecular
engineering of ChRs led to only minor improvements in the P,/
Py permeability ratio (11), whereas modification of the extracel-
lular release channel of the light-driven Na* pump KR2 of Dokdo-
nia eikasta unexpectedly generated an operational light-activated
K* channel with substantial K* conductance. However, the
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conductance was only large enough as needed for application at al-
kaline pH (16).

Another milestone was achieved with the recent discovery of two
natural K*-conducting ChRs (KCRs) in the stramenopile Hypho-
chytrium catenoides (HcKCR1 and HcKCR?2) that were K* selective
enough to inhibit action potential (AP) firing in neuronal slices
(17). Both KCRs have a bacteriorhodopsin-like DTD motif in mem-
brane helix 3 (D85, T89, and D96 in bacteriorhodopsin). This is a
feature shared with the related cryptophyte CCRs that were first dis-
covered in Guillardia theta (18) and that include the green light—ac-
tivated nonselective cation channel ChRmine from Rhodomonas
lens, the structure of which was recently solved by cryo—electron mi-
croscopy (19, 20). Despite a thorough initial characterization by Go-
vorunova and colleagues (17), the molecular determinants of K*
selectivity in this just recently identified group of KCRs
remain unknown.

Here, we characterize the K* selectivity of both HcKCRs, quan-
tify their residual Na* conductance, and identify key residues for K*
conductance and selection over Na*. A search for further CCRs
containing the identified K* selectivity signature motif revealed
WIiChR, a KCR from Wobblia lunata with improved K* selectivity,
negligible photocurrent inactivation, and improved light sensitivity
compared to both previously characterized KCRs. WiChR is well
expressed in neurons and cardiac myocytes, where it showed
reduced depolarization at negative membrane potentials and pro-
longed inhibition of APs with minimally invasive illumination pro-
tocols. Since WiChR is highly K* selective, well tolerated in different
classes of excitable cells, and sensitive to holographic 2P excitation,
we recommend WiChR as a versatile tool for multitarget single-cell
inhibition in large cellular networks.

RESULTS

HcKCRs are K*-selective channels with substantial Na*
conductance

We expressed both HCKCRs in ND7/23 cells and compared photo-
currents at different ionic conditions with those of ChRmine
(Fig. 1B). In the presence of high intra- and extracellular K, large
photocurrents confirmed efficient K* conductance for all three
channels with even higher photocurrent densities for both
HcKCRs than for ChRmine. Replacing high extracellular K* by
Na* had no effect on the photocurrents of ChRmine, which con-
ducts both cations equally well. For both HcKCRs, however, it
caused a significant reduction of inward currents and a strong
shift in the reversal potential confirming their pronounced prefer-
ence for K* over Na* (Fig. 1, C to F). Furthermore, exchange of Na*
for the larger cation NMG™" abolished all remaining inward currents
in HcKCRs and shifted the reversal potential in all three channels,
indicating that in ChRmine, as well as in HCKCRs, Na* ions are con-
ducted to a considerable extent. Moreover, at high external Na* and
voltages close to E,,, extended illumination led to a directional
change of the HCKCRI photocurrents and to a transition from a
K" outward current to a Na* influx (Fig.1G), which reveals an in-
creasing Na* conductance over time. The concomitant E,., shifted
by about 10 mV, which represents a decrease in the permeability
ratio (Px./Pna+) from 29 + 4 to 18 + 2 (fig. SI1). In parallel,
HcKCR1 photocurrents inactivate by 30 to 60% depending on the
voltage and ionic conditions, and recover biphasically within
seconds in the dark (fig. S2).

Vierock et al., Sci. Adv. 8, eadd7729 (2022) 9 December 2022

K* selectivity of HCKCRs relies on aromatic residues in the
extracellular half pore

In the next set of experiments, we identified key amino acids rele-
vant for efficient K* conductance and selectivity in HcKCR1. All
known ChRs conduct ions along a sequence of preformed water-
filled cavities between transmembrane helices 1, 2, 3, and 7 (I11).
For HcKCR1, we generated a refined three-dimensional (3D)
model combining classical molecular dynamics (MD) simulations
and pK, (where K, is the acid dissociation constant) predictions.
The putative pore spans from the extracellular D87 in transmem-
brane helix 2 to the intracellular D116 in helix 3 (Fig. 2A). Aspar-
tates D105 and D229 in the center of the pore constitute the
counterion complex that stabilizes the protonated retinal Schiff
base charge. The extracellular half pore is lined by a set of aromatic
residues including Y81, F88, W210, Y222, and the unusual trypto-
phan W102 at a position most frequently occupied by arginine in
other microbial rhodopsins.

Mutations of most pore-lining residues had little impact on the
K* conductance and selectivity (figs. S3 and S4) or spectral proper-
ties (fig. S5). Accordingly, photocurrents of the central gate mutant
C77A still resembled wild type (WT) like currents (Fig. 2, B and C).
In contrast, mutations of 70, Y81, F88, and W210 that are located
at various positions along the pore and partly in close contact with
the pore aspartates caused a strong reduction of outward currents
(S70A, Y81F, and W210A) and impaired K* selection, as indicated
by the diminished AE,., (S70A, F88T, and W210A). A nearly com-
plete loss of K* selectivity was observed for the outer pore mutant
N9IL and for substitutions of W102 and Y222 by nonaromatic res-
idues such as W102Q and Y222A. For all three mutants, inward cur-
rents were large at high extracellular Na* or K* (Fig. 2C), with little
reversal potential shift between the two conditions (Fig. 2D), very
similar to the nonselective cation channel ChRmine (Fig. 1, C and
F). K* selectivity was also compromised in D87 and D116 mutants
but came with a near-complete loss of stationary photocurrents
(Fig. 2E). Mutations of the counterion complex also showed
reduced photocurrent amplitudes but largely preserved K* selectiv-
ity. In conclusion, all four aspartates of the pore and their putative
interaction partners S70, Y81, and F88 are essential for channel
gating and pore formation in KCRs, whereas W102, Y222, and
N99 constitute essential elements of a unique hydrophobic K* se-
lectivity filter. On the basis of our mutational analysis, we identified
the quintet D87, N99, W102, D116, and Y222 as KCR signature
motif that requires functional support by the nearby residues S70,
F88, D105, and W210 (Fig. 3A).

Identification of further candidate KCRs

A systematic search revealed that KCRs from H. catenoides
[HcKCR1 and HcKCR2 (17)] as well as the nonselective cation
channel from the same organism [HcCCR (21)] are part of a
bigger clade that unites ChRs from a small set of stramenopile pro-
tists and related metatranscriptomic sequences (Fig. 3B and figs. S6
and S7A). The four non-hyphochytridiomycete stramenopiles that
were found to possess ChRs from this group are heterotrophic fla-
gellates from the Opalozoa clade: placidids W. lunata and Placidida
sp. Caron Lab Isolate and anoecids Cafeteria burkhardae and Bila-
brum sp. (the latter identified using molecular markers). Together
with cryptophyte CCRs (including ChRmine) and a so far not de-
scribed clade of uncharacterized ChRs from colpodellid alveolates,
these proteins form a well-supported monophylum (Fig. 3B and fig.
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Fig. 1. K* selectivity of HCKCRs. (A) Established optogenetic inhibitory tools, including light-driven ion pumps (red), anion selective channelrhodopsins, ACRs (blue), and
Gi/o-coupled opsins (purple). Potassium-selective ChRs, KCRs (green) and used measuring conditions for (B) to (G) are seen inside the green box. (B) Photocurrents of
ChRmine, HcKCR1, and HcKCR2 at 110 mM K¢, Nad, or NMG{ and 110 mM K" gluconate with pHe/; 7.2. (C to E) /(E) relations of the normalized peak photocurrent am-
plitudes I/l (mean + SD and n = 7/7/4 for ChRmine, n = 10/10/6 for HcKCR1, and n = 13/13/9 for HcKCR2). (F) E,., values for (C) to (E) that were linearly extra- or
interpolated close to the reversal potential. (G) Photocurrents of HCKCR1 at —70 mV and high Nag upon 50-ms, 250-ms, and 2-s illumination.

S6A). Most stramenopile CCRs share the functionally important
DTD motif of bacteriorhodopsin (D85, T89, and D96) in trans-
membrane helix 3 with cryptophyte CCRs. The minor variations
DSD, DSE, ETD, and DLD found in the other Stramenopiles pre-
serve both of the carboxylates, whereas in related colpodellid pro-
teins only the second aspartate is conserved (GGD motif) (fig. S6B).
Clustering of the stramenopile CCRs and cryptophyte CCRs indi-
cates that cation conductivity is ancestral in this lineage.

