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Structural information on channelrhodopsins’ mechanism of light-gated ion
conductance is scarce, limiting its engineering as optogenetic tools. Here, we
use single-particle cryo-electron microscopy of peptidisc-incorporated pro-
tein samples to determine the structures of the slow-cycling mutant C110A of
kalium channelrhodopsin 1 from Hyphochytrium catenoides (HCKCR1) in the
dark and upon laser flash excitation. Upon photoisomerization of the retinal
chromophore, the retinylidene Schiff base NH-bond reorients from the
extracellular to the cytoplasmic side. This switch triggers a series of side chain
reorientations and merges intramolecular cavities into a transmembrane K*
conduction pathway. Molecular dynamics simulations confirm K" flux through
the illuminated state but not through the resting state. The overall displace-
ment between the closed and the open structure is small, involving mainly side
chain rearrangements. Asp105 and Aspl16 play a key role in K* conductance.
Structure-guided mutagenesis and patch-clamp analysis reveal the roles of the
pathway-forming residues in channel gating and selectivity.

Channelrhodopsins (ChRs) are light-gated ion channels from protists
and their viruses, and are widely used for optogenetic control of neu-
rons and other excitable cells'”. Unlike all other known ion channels,
ChRs are oligomeric retinylidene proteins using photon energy to cre-
ate a pathway for ion conductance in each protomer. A ChR protomer
consists of a bundle of seven transmembrane helices (7TM domain) that
form a binding pocket for the retinal and a cytoplasmic domain not
required for the channel function. The all-trans-retinal chromophore is
attached to a conserved lysine residue in the transmembrane helix 7
(TM7) via a protonated retinylidene Schiff base (RSB). Photon absorp-
tion induces isomerization of the all-trans chromophore to the 13-cis

form, followed by a series of thermal conformational changes, even-
tually leading to the recovery of the unphotolyzed state (the photo-
chemical reaction cycle). ChRs’ unitary conductances estimated by
noise analysis range from tens to hundreds of fS**, placing ChRs in the
transporters category rather than that of most canonical channels with
their three orders of magnitude higher conductance in the range of
5-500 pS°. The mechanistic relationship between the photochemical
conversions of the chromophore and conformational changes in the
protein moiety of ChR (i.e., channel gating) remains elusive.

Kalium channelrhodopsins (KCRs) from stramenopile microbes’
are a functional class of ChRs related to “bacteriorhodopsin-like cation
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channelrhodopsins (BCCRs)”®. Unlike canonical ChRs such as Chla-
mydomonas reinhardtii ChR2 (CrChR2), KCRs, and other BCCRs show
protein sequence homology and share some functional aspects with
haloarchaeal outward H* pumps. In particular, they exhibit three highly
conserved residues in TM3 (the DTD motif) required for the outwardly
directed proton pumping in haloarchaeal H pumps’. Upon expression
of their genes in mammalian cells and illumination, KCRs generate K*
efflux, leading to membrane hyperpolarization and inhibition of action
potentials in neurons and cardiomyocytes’'°, which makes them
promising optogenetic tools. At low cytoplasmic K* concentration, as
in the guard cells of higher plants, KCRs generate H" influx, leading to
transient acidification that induces Ca®* release from the endoplasmic
reticulum™,

Using single-particle cryo-electron microscopy (cryo-EM), we and
others have obtained high-resolution structures of the dark-adapted
(closed) state of Hyphochytrium catenoides KCR1 (HcKCR1)'>''°,
Compared with most other known K* channels, which have a tetra-
meric or pseudotetrameric arrangement and a single pore in the center
of the tetramer, HcKCR1 forms a homotrimer, in which each protomer
mediates cation flux across the cell membrane. Trimeric assemblies,
characteristic of haloarchaeal H* pumps, are also found in nanodisc-,
peptidisc- and detergent-reconstituted HcKCRs?"™"® and the Na'-
selective BCCR from the cryptophyte Rhodomonas lens, known as
ChRmine”", In contrast, canonical ChRs such as CrChR2 form
homodimers™°.