Among the collected stramenopile ChRs from this clade, two
proteins, WIChR1 from W. lunata and B1ChR2 from Bilabrum
sp., contained a nearly complete KCR signature motif with only
one conservative substitution at the position of Y222 for phenylal-
anine—a substitution that preserved K* selectivity in HcKCR1 in
our mutational analysis (fig. S4).

Electrophysiological characterization of WIChR1 (WiChR) in
cultured cells

Expressed in ND7/23 cells, WIChR1 showed excellent membrane
targeting (Fig. 3C and fig. S9) and large photocurrents with
almost no inactivation during prolonged illumination (Fig. 3D).
In contrast, BIChR2 aggregated substantially in intracellular

Vierock et al., Sci. Adv. 8, eadd7729 (2022) 9 December 2022

compartments and produced photocurrents with rapid inactivation
and strong inward rectification. Photocurrent recordings at differ-
ent K¢ concentrations confirmed a high K* selectivity for both
channels. Notably, WIChR1 and B1ChR2 even showed a complete
loss of inward-directed currents upon exchange of extracellular K*
to Na* (Fig. 3, E and F). The corresponding larger AE,., for
WIChR1 in comparison to HcKCR1 (Fig. 3G) is interpreted on
the basis of the Goldmann-Hodgkin-Katz voltage equation as a re-
markable increase in relative K* conductance from Py, /Py, =18 2
for the late photocurrent of HCKCRI (fig. S1) to P, /Py, = 80 + 40
for stationary photocurrents of WIChR1. Improved K* selectivity is
accompanied by enlarged stationary photocurrents (Fig. 3H)—ex-
plained by the good expression and reduced photocurrent inactiva-
tion—and slow channel closure (Fig. 3I) that together result in an
improved operational light sensitivity (Fig. 3]). The blue-shifted
action spectrum compared to HcKCRI favors a combination with
red-absorbing actuators and sensors and largely overlaps with
HcKCR2 (Fig. 3K). Considering WIChRI1 as a highly promising
tool for optogenetic inhibition, we term it WiChR for "Wobblia in-
hibitory channelrhodopsin".
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Fig. 2. Molecular determinants of K* conductance in KCRs. (A) Equilibrated AlphaFold2 3D model of HcKCR1 with important residues lining the putative pore high-
lighted in yellow (K* signature motif) and green (supporting residues). (B) Representative photocurrents of pore lining HCKCR1T mutants at 110 mM Nai and 110 mM K{,
with C77A resembling the WT. (C) I(E) relations of the normalized peak photocurrent amplitudes of selected mutants. (D) AE,, for extracellular buffer exchange from high
KZ to Nag. (E) Photocurrent density at —40 mV and 110 mM Na{. All plots show mean + SD (n = 3 to 8).

Molecular determinants of improved K* selectivity the important helix-3 tryptophan W120 (C29 in HcKCR1). Both
in WiChR are highlighted in the thermally equilibrated AlphaFold2 model in
The improved K* selectivity of WiChR compared to HcKCR1 was  Fig. 4A. Mutation of both residues impaired K* selection in WiChR
expected to be caused by two side-chain substitutions in the extra-  with a remarkably reduced reversal potential shift upon K* to Na*
cellular part of the pore, which are F240 within the K* selectivity = replacement for WiChR D47C in comparison to the WT channel.
filter itself (Y222 in HcKCR1) and D47 in the direct vicinity of ~Mutation of the same residues in HCKCR1 also slightly reduced K*
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Fig. 3. Identification and characterization of WiChR. (A) The eight-amino acid motif of the K* selectivity filter in red (see also fig. S6A and the complete alignment in fig.
S8 and data S4). (B) Phylogenetic relationships among the stramenopile CCRs (see the complete phylogenetic tree of the ChR family in fig. S6A and data S2). Dots
represent ultrafast bootstrap support values: >80 (gray) and >95 (black). (C) Cellular distribution of the fluorescence-tagged KCRs. (D) Representative photocurrents
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selectivity for HCKCR1 Y222F, as discussed before (Fig. 2E), but it
further improves K* selection for HCKCR1 C29D (Fig. 4E), which
we identified as a further essential modulator of the ChR K* selec-

tivity filter.

Vierock et al., Sci. Adv. 8, eadd7729 (2022)
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2P-holographic inhibition of neurons in organotypic slices

To explore the potential of WiChR for neuronal application, we ex-
pressed HCKCR1 and WiChR in organotypic slices from the mouse
hippocampus and compared their inhibitory performance using
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holographic 2P patterned stimulation with a low repetition rate (500
kHz) pulsed laser at 1030 nm (Fig. 5A). Both KCRs expressed well
(Fig. 5B) and showed no signs of toxicity (fig. S12). We injected de-
polarizing square currents (1 s) to induce AP firing and illuminated
in the middle of the current injection. Both HcCKCR1 and WiChR
completely inhibited spiking at current injections well above the re-
spective rheobase of the neuron (Fig. 5B). However, while for
HcKCR1 continuous illumination was needed, for WiChR a
single 5-ms pulse was sufficient to achieve a complete cessation of
firing for the entire 500 ms (Fig. 5B and C). Since extended periods
of inhibition are often needed during in vivo applications, pulsed
illumination reduces the local heating in the tissue compared to
continuous illumination. Hence, we compared inhibition with con-
tinuous illumination to the application of 5-ms pulses at 10, 5, and 2
Hz and found that in slices WiChR achieves a complete cessation of
AP firing down to a frequency of 2 Hz, while HcKCR1 needs con-
tinuous illumination for a comparable degree of inhibition (fig. S13,
A and B).

Next, we simulated the local temperature rise (22) for the holo-
graphic spot (12 um diameter, 31 uW/pm?) and compared contin-
uous to pulsed illumination. We found that heat accumulates with
continuous illumination, while the pulsed protocol at 10, 5, or 2 Hz
allows for dissipation of the heat before the next pulse (fig. S13C).
While for one holographic spot, the local temperature rise of ~0.2 K

A B

HcKCR1 WiChR

(continuous) and ~0.1 K (pulsed) is still far below the reported
thermal damage threshold of ~1 K, most applications will
demand inhibition of more than one neuron in a given region.
Here, our simulations show that with a 5-ms pulsed illumination,
peak heating stays below 1 K, and no heat is accumulated over
time, even when placing up to 40 holographic spots within a
small 100 pm x 100 pm area. On the contrary, for continuous illu-
mination, heat is accumulated and increases linearly with the
number of spots, reaching almost 4K for the same 40 spots
(fig. S13D).

When we injected hyperpolarizing current steps to have more
negative membrane potentials, we found that illumination caused
depolarization instead of further hyperpolarization for both
HcKCR1 and WiChR (Fig. 5D), which can be explained by their
residual Na* conductance. However, reversion from hyperpolariza-
tion to depolarization occurred at a significantly more negative
membrane potential of =92 + 2 mV for WiChR than for
HcKCR1 (—80 + 4 mV) (Fig. 5, E and F), confirming the higher
K* selectivity of WiChR.

To compare the operational light sensitivity of HcKCR1 and
WiChR at 1030 nm, we used a somatic ramp current injection to
induce APs and increase light intensities during the current injec-
tion to characterize the efficiency of inhibition (Fig. 5G, left). For
both KCRs, increasing light intensities delayed the first AP on the
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Fig. 5. Neuronal inhibition with 2P holographic stimulation of WiChR in organotypic hippocampal slices. (A) Whole-cell patch-clamp recordings of HcKCR1- and
WiChR-expressing neurons with 2P holographic illumination (1030 nm); LJP corrected for all recordings. (B) 1P wide-field epifluorescence images of HCKCR1- and WiChR-
expressing neurons and recordings of square depolarizing current injections (1 s) with a 500-ms period of photoinhibition within this time; continuous illumination for
HCcKCR1 and 5 ms for WiChR (29 pW/um?). (C) Normalized firing rate 50 pA above rheobase for HCKCR1, WiChR [as in (B)], and without light: mean + SD, n = 6 to 8 each. (D)
Current-clamp recordings like in (A) with hyperpolarizing current injections showing light-induced depolarization (right) for HCKCR1 and WiChR at negative membrane
potentials. (E) Light-induced potential change at different membrane potentials showing both hyperpolarization and depolarization upon illumination; points represent
individual recordings and lines are the average. (F) Extrapolation of membrane potential where illumination induces depolarization instead of hyperpolarization
(mean + SD). (G) Depolarizing somatic ramp current injections with continuous illumination of rising power densities during ramp and normalized light-induced
delay of first spike on the ramp relative to the dark; 0, no delay; 1, no AP during ramp. Points represent individual recordings, and lines are the average of the logistic
fits; n = 6, n = 7; median effective concentration (ECs) values, mean + SD. (H) 2P response of WiChR for varying wavelengths. Measured in ND7/23 cells with a tunable high
repetition rate laser. 2P response as normalized slope of the photocurrent rise within 3 ms (linear fit); n = 5, mean + SD.

ramp compared to darkness, but half-maximal inhibition was ob-
served at six times lower power densities for WiChR than for
HcKCR1 (Fig. 5G, right). For HcKCR1, complete suppression of
spiking on the ramp was achieved at 43 pW/um?, while for
WiChR, this was reached for all patched neurons already at 4.4
UW/um? Last, for 2P dual-color application using WiChR in com-
bination with other optical probes, we measured the 2P action spec-
trum between 840 and 1080 nm (Fig. 5H; for details, see Materials
and Methods) and found the maximal sensitivity between 940 and
980 nm excitation.

In vivo 2P-holographic inhibition with WiChR

After characterizing neuronal inhibition through WiChR in vitro,
we sought to demonstrate the effectiveness of WiChR-mediated in-
hibition in vivo. On the basis of the plasmid used for slice
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electroporation, we generated a WiChR-mScarlet-encoding
adeno-associated virus (AAV), which we injected into the
primary visual cortex of mice. Five weeks after injection, we
found efficient opsin expression (Fig. 6A) and we explored the ef-
fectiveness of inhibition with WiChR in vivo by whole-cell patch-
clamp recordings in anesthetized mice. We injected square currents
above the respective rheobase of the neuron to evoke APs and
applied the pulsed illumination protocol in the middle of the
current injection (Fig. 6B, left). We found a significant reduction
of the AP frequency (two mice, n = 3 cells) during the 10-Hz
train of 5-ms pulses, verifying the applicability of WiChR and the
pulsed illumination protocol in vivo. In addition, we found that an
increase in the illumination frequency could increase the effective-
ness of inhibition (fig. S14B) in accordance with our in vitro results
from slices (fig. S13).
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WiChR-mediated inhibition of the electromechanical
activity of atrial CMs

For a test of efficacy in non-neuronal excitable cells, we tested the
ability of WiChR to inhibit spontaneous activity of human induced
pluripotent stem cell (hiPSC)—derived atrial CMs (aCMs). aCMs
were transiently transfected with plasmids encoding WiChR-
mScarlet, leading to sparse but robust channel expression in the sar-
colemma, as visualized by mScarlet fluorescence (Fig. 7A). In
WiChR-expressing cultures, blue light applied for 10 s caused
fully reversible inhibition of spontaneous contractions (Fig. 7B
and movie S1). In 10 of 11 recordings, WiChR-elicited currents
(fig. S15A) were sufficient to fully inhibit APs in syncytia of electri-
cally coupled aCM (Fig. 7, C and D). Maximum diastolic potentials
and end-diastolic potentials (so-called take-off potentials) were not
different between WiChR-expressing and non-transfected cultures.
Initial illumination induced a small hyperpolarization of membrane
potential (inset ITA in Fig. 7C). During prolonged light application,
the membrane potential slightly depolarized compared to the
maximal diastolic potentials before and after light application
(P = 0.013) but was similar to end diastolic potentials (Fig. 7, E
and F). Membrane potential and all AP parameters (AP duration,
frequency, and upstroke velocity) were restored within 10 APs after
illumination (fig. S15, B to D).

A Mouse 1, 195-um depth

B Mouse 2, cell 1, 153-uym depth
5ms, 10 Hz

Rep. 1

DISCUSSION

KCRs constitute a new group of light-gated ion channels. In this
study, we investigated their molecular mechanism and identified
the amino acid motif that is required for their high K* selectivity.
Exploiting that knowledge, we uncovered two additional KCRs
with significantly improved K* selectivity and, in the case of
WiChR, with excellent inhibitory performance in neurons
and CMs.

Our results show that the K* selectivity of KCRs relies on an
unusual pair of aromatic residues in helices 3 and 7 that occlude
the extracellular pore in the dark and constitute the K* selectivity
filter in the open channel (W102 and Y222 in HcKCR1, highlighted
in Fig. 8A and fig. S10, which is unique among rhodopsins. In ad-
dition, six further residues are required for efficient K* conduc-
tance. Among them are three pore-lining carboxylates (D87,
D105, and D116 in HcKCR1) found at similar positions in
ChRmine (20), which are expected to be generally involved in
channel gating, similarly, as earlier discussed, for the related
GtCCR2 (23). Last, three side chains of putative secondary impor-
tance (S70, F88, and L99 in HcKCR1) ensure conformational integ-
rity of the pore and orientation and hydrophobicity of the K*
selectivity filter.

The identified K* filter contrasts the conserved mechanism of
ion selectivity in conventional highly symmetric tetrameric K*
channels, like KcsA or K,, where K* ions are conducted along the
tetramer interface and are tightly coordinated by backbone carbonyl

w
o
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o
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Fig. 6. Neuronal inhibition with 2P holographic stimulation of WiChR in mouse visual cortex. (A) 2P images of WiChR-mScarlet expression in layer 2/3, 195 pm and
182 deep um, of visual cortex in anesthetized mice; mouse 1, 5 weeks and mouse 2, 11 weeks after viral injection. Zoom-in views showing neurons expressing WiChR-
mScarlet. The images were acquired by 2P scanning at a frame rate of 1 Hz at 980 nm in mouse 1 and 960 nm in mouse 2. (B) Left: Sample traces from a whole-cell
recording of a WiChR-expressing neuron in layer 2/3 of visual cortex in a lightly anesthetized mouse, demonstrating suppression of electrically induced APs by 10-Hz
trains (5 ms) of temporally focused 2P holographic illumination targeting the patched cell soma (spot diameter 12 um, 7 to 8 mW). Traces of two repetitions are shown,
and the photostimulation is indicated in red; membrane potential was corrected for an LJP of +11.9 mV. Right: Average firing rates across repetitions before, during, and
after illumination calculated for three cells from two different mice; mean + SD across cells is plotted in red. For traces and individual firing rates of each cell, see fig. S14A.
The average firing rates were significantly modulated in the three conditions [one-way analysis of variance (ANOVA), P = 0.013]. Significant difference in average firing
rates was denoted as asterisk (multiple comparisons between conditions).

8 of 17

Vierock et al., Sci. Adv. 8, eadd7729 (2022) 9 December 2022



SCIENCE ADVANCES | RESEARCH ARTICLE

A WiChR-mScarlet expression in hiPSC-derived atrial cardiomyocytes (aCM) B wiChR-mediated inhibition of contractions
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Fig. 7. WiChR is a potent tool for silencing the activity of hiPSC-derived aCMs. (A) Confocal images showing WiChR-mScarlet expression (in red) and DAPI staining of
nuclei (in blue). White arrows indicate cell clusters from which cells were chosen for sharp electrode recordings (in a blinded way in respect to mScarlet fluorescence). (B)
Analysis of representative video showing WiChR-mediated inhibition of contractions. WiChR-expressing aCM cultures were imaged by wide-field transmission micros-
copy. Graph shows dissimilarity score based on pixel-wise comparison of intensities (see Materials and Methods for details). a.u., arbitrary units. (C) Sharp electrode
recording showing reversible inhibition of AP during blue light application. Insets in bottom row show AP before light (phase ), absence of AP during illumination
(phase ll, including initial phase of illumination lla), and APs after light (phase Ill). (D) Quantification of recordings with AP during light application comparing non-
transfected control cultures (WT) to cultures expressing WiChR. (E and F) Comparison of maximum diastolic potential (MDP) and take-off potential (TOP) in control
cultures to WiChR-expressing cultures in phases | (average of 10 AP before light application) and Ill (average of 11th to 20th AP after light), respectively (closed
circles). For phase Il (during light application), the average membrane potential between 4.5 and 5.5 s of illumination is plotted (open circles). Mann-Whitney test
was used for group-wise statistical analyses.

oxygens of the selectivity filter (24). However, for KCRs, our equil-  filled with lipids similar to ChRmine (19) and an ion permeation
ibrated structural models and the results of our mutational analysis  pathway going through the individual KCR protomers themselves.
predict a trimeric assembly with an inter-subunit cavity most likely =~ We propose that the passage of K* ions requires dehydration to pass
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Fig. 8. Selectivity filter of KCRs compared to related cryptophyte CCRs. (A) Structural model of the WiChR dark state (left) and a simplified open-state representation
with putative pore constrictions that are important for K* selectivity at the intracellular (IC) and the extracellular (EC) side of the protein. (B) Cartoon model of the ChRmine
dark state and a simplified representation of its assumed open state configuration.