A key question is how photoisomerization of the retinal chro-
mophore triggers the opening of the ion conduction pathway across
the membrane. However, structural analysis of photoinduced channel
opening is challenging. Two-dimensional CrChR2 crystals illuminated
on an electron microscopy grid and rapidly frozen showed light-
induced CrChR2 conformational changes, but the 6 A resolution was
insufficient to resolve side chains of individual amino acid residues®.
Time-resolved serial femtosecond crystallography captured the initial
stages of a dimeric ChR photocycle, but no open state of the channel
was produced due to crystal packing interactions®. The wild-type
HcKCR1 channel opens on the submillisecond time scale and closes
within -25ms under single-turnover photoexcitation conditions’,
which makes it difficult to trap the open state for cryo-EM.

In this work, we use the replacement of the highly conserved
Cysl10 in the middle of TM3 with alanine that results in an >1000-fold
decrease in the channel closing rate”, facilitating freeze-trapping. We
present cryo-EM structures of the dark-adapted and illuminated states
of the HCKCR1_C110A mutant.

Results

HcKCR1_C110A embedded in peptidiscs

For cryo-EM analysis, we reconstituted purified HcKCR1_C110A into
peptidiscs and took images before and after photoactivation by laser
flashes. This preparation exhibited fast flash-induced absorption
changes as detected in detergent-purified protein (Supplementary
Fig. 1a). The thermal recovery of the dark-adapted state was slower in
peptidiscs than in detergent, with time constants similar to those of
channel closing in HEK293 cells®, indicating that peptidiscs provide
HCcKCRI_C110A an environment similar to that in biological mem-
branes. We subjected the sample to a laser-flash illumination and
plunge-freezing protocol that maximized the fraction of protomers in
the open state (detected by patch-clamp recording) before thermal
recovery (Methods, Supplementary Fig. 1b-f, and Supplementary
Discussion).

We collected cryo-EM images before and after illumination. Single-
particle analysis allowed us to obtain density maps at 3.08 A resolution
for dark-adapted and 3.03 A for laser-flash-illuminated HcKCR1 C110A,
respectively, and to determine high-resolution structures; the resolution
of the maps within the 7TM domain reached 2.6 A (laser-flash-illumi-
nated HcKCR1 C110A) and 2.8 A (dark-adapted HcKCR1 C110A) (Fig. 1,

Table 1, Supplementary Fig. 2). The three-cornered shape of the particles
was similar to what we obtained previously with dark-adapted HcKCR1
and HcCCR in peptidiscs®. The same residue pairs as reported for wild-
type HcKCR1” stabilized the trimer, including Asp48 (TM1) and Argl128
(TM4), Thr79 (TM2) and Trpl61 (TMS5), and Asp90 (TM2) and Ser148
(TM4-TMS loop). This demonstrates that the C110A mutation does not
affect the trimeric assembly. The space between the three protomers
was filled with six phospholipid molecules carried over from the mem-
branes of the Pichia pastoris expression host, which would prevent ion
translocation through it. We modeled these lipids as dioleoylpho-
sphatidylethanolamine (DOPE), three in each bilayer leaflet. Sterol lipids
originating from the host membranes were modeled as cholesterol.
Cholesteryl hemisuccinate (CHS) was added during purification, but the
density of hemisuccinate was weak or missing for clear identification.

The backbone RMSD between the HcKCR1_C110A and the wild-type
HCcKCRI1 dark-adapted state structures was 0.318 A (Fig. 2a). The chro-
mophore density in the dark-adapted HcKCR1_C110A structure could be
modeled with all-trans-retinal and the B-ionone ring in the coplanar (6-s-
trans) configuration with respect to the polyene chain, as in the wild-type
HCKCRI1 structure®. In HCKCR1_C110A, the position of the retinal polyene
chain relative to the B-ionone headgroup was slightly shifted towards
residue 110 compared with the wild type (Fig. 2b). The replacement of
cysteine with alanine allows the RSB to move farther away from its
counterion Asp229 (from 3.4 to 4.6 A), the homolog of Asp212 in bac-
teriorhodopsin (BR). In contrast to wild-type HcKCR1, which has a direct
H-bond between the RSB and Asp229, the H-bond interaction in
HcKCR1_C110A involves a bridging water molecule, which explains the
observed ~10 nm blue shift of the absorption maximum in the mutant®,