Vierock et al., Sci. Adv. 8, eadd7729 (2022) 9 December 2022 9 of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

the hydrophobic and aromatic side chains of the K* selectivity filter
where passage of Na*—with higher dehydration energy and more
localized charge—is blocked. In the related ChRmine, the wider and
presumably water-filled access funnel could allow permeation of
partly hydrated K* and Na* (Fig. 8). A similar non-canonical mech-
anism for K* selectivity was recently described for the lysosomal K*
channel TMEM175, which also features a hydrophobic restriction
in the center of the pore, as required for K* conductance, and
which also showed important differences in K* selectivity for differ-
ent channel subtypes, ranging from Py, /Py, of 2 in bacteria to P/
Pyay of 35 in humans (25). Accordingly, Py, /Py, also varied sig-
nificantly for different KCRs despite the overall conserved signature
motif. In these channels, minor differences in the pore, such as
WIiChR D47 at the position of HCKCR1 C29, seem to affect the ori-
entation and interaction of amino acids in the filter and the pore
explaining the differences in K* selectivity (fig. S10, B and C).

With the ability to control K* flux in optogenetic experiments,
KCRs can be applied for inhibition of so far inaccessible systems of
excitable cells. These include cellular and subcellular compartments
with elevated intracellular chloride concentrations such as synaptic
terminals or cardiac muscle cells, where activation of ACRs can have
depolarizing effects leading to cellular excitation (7, 8). Here, we
demonstrated robust and reversible inhibition of contractions and
APs in hiPSC-derived aCM cultures expressing the identified
WiChR channel. In contrast to previously used ACRs, inhibition
was achieved without major changes in membrane potential.

While in neurons effective inhibition may also be achieved with
HcKCR1, the discovered WiChR outperforms HcKCRs in several
applications based on three properties. First, the K* selectivity
over Na* is more than three times higher for WiChR compared to
HcKCRI, which allows effective inhibition of neurons over a
broader range of resting potentials and less dependent on the Na*
gradient. Second, the high operational light sensitivity of WiChR
allowed inhibition at an order of magnitude lower photon exposure
compared to HCKCR1 with both 1P and 2P illumination. Especially
the high efficiency of activation with holographic 2P illumination
will facilitate light delivery for in vivo experiments and increase
the accessible depth of successful optical inhibition while single-
cell resolution is maintained. In addition, it allows for the distribu-
tion of available laser power over a larger number of target cells and,
hence, simultaneous inhibition of a larger group of cells. Third, the
longer open-state lifetime of WiChR is fundamental to the pulsed
illumination protocol, the applicability of which we extensively in-
vestigated here and verified for in vivo studies. Continuous illumi-
nation, as necessary for HcKCRs, will cause a significant
temperature rise in the tissue, especially considering the extended
time frames and the number of cells to be inhibited that can be
needed for behavior experiments. On the contrary, the pulsed illu-
mination can be applied for long duration and for many target cells
without any heat accumulation in the tissue presenting a tremen-
dous advantage for in vivo application.

For future in vivo experiments, it should be considered that
WiChR's high light sensitivity, slow kinetics, and maximal sensitiv-
ity between 940 and 980 nm (Fig. 5H) render its combination with
optical probes of similar spectral sensitivity, such as GCaMP (26),
rather challenging and demand a careful calibration of the imaging
conditions to avoid cross-activation. Instead, a combination with
red-shifted dyes, e.g., RCaMP (27) or R-GECO (28), 2P excited at
wavelengths beyond 1100 nm, is a possible alternative and should be
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explored for all-optical use in the future. Besides that, WiChR is well
suited for in vivo experiments with a non-optical readout.

In conclusion, we recommend WiChR as the tool of choice for
targeted inhibition of excitable cells across different organs. Excel-
lent performance under 1P and 2P illumination shows major
promise for reliable and reversible inhibition of large networks of
electrically coupled cells and simultaneous silencing of tens to hun-
dreds of neurons in intact tissue using low light intensities and short
illumination times and with minimal photodamage.

MATERIALS AND METHODS

Search for ChR genes

ChRs from the stramenopile CCR subfamily: CbuChR1 [National
Center for Biotechnology Information (NCBI) GenBank
KAA0157615.1, NCBI genome assembly GCA_008330645.1] from
C. burkhardae BVI (formerly, Cafeteria roenbergensis BVI),
P1ChR1 (MMETSP1104_DN12643_c6_gl_il, MMETSP assembly
MMETSP1104) from Placidida sp. Caron Lab Isolate (formerly,
“Cafeteria” sp.), and partial sequences of BIChR1 and BIChR2
from Bilabrum sp. (found as contamination in various algal tran-
scriptome assemblies, in particular Chroodactylon ornatums; see
text S1) were previously reported in (4). ChRs of W. lunata NIES-
1015 (WIChR1-4) were obtained by assembling the raw data avail-
able from NCBI SRA (Short Read Archive) [SRA run DRR049555,
(29)] with Trinity v. 2.13.2 (30). Search for ChR genes in these and
other assemblies was performed by querying protein sequences
using microbial rhodopsin HMM profiles (Profile Hidden
Markov Models) (https://github.com/BejaLab/RhodopsinProfiles)
with hmmsearch from HMMER v. 3.3.2 (31). ChR sequences
were obtained by searching against a curated database of microbial
rhodopsins using blastp from blast+ v. 2.11.0+ (32). The complete
list of searched stramenopile assemblies is provided in data S1. De
novo assemblies when necessary were obtained using Trinity for
transcriptomes or spades v. 3.14.1 (33) for genomes and single am-
plified genomes (SAGs). Genes were predicted with TransDecoder
v. 5.5.0 for transcriptome assemblies and GeneMarkS v. 4.32 for
genome and SAG assemblies. Additional sequences related to stra-
menopile CCRs were obtained from JGI freshwater and marine
metatranscriptomes using blast with stramenopile CCRs as
queries. Only publicly available complete sequences from JGI
were used in the analyses. A curated catalog of ChRs including se-
quences reported here is maintained in (34).

Phylogenetic analysis

Phylogeny of the stramenopile CCRs, related clades, and a reference
set of ChRs from other families was obtained as follows. The se-
quences were aligned using mafft v. 7.475 (35) in --localpair
mode and trimmed with trimAl v. 1.4.1 (36) (with -gt 0.9), and
the phylogeny was reconstructed using iqtree2 v. 2.1.2 (37) with
1000 ultrafast bootstrap replicates (38). The tree was out-
group-rooted.

Structure-based alignment

Representative CCRs were aligned with 3D-coffee from t_coffee
v.13.45.0.4846264 (methods sap_pair, mustang_pair, t_coffee_msa,
and probcons_msa) (39). Transmembrane regions in ChRmine
[Protein Data Bank (PDB): 7W9W] were predicted with the PPM
web server (40).
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Molecular biology and cell culture

Coding DNA sequences of HcKCR1 (MZ826862), HcKCR2
(MZ826861), WIChRI and BIChR2 (human codon adapted, syn-
thesized by GenScript and accessible on GenBank via OP710241
and OP710242, respectively), and ChRmine (provided by K. Dei-
sseroth) were fused to a Kir2.1 membrane targeting sequence, an
mScarlet, mCerulean, or eYFP (enhanced yellow fluorescent
protein) fluorophore, and an ER-Export signal and cloned either
into a pCDNA3.1 vector behind a cytomegalovirus promotor for
basic characterization in ND7/23 cells (ECACC 92090903 were pur-
chased from Sigma-Aldrich) or into a pAAV backbone behind a
human Synapsin promoter for virus production and expression in
neurons. Site-directed mutagenesis was performed using the Quik-
Change Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA) according to the manufacturer’s instructions using
primers provided in table S1. Expression in ND7/23 cells was per-
formed as previously described (41). ND7/23 cells were cultured at
5% CO, and 37°C in Dulbecco’s minimal essential medium supple-
mented with 5% fetal bovine serum, 1 uM all-trans-retinal, and pen-
icillin-streptomycin (100 pg/ml; Biochrom, Berlin, Germany). Cells
were seeded on poly-lysin—coated coverslips at a concentration of
0.75 x 10° cells/ml and transiently transfected using the FuGENE
HD Transfection Reagent (Promega, Madison, WI) 28 to
48 hours before measurement.