Planar automated patch-clamp recording confirmed that the
channel in HcKCR1_CI10A was closed in the dark, as the membrane
resistance of human embryonic kidney (HEK293) cells expressing
HCcKCRI_C110A and wild-type HcKCR1 was not significantly different
(1.92+0.19 and 1.85+0.19 GQ, respectively; n=37 and 41 cells,
respectively; p=0.90 by the two-tailed Mann-Whitney test). The
photocurrent rise and decay were slower in C110A than in C110T
(Fig. 2c-e), and neither mutation compromised K" selectivity (Fig. 2f).
Taken together with the small structural differences from the wild type
(Fig. 2a, b), these properties make HcKCR1_C110A a favorable choice
for a structural study of the gating mechanisms in ChRs.

Formation of a K" conduction pathway

The HOLLOW software* detected a series of internal cavities in the
structures of HcCKCR1_C110A in the dark-adapted state and upon laser-
flash illumination (Fig. 3a). In the structural models, all spherical den-
sities within the cavities were interpreted as water molecules, although
some of them could be potassium ions (see below). It is worth to note
that stable K* binding could not be found for dark state HcKCRs™. The
dark-adapted HcKCR1_C110A structure contains 20 water molecules
per protomer (compared to 15 water molecules and a sodiumionin the
wild-type  structure®), whereas the laser-flash-illuminated
HCcKCRI_C110A structure contains 27 water molecules. Illumination
connected the separated cavities observed in the dark-adapted state
structure into a continuous cation conduction pathway, which can be
divided into the intracellular segment, the photoactive site, and the
extracellular segment (Fig. 3a). A CAVER® search with the probe radius
1A revealed a continuous intramolecular tunnel in the laser-flash-
illuminated but not the dark-adapted HcKCR1 CI110A structure
(Fig. 3b). Molecular dynamics (MD) simulations revealed that water
molecules could fill the continuous tunnel in the laser-flash-illuminated
state. In contrast, water penetration into the RSB region is blocked in
the dark-adapted state (Fig. 3c).

Photoisomerization unblocks the central gate
Comparison of the dark-adapted and laser-flash-activated HcKCR1_C110A
structures revealed a distinct photoinduced change in the retinal
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Fig. 1| Cryo-EM density map and structure of HCKCR1_C110A trimer embedded
in peptidisc in the dark-adapted state (left) and laser-flash-illuminated state
(right). a Peptidisc comprising a C3-symmetric HCKCR1_C110A trimer in the dark
(blue, magenta, and orange) and upon laser-flash illumination (green, pink, and
yellow), lipids and cholesterols (gray), and multiple surrounding 37-residue

('i
v

amphipathic peptides (white). View from the intracellular side. b Structure models
of dark-adapted state (left) and illuminated state (right) HcCKCR1_C110A viewed
from the intracellular side (upper) and the membrane plane (lower) with all-trans-
retinal (yellow) and 13-cis retinal (red), respectively. In one protomer of the trimer,
the helices are labeled to show the order of transmembrane helices.

chromophore from the all-trans to the 13-cis configuration (Fig. 4). The
chromophore density in the illuminated structure was modeled with the
RSB in the 13-cis, 15-anti configuration. However, the density allowed for
the 13-cis, 15-anti isomer and the 13-cis, 15-syn isomer to potentially fit,
suggesting a heterogeneous mixture of states could exist. When sym-
metry relaxation was applied during map refinement with CryoSPARC
software?, individual protomers revealed differences in the RSB den-
sities that could be fit with 13-cis, 15-anti and 13-cis, 15-syn isomers as well
as the 11-cis, 15-anti isomer (Supplementary Fig. 3). Retinal extraction and
HPLC analysis confirmed a substantial decrease in all-trans-retinal and a
corresponding increase in the cis isomers upon laser-flash excitation
(Supplementary Fig. 1g, h).