Whole-cell patch clamp in ND7/23 cells
Patch pipettes were prepared from borosilicate glass capillaries
(G150F-3, Warner Instruments, Hamden, CT) using a P-1000 mi-
cropipette puller (Sutter Instruments, Novato, CA) and were subse-
quently fire-polished. Pipette resistance was 1.5 to 2.5 megohms. A
140 mM NaCl agar bridge served as a reference (bath) electrode. In
whole-cell recordings, membrane resistance was typically >1
gigohm, while access resistance was below 10 megohms. Pipette ca-
pacity, series resistance, and cell capacity compensation were
applied. All experiments were carried out at 23°C. Signals were am-
plified and filtered at 2 kHz, digitized at 10 kHz (DigiData1400),
and acquired using Clampex 10.4 software (all from Molecular
Devices, Sunnyvale, CA). Continuous monochromatic light was
generated using a Polychrome V light source (TILL Photonics,
Planegg, Germany) coupled into the Axiovert 100 microscope
(Carl Zeiss) and delivered to the sample using a 90/10 beamsplitter
(Chroma, Bellows Falls, VT). Light exposure was controlled by
VS25 and VCM-D1 shutter systems (Vincent Associates, Rochester,
NY). Light intensities were adjusted either manually by different
neutral density filters or by a motorized filter wheel for equal
photon densities in action spectra. Light intensities were measured
in the sample plane with a calibrated P9710 optometer (Gigahertz
Optik, Tiirkenfeld, Germany) with 3.7 mW/mm? at 470 nm and 2.7
mW/mm? at 530 nm for standard measurements. The illuminated
field of the W Plan-Apochromat 40x/1.0 differential interference
contrast (DIC) objective was 0.066 mm? (Carl Zeiss,
Jena, Germany).

Extracellular solutions were replaced manually by adding at least
5 ml of the respective buffer to the recording chamber (500-ul
chamber volume), while a Ringer Bath Handler MPCU (Lorenz
Messgeritebau, Katlenburg-Lindau, Germany) maintained a cons-
tant bath level. Standard bath solutions contained 110 mM NaCl, 1
mM KCl, 2 mM CaCl,, 2 mM MgCl,, and 10 mM Hepes at pH, 7.2
(with glucose added up to 310 mOsm). Standard pipette solutions

Vierock et al., Sci. Adv. 8, eadd7729 (2022) 9 December 2022

contained 110 mM potassium-p-gluconate, 1 mM NaCl, 2 mM
CaCl,, 2 mM MgCl,, 10 mM EGTA, and 10 mM Hepes at pH; 7.2
(glucose was added up to 290 mOsm). For ion selectivity measure-
ments, extracellular NaCl was replaced by 110 mM KCl or 110 mM
N-methyl-D-glucamine chloride (NMDGCI).

I(E)-curves were measured from —80 to +40 mV in 20-mV steps
with liquid junction potential (LJP)—corrected holding voltages and
500-ms illumination. Action spectra were recorded with 110 mM
Nag, 10-ms illumination, and reduced light intensities at either 0
mV for K*-selective channels and mutants or —60 mV for
HcKCR1 mutants that lost K* selectivity. Light titrations of KCR
channels were recorded at 0 mV with 500-ms illumination.

ND7/23 measurements were analyzed using the Clampfit 10.7
software (Molecular Devices, Sunnyvale, CA), Microsoft Excel,
and Origin 2020 (OriginLab, Northampton, MA). Photocurrent
traces were baseline-corrected, filtered, and reduced in size for
display purposes. Photocurrents were normalized to peak photo-
currents at —40 mV and 110 mM K, and action spectra were
fitted using a parametric Weibull function:with

1-— W2> w Wy — 1
w2 . gm=1) .e(—S Pt W, )

Wz_—l)(

Wy

y=y0+A-(

with § =

1
x—xc+ (WZ — 1) (W_2>
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and the estimated parameters A, y,, w;, w,, and x.. Peak photocur-
rents represent the maximal photocurrent during the first 50 ms of
illumination. The time point of peak conductance might vary for
different voltages especially for channels that feature different
open states and changes in ion selectivity during continuous
illumination.

Confocal microscopy in ND7/23 cells and aCMs
ND7/23 cells
Confocal images were acquired using a FluoView1000 (Olympus,
Tokyo, Japan) confocal laser scanning microscope with a UPlanSA-
po 60x numerical aperture (NA) 1.2 water-immersion objective
(Olympus, Tokyo, Japan). mScarlet was excited using a 559-nm
diode pumped solid state (DPSS) laser (2% transmissivity), mCer-
ulean was excited using a 440-nm diode laser (10% transmissivity),
and eYFP was excited using an argon laser (3% transmissivity).
Both the membrane fluorescent density (brightness/area) and
the fluorescent density within the cell were calculated from equato-
rial slices after background subtraction. The membrane was defined
as the outermost layer of the cell, and the targeting was then evalu-
ated as the fluorescence membrane density in the membrane
divided by the intracellular fluorescence density. This calculation
yields a value below one if the fluorescence is higher inside the
cell and above one if the membrane is brighter.
Atrial cardiomyocytes
Cells transfected to express WichR-mScarlet were imaged using an
inverted confocal microscope (TCS SP8 X, Leica Microsystems,
Wetzlar, Germany) using a 40x water objective (HC PL APO
40%/1,10 W CORR CS2, Leica Microsystems). DAPI (4',6-diamidi-
no-2-phenylindole) was excited using a 405-nm laser diode, and
mScarlet was excited using a 569-nm line from the white light
laser. The pinhole opening was set to four Airy units for overview
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images and to one Airy unit for high-resolution images. Emission
light was recorded using hybrid detectors and appropriate detec-
tion windows.

Preparation and electroporation of organotypic
hippocampal slices

All animal procedures were performed in accordance with French
law and guidelines of Directive 2010/63/EU and institutional guide-
lines on the care and use of laboratory animals. Organotypic hippo-
campal slices were prepared from P5/P8 C57BL/6] mouse pups as
described by Gee et al. (42). In brief, dissection of hippocampi was
carried out in ice-cold dissection solution composed of 248 mM
sucrose, 26 mM NaHCOj;, 10 mM glucose, 4 mM KCI, 5 mM
MgCl,, 1 mM CaCl,, 2 mM kynurenic acid, and 0.001% phenol
red saturated with 95% O,/5% CO,. Transverse sections of hippo-
campi (400 um thick) were sliced using a McIlwain tissue chopper
with double-edge stainless steel razor blades. Morphologically
intact slices were carefully transferred using a plastic transfer
pipette onto small pieces of polytetrafluorethylene (PTFE) mem-
brane (Millipore FHLP04700) on membrane inserts (Millicell
PICMORGH50) in prewarmed culture medium. The slices were cul-
tured at 37°C and 5% CO, in a culture medium consisting of 80%
minimal essential medium and 20% heat-inactivated horse serum
supplemented with 1 mM L-glutamine, insulin (0.01 mg/ml),
0.00125% ascorbic acid p-glucose, 14.5 mM NaCl, 2 mM MgSO,,
and 1.44 mM CaCl,; no antibiotics were added to the culture
medium. Three to four slices were cultured on one insert, and
every 3 days, the medium was partially exchanged with prewarmed
fresh medium.

Bulk electroporations were performed with endotoxin-free
plasmid preparations (> 0.9 pg/ul) using the Y-unit of 4D-Nucleo-
fector (Lonza Bioscience). Both HCKCR1 and WiChR were subcl-
oned into a pAAV backbone and expressed as fusion proteins tagged
with a fluorophore under a human synl promoter. At 3 to 4 days in
vitro, the hippocampal slice was placed in a well of a 24-well culture
plate (Nunc), and 10 pg of plasmid DNA in a volume of 25 to 30 pl
of AD1 solution (Lonza Bioscience) was put as a drop on the slice.
After an incubation period of 20 min at 37°C, prewarmed AD1 sol-
ution was added to a final volume of 360 pl. The 24-well dipping
electrode array (Lonza Bioscience) was carefully placed onto the
24-well culture plate to avoid air bubbles, which could disrupt the
electroporation, immediately followed by the electroporation using
program CM-158 of the 4D-Nucleofector Y Unit. The slices were
used for electrophysiology recordings 6 to 10 days after
electroporation.

Holographic microscope for 2P excitation

The system, for holographic light shaping (2), is schematically rep-
resented in fig. S11A. It was custom-built around a commercial
upright microscope (Zeiss, Axio Examiner.Z1). An efficient holo-
graphic stimulation was based on the use of a low repetition rate
amplified fiber laser, providing ~300-fs pulses at 500-kHz rate
with a 1030-nm wavelength (Satsuma, Amplitude Lasers; total
output power, 10 W). The laser beam, after a first beam expander
(f1 = 50 mm; f2 = 200 mm), was directed on a spatial light modu-
lator (SLM) (LCOS-SLM X13138-07, Hamamatsu Photonics,
1280 x 1024 pixels, 12.5-um pixel size). Then, a couple of 4f tele-
scopes (f1 = 750 mm and f2 = 250 mm; {3 = 50 mm and 4 = 250
mm) projected the SLM plane to the pupil of a 20x 1.0 NA objective
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(Zeiss, W Plan-Apochromat 20x/1.0 DIC). The SLM was controlled
by custom-made C++ based software (43) that uses a variation of
the Gerchberg and Saxton algorithm (44) to calculate a phase-holo-
gram to modulate the laser beam and to generate an arbitrary illu-
mination shape at the sample plane. For single-neuron excitation, a
12-pum-diameter circular spot was generated. A physical blocker was
placed between the two lenses of the first 4f system to avoid the zero
order of diffraction reaching the sample. For alignment and calibra-
tion, holographic patterns were projected on a thin spin-coated rho-
damine fluorescent layer, and the induced fluorescence was
visualized on a complementary metal-oxide semiconductor
(CMOS) camera (Hamamatsu ORCA-5G). To reconstruct a full
3D profile of the illumination spot (as reported in fig. S11), a
second inverted microscope was built in transmission geometry
and different axial sections of the spot were imaged on a second
bottom camera while translating axially the upper objective [as de-
scribed in (44)]. Fast shuttering and power control of illumination
pulses were achieved using a built-in acousto-optic modulator that
was controlled with the Digitizer (DigiData 1440, Molecular
Devices) to ensure synchronization with the electrophysiology re-
cordings. The microscope also enables widefield fluorescence
imaging using a multi-LED (light-emitting diode) illumination
system (pE-4000, CoolLed) and a DIC-transmitted imaging.

For whole-cell patch-clamp recordings, the microscope is
equipped with a micromanipulator (Junior XR, Luigs and
Neuman); signals were amplified and digitized using AxoPatch
700B (Molecular Devices) and DigiData 1440A (Molecular
Devices), while data were acquired using Clampex (Molecu-
lar Devices).

2P electrophysiology recordings in organotypic slices
Recordings were performed 6 to 9 days after electroporation with
transfected cells identified by their fluorescence. Patch pipettes
were pulled from fire-polished capillaries with filament (outer di-
ameter, 1.5 mm/inside diameter, 0.86 mm; World Precision Instru-
ments) using a micropipette puller (P1000, Sutter Instruments).
Pipettes with a resistance in a range from 3 to 6 megohms were
filled with a K-gluconate-based intracellular solution: 135 mM K-
Gluc, 10 mM Hepes, 10 mM Na-phosphocreatine, 4 mM KCl, 4 mM
Mg- adenosine triphosphate, and 0.3 mM Na,-guanosine triphos-
phate; 290 mOsm. Extracellular solution was composed of 125 mM
NacCl, 26 mM NaHCOj3, 1.25 mM NaH,PO,, 25 mM p-glucose, 2.5
mM KCl, 1.5 mM CaCl,, 1 mM MgCl,, and 0.5 mM ascorbic acid
(310 mOsm); continuously bubbled with carbogen (pH 7.4); and
perfused at a rate of 1.5 to 2.5 ml/min [room temperature (RT)].
The LJP was calculated to be —17.7 mV according to the stationary
Nernst-Planck equation (45), and it was corrected after acquisition
for all recordings. The Nernst potential for K* is —103 mV, while
that for sodium is +48 mV in these conditions.

After establishing the whole-cell configuration in voltage clamp
mode, the quality of the patch was checked and access resistance was
continuously monitored during and after the recording (voltage
clamp); if access resistance rose above 45 megohms, recordings
were discarded. After switching to current-clamp mode, bridge
balance compensation was performed with the internal circuits of
the amplifier, and neuronal parameters like resting potential, input
resistance, and rheobase were determined (fig. S12B). During the
recording, constant holding currents (between —50 and +50 pA)
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were injected (if necessary) to keep the neurons at a comparable
membrane potential between —75 and —80 mV.

For the 2P stimulation, a circular holographic spot of <12 um
diameter (fig. S12B) was generated aiming at the cell body of the
patched neuron. Stimulation light powers were measured every re-
cording day out of the microscope objective (PM160 power meter,
Thorlabs), fitted within the range of interest, and used to calculate
the exact photostimulation intensity. A typical average spot size of
126 pm? was determined from multiple images of the spot fluores-
cence on a thin rhodamine layer and used to calculate the power
densities reported in the respective figures.

Square current injections of 1-s duration were increased in 10-
PA steps per sweep, starting with hyperpolarizing injections, with a
5-s pause between sweeps. The duration of the current injection was
divided into the first 250 ms (before illumination), 500 ms (during
illumination), and 250 ms (after illumination) for analysis. Illumi-
nation was either continuous for the whole 500-ms pulses or a se-
quence of 5-ms pulses at different frequencies (30 to 35 pW/um?).
The firing rates were determined during these intervals and normal-
ized to the firing rate during the first 250 ms. The firing rates were
extracted for each neuron at current injections of 50 and 100 pA
above the respective rheobase of the neuron, with the rheobase de-
termined as the current injection where the first spike in the first or
last 250 ms (no illumination) occurred. After extraction, the nor-
malized firing rates were averaged and plotted as mean + SD.
Control recordings were performed and analyzed in the same way
but without any light application in the middle 500 ms.

For recording the reversal from light-induced hyperpolarization
to depolarization, square current injections were increased in 10-pA
steps around the reversal, and continuous illumination at saturating
intensities (30 to 35 uW/um?) was switched on after 250 ms. Light-
induced AV, ., was extracted as the difference between Ve
before illumination and at 150 ms into the illumination. The
value for the reversal was extracted by linear interpolation on the
individual recordings and then averaged over all cells.

For the comparison of the effectiveness of inhibition, somatic
ramp current injections (800 ms) with continuous illumination of
rising power densities were applied (5 s waiting between sweeps).
The amplitudes of the ramp were constant for each individual
neuron and chosen to give 10 to 20 APs in the dark, respectively
(between 75 and 500 pA). The timing of the AP was extracted at
the peak amplitude of the spike, and the delay was calculated with
respect to the first AP on the ramp injection without illumination.
Afterward, the delay was normalized between no delay (0) and
maximum delay (1, no spike on ramp). The resulting values were
plotted against the power densities of the respective recording day
and fitted with a five-parameter logistic function. Then, the values
of the individual recordings were averaged. Data were analyzed
using Clampfit, custom Python scripts, Easy Electrophysiology,
and Origin 2021.

2P spectra

Spectra were recorded in ND7/23 cells plated and transfected with
WiChR as described above (see the “Molecular biology and cell
culture” section). Recordings were performed in a dedicated 2P
setup equipped with a tunable high repetition rate laser (Coherent
Discovery, 80 MHz) and with a light path for parallel illumination
using a large Gaussian beam. The path contained a half-wave plate
(Thorlabs, CCM1-PBS253/M) on a motorized rotation mount
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(Thorlabs, PRM1Z8) followed by a polarizing beam splitter (Thor-
labs, PBS253) to control the laser intensity and a mechanical shutter
(Thorlabs, SHO5R/M) to gate the illumination, and the collimated
Gaussian beam was then projected on the sample by a tube lens
(ACT508-300-B, Thorlabs) and a water immersion Chromatic Abb-
eration free Infinity Apochromat Near InfraRed objective (CFI APO
NIR, x40, 0.8 NA, Nikon). An iris, placed on the intermediate image
plane before the tube lens, allowed to crop the beam and reduce the
size of the illuminated region, resulting in a circular homogeneous
spot on the sample with a diameter of <22 pm and a surface of 400
um?. For the recordings, we used low illumination powers ranging
from 7.55 mW at 840 nm (0.019 mW/um?) to 5.74 mW at 1080 nm
(0.014 mW/um?); powers were adjusted to achieve an equal photon
flux (8.0 + 0.1 *10?® photons s™' m™?) across all wavelengths. In ad-
dition, we measured the pulse width after the objective with an au-
tocorrelator (Carpe, APE, Germany), and the width was adjusted to
130 fs (full width at half maximum, sech fit) across all wavelengths
using a built-in pulse stretcher/compressor of the laser. For patch-
clamp recordings, signals were amplified and digitized using Axo-
Patch 700B (Molecular Devices) and DigiData 1550B (Molecular
Devices), while data were acquired using Clampex software (Molec-
ular Devices).