In the dark, the RSB separates the internal cavities facing inside
and outside the cell, thus representing the key structural element
constricting the K* conduction pathway. The pronounced change of
the RSB position upon the photoinduced all-trans to 13-cis isomeriza-
tion altered the conformation of the Lys233 side chain to which the
retinal is attached (Supplementary Fig. 3f, g), merging the separated
cavities into a continuous K" conduction pathway (Fig. 4). A slight
rearrangement of the Aspl05, Tyrl06, and Thrl09 side chains also

assisted this merging (Fig. 4, center). The photoinduced movement of
Aspl05 pulled the Lys84 side chain out of the conduction path, thereby
widening it. The abolishment of photocurrents by the DI05N mutation
and a slower photocurrent decay rate in the TI09A and T109V mutants
corroborates the role of these residues in channel gating'?">'¢, Kinetic
analysis of photocurrents and transient absorption changes in
HcKCR1_C110A* suggested that the RSB was already deprotonated by
the time of freezing and imaging the laser-flash-illuminated sample,
which is consistent with the RSB NH-bond changing its orientation
from facing the extracellular side in the dark-adapted state structure to
the cytoplasmic side in the laser-flash-illuminated structure (Fig. 4).
The Leull3 side chain flanks the conduction pathway near lle73
(Supplementary Fig. 4a), which we earlier identified as required for K*
selectivity’. Replacement of Leul13 with Ala, but not with Ile, caused a
25-nm blue shift of the photocurrent action spectrum (Supplementary
Fig. 4b). Both mutations reduced photocurrent desensitization and
slowed the photocurrent decay (Supplementary Fig. 4c, d), which
explained a higher light sensitivity observed in the L1131 mutant?.
Neither mutation changed the reversal potential (V,) (Supplementary
Fig. 4e, f), indicating no role of Leull3 in K" selectivity. The absorption
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Table 1| Cryo-EM data collection, refinement, and validation statistics

#1 HcKCR1_C110A dark-adapted
(EMDB-45467) (PDB 9CDC)

#2 HcKCR1_C110A laser-flash-illuminated
(EMDB-45468) (PDB 9CDD)

#3 HcKCR1_C110A continuous illumination
(EMDB-45469) (PDB 9CDE)

Data collection and processing

Microscope FEI Titan Krios FEI Titan Krios FEI Titan Krios
Detector Falcon 4i Falcon 4i Falcon 4i
Magnification A) 75,000 75,000 75,000
Voltage (kV) 300 300 300
Exposure (e/A?) 40 40 40
Defocus range (um) -0.6to 2.4 -0.6to-2.4 -0.6to-2.4
Pixel size (A) 1.03 1.03 1.03
Symmetry C3 C3 C3
Initial particle ima- 1,320,264 5,144,654 1,454,190
ges (no.)
Final particle images (no.) 86,551 230,267 55,716
Map resolution (A) 3.08 3.03 3.44
Map resolution range (A) 2.8-6.2 2.6-4.8 3.2-5.2
FSC threshold 0.143 0.143 0.143
Initial model Ab-initio Ab-initio Ab-initio
Refinement
Initial model used 8GI8 8GI8 8GI8
(PDB code)
Map sharpening B factor -109.6 -109.7 -133.8
B factors (A2)
Protein 78.31 59.63 7713
Ligand 69.70 55.84 82.86
R.m.s. deviations
Bond lengths (&) 0.005 0.005 0.003
Bond angles (°) 1.274 0.753 0.555
Validation
MolProbity score 2.08 2.02 2.09
Clashscore 9.66 1.79 9.65
Poor rotamers (%) 1.95 1.95 1.46
drsc model (0/0.143/05)  3.0/3.1/3.6 2.8/3.0/3.5 3.2/3.4/3.8
CCrask 0.68 0.65 0.7
CCligand 0.61 0.55 0.48
EMRinger Score 3.48 2.94 1.97
Ramachandran plot
Favored (%) 94.96 96.64 92.86
Allowed (%) 5.04 3.36 7.4
Disallowed (%) 0 0 0
Ramachandran Z score
Whole (Z score, rmsd) 0.78 (0.56) -1.04 (0.53) 1.13 (0.57)
Helix (Z score, rmsd) 1.28 (0.40) 0.03 (0.40) 1.71(0.42)
Loop (Z score, rmsd) -1.27 (0.82) -2.27 (0.65) -1.61(0.74)