To characterize the 2P response, we recorded the photocurrent
in voltage clamp mode (V},01q = 0 mV) upon a 10-ms illumination.
We used the same K-gluconate intracellular solution as described
for the slice recordings and a HEPES-based extracellular solution:
135 mM NaCl, 12.5 mM p-glucose, 2.5 mM KCI, 2 mM CaCl,, and 1
mM MgCl,. We did not use perfusion; the LJP is 15.2 mV and was
not corrected for the spectral recordings. We measured the photo-
currents across the indicated wavelengths from 840 to 1080 nm in a
random order. Because of the tuning of the laser and necessary ad-
aptation of the power, there were at least 5 s between each sweep. For
analysis, we fitted the first 3 ms of each photocurrent rise with a
linear function and extracted the slope as the 2P response. Resulting
values for each cell were normalized to the highest response and
then averaged across all cells (n = 5). The resulting data were
fitted with a parametric Weibull function as described for the 1P
spectra above.

Viral injections and in vivo patch-clamp and
photostimulation experiments

Animal experiments were performed in accordance with Directive
2010/63/EU of the European Parliament and of the Council of 22
September 2010 and the protocols approved (APAFIS#14267-
201803261541580 v3) by the institutional ethics committee for
animal research (CEEA005). Adult female or male mice (4 weeks
old) of C57BL/6 background (Janvier Labs) were used in
experiments.

Mice were anesthetized by using intraperitoneal injection of a
ketamine-xylazine mixture (0.1 mg of ketamine plus 0.01 mg of xy-
lazine per gram body weight) during stereotaxic injection of viral
vectors (AAV9-hSyn-WiChR-TS-mScarlet-ER) and using isoflur-
ane (2% for induction and 0.5 to 1% for experiment) during
whole-cell patch-clamp experiments. AAV was generated by the
Viral Core Facility of the Charité~Universititsmedizin
Berlin, Germany.

To express WiChR at the layer 2/3 of mouse primary visual
cortex, 1 pl of viral vectors (1:5 dilution from a titer of 2 x 10'?
vg/ml) was infused via a cannula at 250 pm at a speed of 90 nl/
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min through a craniotomy over primary visual cortex (3.5 mm
caudal from bregma, 2.5 mm lateral from midline). To perform
acute experiments, the mouse was head-fixed by attaching the
skull to a metal plate. A circular craniotomy of 2 mm in diameter
was made over the primary visual cortex, and the dura mater was
removed. To dampen the tissue movement during experiment,
agarose of 0.5 to 2% and a cover glass were applied on top of the
craniotomy.

Whole-cell recordings in WiChR-expressing neurons at the layer
2/3 of anesthetized mouse visual cortex were obtained under the
visual guidance of 2P scanning imaging by using the custom-built
optical system equipped with a Ti:sapphire laser (Cameleon Vision
II, Coherent) and a 16x water-immersion objective (CF175 LWD,
Nikon). The 2P scanning imaging system was similar to that de-
scribed in (46), and mScarlet labeling in opsin-expressing cells
was visualized by using a laser wavelength of 960 to 980 nm.

Patch pipettes of 5- to 8-megohm tip resistance were fabricated
from borosilicate glass by using a microelectrode puller (Sutter In-
struments). The internal solution was the same as for the slice record-
ings. The external Ringer's solution, which was applied on top of the
craniotomy, contained 145 mM NaCl, 5.4 mM KCI, 10 mM Hepes, 1
mM MgCl,, and 1.8 mM CaCl,. Membrane potential recordings were
acquired by using current-clamp configuration and were corrected
for an LJP of 11.9 mV. Patch-clamp recordings were performed by
using the Multiclamp 700B amplifier (filtered at 6 kHz) and the Dig-
idata 1550A digitizer (digitized at 20 kHz), which were controlled by
the pCLAMP10 software (Molecular Devices).

On the custom-built system for in vivo photostimulation, the
stimulation path was equivalent to that described in (47). It was
based on the use of an amplified fiber laser at 1030 nm, similar to
the one used for in vitro recordings, (Satsuma HP, Amplitude
Systems; repetition rate, 500 kHz; maximum average power, 50
W; pulse width <300 fs), and the beam was modulated by a combi-
nation of a static phase mask (Double Helix Optics, Colorado), a
reconfigurable SLM (LCOS-SLM, X10468-07, Hamamatsu Photon-
ics), and a diffraction grating for temporal focusing (48). The result-
ing illumination spot was a circular holographic pattern of 12-um
lateral diameter and <14-um axial confinement, focused through a
16x 0.8 NA water immersion objective (N16XLWD-PF, Nikon).
The stimulation protocols and the SLM were controlled by using
a Matlab software (MathWorks) and a custom-designed C++-
based software Wavefront IV (43). The stimulation path was com-
bined with the 2P scanning imaging system mentioned above.

Differentiation and culturing of aCM
We used a hiPSC line obtained from a healthy male donor via the
American Type Culture Collection (catalog no. CRL-2097 TM).
Ethical approval for using the hiPSCs was provided via 108-88-1
within the project SAF2009-07965 funded by the “Ministerio econ-
omia y competitividad,” Spain. This line was generated from fore-
skin fibroblasts using a lentiviral vector expressing the OCT4,
NANOG, LIN28, and SOX2 genes (49). Different clones were ob-
tained and validated using the following assays: alkaline phospha-
tase, surface marker expression, pluripotency gene expression,
transgene silencing, proviral integration, and in vitro
differentiation.

Next, direct differentiation of hiPSC into aCMs was performed
via modulation of the Wnt and retinoic acid signaling pathways, as
previously described (50). In brief, differentiation was initiated at 80
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to 90% confluency on Vitronectin XF—coated plates (STEMCELL
Technologies, Vancouver, Canada) with medium composed of
RPMI 1640 with GlutaMAX and Hepes, 2% B-27 Supplement
Minus Insulin, 1-ascorbic acid 2-phosphate (0.2 mg/ml), and 6
uM CHIR99021 (STEMCELL Technologies) for the first 48 hours.
On day 2, medium was replaced with a medium composed of RPMI
1640 with GlutaMAX and Hepes, 2% B-27 supplement, L-ascorbic
acid 2-phosphate (0.2 mg/ml), and 5 uM IWP4 (inhibitor of Wnt/p-
catenin signaling, STEMCELL Technologies) for 48 hours. From
day 4, cells were maintained with cardio culture medium composed
of RPMI 1640 with GlutaMAX and Hepes, 2% B-27 supplement,
and r-ascorbic acid 2-phosphate (0.2 mg/ml). For differentiation
into aCM-like cells, 1 uM retinoic acid (Sigma-Aldrich, Burlington,
MA, USA) was supplemented on days 3 to 8 of differentiation.

Last, differentiated cultures were digested with StemPro Accu-
tase on day 15 and replated at a density of 200,000 cells/cm? on Vi-
tronectin XF—coated plates. Metabolic CM selection was performed
for 5 days using cardio selection medium composed of RPMI 1640
without glucose, 2% B-27 supplement, L-ascorbic acid 2-phosphate
(0.2 mg/ml), and 4 mM lactate (Sigma-Aldrich). Afterward, iPSC-
derived CMs were cultured in cardio culture medium until day 25
for further maturation and then digested and replated on coverslips
at a density of 100,000 cells/cm? for the experiments. After 3 days of
recovery, cells were transiently transfected using the Lipofectamine
Stem Transfection Reagent according to the manufacturer’s proto-
col. If not stated otherwise, reagents were obtained from Thermo
Fisher Scientific (Waltham, MA, USA).