spectrum of L113A showed a similar blue shift compared to the wild
type (Supplementary Fig. 4g). Slower recovery of the unphotolyzed
state probed by flash photolysis (Supplementary Fig. 4h) correlated
with slower channel closing under single-turnover conditions (Sup-
plementary Fig. 4i).

Flipping of the Aspl16 side chain

Structural changes caused by light-induced chromophore isomeriza-
tion propagate towards the intracellular side of the molecule via the
hydrophobic side chain of Trpl99. Its light-induced movement per-
turbs the hydrophobic cluster consisting of Phe236, Phel95, and
Phell7 (Supplementary Fig. 5a), which may trigger reorientation of the
Aspll6é carboxylic acid side chain (Fig. 4 top panel). In the dark-

adapted state, Asp116 faces the intracellular side to form a salt bridge
with Arg244 and a hydrogen bond (H-bond) to Ser70. In contrast, the
salt bridge is broken in the laser-flash-illuminated state, and the
Aspll6 side chain faces away from Arg244 towards the RSB. The
Aspll6 side chain orientation and the interhelical H-bond to the Ser70
hydroxyl group are reminiscent of Asp96 H-bonded to Thr46 in BR*®
and suggest a proton-binding site*. Asp96 corresponds to Aspllé in
HcKCR1 and is the internal proton donor to the RSB during BR’s proton
pumping cycle. The breakage of the Aspl16-Arg244 salt bridge and
flipping of the Aspl116 side chain in HCKCR1_C110A connect the internal
cavities to provide a continuous cation pathway.

In addition to laser-flash-illuminated HcKCR1_C110A, we per-
formed cryo-EM single-particlet analysis of HCKCR1_C110A illuminated
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Fig. 2 | Comparison of the HcKCR1_C110A and wild-type HcKCR1 (PDB: 8GIS8)
dark-adapted structures and functional characterization of C110 mutants. a An
overlay of structures of dark-adapted C110A mutant (shown in blue, retinal in yel-
low) and wild-type (WT, shown in gray). The helices are shown as cartoons, the
chromophore and the residue 110 side chains, as sticks. b A zoom-in into the
residue 110 region. ¢ Representative photocurrent traces recorded at O mV in
response to 200-ms light pulses (green bar) normalized at the peak value.

d, e Photocurrent rise and decay time constants. The symbols are individual-cell
data; the lines are mean + sem values. *p = 3.7E-4 (n =10, 26, and 23 cells for the WT,
Cl110A, and C110T, respectively); **p =4.3E-5 (n=16, 10, and 17 cells for the WT,
Cl110A, and C110T, respectively) by the two-tailed Mann-Whitney test. f Current-
voltage dependencies (mean + sem, n =25, 37, and 40 cells for the WT, C110A, and
C110T, respectively). Source data are provided as a Source Data file.

with continuous green light before cryo plunging (Supplementary
Fig. 6, Table 1). The density map had a global resolution of 3.44 A and
up to 3.2 A within the 7TM domain allowing us to model the isomerized
retinal in the predominant 13-cis, 15-syn configuration. The internal
cavities were connected in the RSB region. However, the cavities in the
intracellular segment were still separated because the orientation of
the Aspllé6 side chain was similar to that in the dark-adapted state
(Supplementary Fig. 5b). Given the weak density of the Aspll6 side
chain in the laser-flash-illuminated structure, we conclude that the
flexible Aspl16 side chain regulates cation flow. The model obtained
after continuous illumination gives structural insight into a desensi-
tized KCR with no or weak conductance and might comprise a mixture
of states as concluded earlier”. The presence of multiple states could
also be an explanation for the lower resolution of the map obtained
upon continuous illumination of HcKCRI1 CI10A. Similarly, a com-
plexity of protein conformations and retinal binding was observed in
the cryo-EM structures of HcKCR1 and HcKCR1_C110T, respectively,
prepared under continuous dim white light'e.