Intracellular AP recordings of aCM

Two days after transfection, cells seeded on coverslips were placed in
a perfusion chamber (RC-26G; Warner Instruments, Holliston,
MA, USA) under constant flow (2 ml per min) controlled with a
peristaltic pump (Masterflex L/S Easy-Load II Pump, Avantor,
Radnor, PA, USA) at 35 + 2°C. Bath solution was an oxygenated
Hepes-buffered solution (140 mM NaCl, 5.5 mM KCl, 10 mM
Hepes, 1 mM MgCl,, 10 mM glucose, and 1.8 mM CaCl,). Cells
sitting in large multilayered clusters were impaled with microelec-
trodes that had a resistance of 15 to 20 megohms obtained by
pulling glass capillaries (Clark Borosilicate Standard Wall with Fil-
ament; outer diameter, 1.00; inside diameter, 0.58; length, 100 mm)
using a Sutter P-97 micropipette puller (Sutter Instrument, Novato,
CA, USA). Microelectrodes were filled with 3 M KCl and connected
to a bridge amplifier (BA-01X, NPI Electronic, Tamm, Germany)
via an Ag-AgCl electrode. The reference electrode placed in the
bath was an Ag-AgCl pellet connected to a wire electrode (E205,
diameter 1.0 mm; Harvard Apparatus, Holliston, MA, USA). Mi-
cropositioning of the electrode was achieved using a micromanipu-
lator (TSC, Sensapex, Oulu, Finland) and controlled using an
inverted microscope (IX70, Olympus, Tokyo, Japan). Sharp elec-
trode recordings were performed in a blinded manner independent
of fluorescence levels at the point of impalement. Recordings were
acquired at 50 kHz and filtered at 10 kHz using a LabView (National
Instruments, Austin, TX, USA). Light was provided by a 460-nm
LED using a 460/2-nm band-pass excitation filter, yielding a
maximum light intensity of 3 mW/mm? in the object plane. Light
pulses were controlled with custom-built hardware and software
(Essel Research, Toronto, Canada). An average of 450 APs were re-
corded per impalement site. APs were analyzed using a custom
Python script (51) and plotted using Prism 9 (GraphPad Software,
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San Diego, CA, USA). All sharp electrode recordings with
maximum diastolic potentials below —40 mV that showed stable
APs were included for further analysis. As an alternative, to sharp
electrode recordings, we performed whole-cell patch-clamp record-
ings on aCMs following a previously described protocol (52) but
using a modified extracellular solution containing 4.5 mM KCL
After functional experiments, aCM were fixed with 4% paraformal-
dehyde in phosphate-buffered saline (PBS) for 10 min at RT. Fixed
samples were washed three times in PBS and stored at 4°C before
further processing. Samples were incubated in PBS with 0.1%
Tween 20 and 300 nM DAPI (nuclear stain) for 10 min at RT,
washed three times in PBS for 10 min, transferred to 35-mm
glass-bottom p-Dishes (ibidi, Grifelfing, Germany), and immedi-
ately used for confocal imaging.

Video recordings of aCM

Two days after transfection, cells were transferred to a stage-top in-
cubator (STXF/STX-C0O202, Tokai Hit, Fujinomiya, Japan), main-
taining a humidified atmosphere at 5% CO, and 37°C, and were
allowed to equilibrate for 20 min. The incubator was mounted
onto an inverted microscope (DMi8, Leica Microsystems) equipped
with a mercury lamp (HXP 120V, Leistungselektronik Jena, Jena,
Germany) coupled via a light guide to the epifluorescence port.
The activation light was filtered by a 470/40-nm excitation filter
and reflected by a 495-nm dichroic mirror, resulting in a light in-
tensity of 0.2 mW/mm? in the object plane. The shutter was con-
trolled via an externally provided transistor-transistor logic pulse.
Transmission light passed a 640/20-nm filter, and an additional
630/75-nm emission filter was used in front of the camera (Zyla
5.5 ZsCMOS, Andor-Oxford Instruments, Abingdon, UK). Trans-
mission images were recorded via a 10x objective at 20 Hz with 50-
ms exposure time and 2 x 2 binning at 500 x 500 pixels using the
AndorSolis software (Andor—Oxford Instruments). aCM contrac-
tions were analyzed on the basis of their movement in the acquired
videos using an in-house script in MatLab2019 [script provided by
R. Emig, IEKM; (53)]. Briefly, the frame in which the cells were most
relaxed was chosen manually and set as a reference. The difference
of each individual frame from the reference frame was calculated by
pixel-wise subtraction of intensities. The mean difference per frame
is referred to as dissimilarity score. All used scripts have been depos-
ited on publicly accessible platforms.

Temperature simulations

The temporal distribution of the temperature rise reported in fig.
S13 was calculated by solving the Fourier heat diffusion equation
(54), considering the brain tissue as an infinite medium with isotro-
pic and uniform thermal properties as described and experimental-
ly verified before (22). For these simulations, light scattering in the
tissue was neglected.

The reported temperature rise was calculated for r = 0, represent-
ing the center of the first holographic spot in the middle of the field
of view. Additional spots were randomly added to the first one to
maintain a relatively uniform distribution within the 100 pm X
100 pm surface.

3D structure prediction and system preparation for MD
simulations

The HcKCR1, WiChR, and B1ChR2 3D models were generated
using their full-length amino acid sequences with AlphaFold2
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v.2.1.1 (55) with the full structural dataset running on a dedicated
group server. On the basis of the sequence similarity to ChRmine, a
trimeric assembly was chosen. For ChRmine, the trimeric cryo—
electron microscopy structure was used (PDB-ID 7SFK) (19).
Each protomer of HcKCR1, WIChRI, and B1ChR2 was equipped
with a retinal cofactor bound to K233 in HcKCRI1, K251 in
WIChR1, and K232 in BIChR2. Internal hydration was predicted
using Dowser++ (56). The central pores of the HCKCR1, WiChR,
B1ChR2, and ChRmine trimer were closed using 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) molecules manually placed
in PyMOL v.2.5.0 (Schrédinger, LLC). Accordingly, three lipids
were positioned for HcKCR1, WiChR, and ChRmine, and six
were positioned for BIChR2. All systems containing the protein, in-
ternal waters, and central lipids were introduced into a homoge-
neous DMPC bilayer membrane, respectively, surrounded by
water and neutralized using 150 mM KCI using CharmmGUI (57).

Classical MD simulations in CHARMM at constant pH

MD simulations were carried out using CHARMM version c42b1
(58) and openMM version 7.0rcl (59). The MD simulation was
computed under NPT conditions (number of particles n, pressure
p and temperature T, are kept constant while the volume is allowed
to change), using a 2-fs time step, a 303.15 K Langevin heat bath, the
particle-mesh Ewald method for long-range electrostatics, and the
CHARMM36 force field (60). Before and between the initial equil-
ibration steps, the protonation of all titratable residues was adjusted
on the basis of periodical Karlsberg2™ predictions (61, 62). For
further production runs, combined pK,-MD simulations were com-
puted. During classical MD simulations, pK, values were calculated
periodically for 11 snapshots of each 10-ns production run using
Karlsberg2+MD (62) to subsequently adapt the protonation
pattern of the system pH dependently (pH 8). For all the KCR
models, stable standard protonation was determined throughout
the simulations. Moreover, the conformational integrity and side-
chain flexibility of amino acids were controlled by computing geo-
metrical root mean square deviation values for each amino acid
using custom scripts in PYMOL v.2.5.0. Equilibrated AlphaFold2
models are provided in data S5.

pK, calculations in Karlsberg2

In Karlsberg2*, the holoprotein structure and ions within a 4-A
cutoff were explicitly included. The rest was substituted with con-
tinuum solvation and an implicit ion concentration of 100 mM.
Single-structure pK, calculations during the equilibration were per-
formed using APBS (63) in a conformational space of three pH-
adapted conformations (PACs), while the pK, calculations based
on MD simulations used the extracted snapshots and created only
single PACs at pH 7. All PACs were generated using Karlsberg2*ina
self-consistent cycle, including adjustment of protonation patterns
of titratable amino acids and salt bridge opening according to either
pH —10, 7, or 20.

Statistical analysis

Throughout the paper, data are shown as mean + SD. In addition,
individual data points are displayed. Number of replicates and stat-
istical analysis (if performed) are mentioned in the respective figure
legends. For randomization, we shuffled the order of measured con-
structs and conditions. Preestablished and semiautomatic analysis
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pipelines did not permit dismissal of individual data points or ex-
periments by the analyst.
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