Aspl16 is critical for K* selectivity”'® and shows transient binding
of partially dehydrated K* upon breakage of the Aspl16-Arg244 salt

bridge in MD simulations using the dark-adapted state wild-type
structure’. While the Aspl16 side chain flips upon laser-flash illumi-
nation of HcKCRI_C110A as seen by cryo-EM, the Arg244 side chain
shows only a small movement to connect more tightly to Ser70 (Fig. 4).
However, we observed reorientation of the Arg244 side chain towards
the intracellular solvent in MD simulations using the laser-flash-
illuminated HcKCR1_C110A structure, described in the next section.

Formation of a transient water chain
We performed MD simulations starting from the dark-adapted state
and laser-flash-illuminated HcKCR1 C110A trimer structures. The
transmembrane region of each protomer was structurally stable dur-
ing the simulations (Supplementary Figs. 7-9). To evaluate H-bonding
at the Aspl16/Ser70 site and the RSB (Lys233), we used the Bridge/
Bridge2 graph-based algorithm and graphical user interface’®” to
compute H-bond networks of the direct and water-mediated H-bonds
between side chains of HcCKCR1_C110A; we extracted from these graphs
the H-bond clusters of Lys233 and Ser70 (see Methods for details). In
the dark-adapted state structure simulations, the RSB connected to the
extracellular aqueous phase via an extended water-mediated H-bond
network of -20 side chains, including Tyr81, Lys84, Asp87, Asn99,
Trpl02, AsplOS5, Tyrl06, Thrl09, GIn218, Tyr222, and Asp229 (Sup-
plementary Figs. 10-13). Many of this network’s H-bond connections
were frequently sampled in all three protomers (Supplementary
Figs. 11-13). At the cytoplasmic side, Aspl16 H-bonded mostly directly
to Ser70 and Arg244, and the extracellular and cytoplasmic water-
mediated H-bond networks of Lys233 and Ser70 remained separated.
The change in the orientation of the RSB NH-bond in the laser-
flash-illuminated structure had drastic consequences for the H-bond
network of the cytoplasm-oriented 13-cis, 15-anti RSB (Supplementary
Figs. 8, 9, 14-21). Within this network, Lys233 bridges in two of the
three protomers to the H-bonded Ser70/Aspll6 cluster in the intra-
cellular segment via a chain of three H-bonded water molecules
(Fig. 3c), similar to a water chain connecting the RSB to Asp96 in BR***,
In analogy to the role of the H-bonded water chain in BR proton
transfer, we hypothesize that the H-bonded water chain that assembles
in HcKCR1 could facilitate the H' conductance of KCRs”**. Compared
with the dark-adapted structure, the connection between Ser70 and
Aspll6 in the laser-flash-illuminated structure was more frequently
mediated by water molecules. Likewise, connections between Arg244
and Ser70 in the laser-flash-illuminated structure are mostly water-
mediated. Arg244 can additionally water bridge to Glu248, whereas in
the dark-adapted trimer the shortest-distance connection between
Arg244 and Glu248 is via Asn67 or Tyr58. These rearrangements of the
cytoplasmic H-bond network largely replaced direct H-bonds at the
Aspll16 cluster with water-mediated bridges, which potentially facili-
tated the partial dehydration of K* by its transient binding to Aspl16
and Thr120 observed in MD simulations'.

Rearrangement of the aromatic cluster

In the extracellular segment of the laser-flash-illuminated
HCKCRI_C110A, the signal propagation from the RSB via Tyrl06
results in the perturbation of the cluster of aromatic residues con-
sisting of Trpl102, Phe221, Tyr222, and His225 (Fig. 4), which has been
suggested to form the K* selectivity filter'*'*", Trp102 displays an
inward movement towards the RSB upon illumination, with His225
moving away from the cavity to compensate (Fig. 4). A cation-Tt
interaction with Trpl02 was proposed” and may allow for the pre-
ferential passage of K" over Na* ions. While Tyr222 is essential for K*
selectivity”'’, it cannot contribute to cation-Tt interactions as the aro-
matic ring’s plane does not face the cavity.

The MD simulations and graph-based analyses confirm that the
dynamics of the aromatic cluster are markedly different in the dark-
adapted vs. laser-flash-illuminated HCKCR1_C110A trimers. In the dark,
Tyr81, Trpl02, Tyr106, and Tyr222 are part of the H-bond cluster of the
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the HOLLOW software. The cavity color shows the electrostatic potential from -5
(red) to +5 (blue). The helices are shown as cartoons; the chromophore, as a stick
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laser-flash-illuminated HcKCR1_C110A structure, not in the dark-adapted state
structure. ¢ MD simulations show a water chain connecting the RSB with the
intracellular aqueous phase in the structure of the laser-flash-illuminated
HcKCRI1_CI110A trimer.

all-trans RSB; the shortest-distance connection between Tyrl06 and
Tyr222 is via 2-3 H-bonded water molecules, or via water, Tyr81, and
Lys84 (Supplementary Figs. 11d, 12d, 13d). By contrast, in the laser-
flash-illuminated trimer, the shortest-distance connections between
Tyrl06 and Tyr222 are via both side chains and water bridges, and
the side chains mediating the connection between Tyr106 and Tyr222
can be different than in the dark-adapted state (Supplementary
Figs. 11-13 and 15-17).

The K* flow through the channel

Fig. 5a shows the profile of the intramolecular tunnel that is found in
the laser-flash-illuminated HcKCR1_CI110A structure, exhibiting four
constrictions (C1-C4) with a smaller radius than a bare potassium ion

(1.49 A>). We used a MD-based computational electrophysiology
(CompEL) protocol®*® to determine if the channel is sufficiently open
to allow K* passage under transmembrane voltages (Supplemen-
tary Fig. 22).

To accelerate the rate of K" passage through the channel during
the limited simulation time (500 ns), we chose a high transmembrane
voltage of 400 to 900 mV (Supplementary Fig. 22b, c). We sampled five
independent trajectories for the dark-adapted and laser-flash-
illuminated structures. We monitored the root mean square devia-
tions (RMSD) of the protein backbone atoms and observed that the
structures remained stable throughout the simulation time (Supple-
mentary Fig. 23). Across the trajectories, we observed altogether 10 K*
ions permeating through the channels in the laser-flash-illuminated
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structure whereas no cation permeation was observed in the case of
the dark-adapted structure. The low simulated conduction rate aligns
well with the generally low conductance characteristic of HcCKCR1. The
10 permeating events in the illuminated structure were equally dis-
tributed among inward and outward permeations under negative and
positive transmembrane voltages, respectively (Supplementary
Movies 1and 2). This was facilitated by the pore opening between TM1-
3 and TM7 and was largely assisted by the aspartate residues in TM3
and TM7 (Fig. 4, right). During the outward permeation, the cation
entered from the intracellular side by binding to Aspl16. The cation
then migrated toward the extracellular site by interacting with Asp229
followed by binding to Aspl05. An inverted sequence of events was
observed during the inward permeation where the potassium ion
moved towards the intracellular site via Asp105 to Asp229 to Aspll6.
Strong inhibition of photocurrents in the HcKCRI_D229N mutant
corroborates the role of Asp229 in channel gating'®'>", Apart from the
negatively charged aspartate residues, the permeating ion also binds
favorably to the polar residues containing hydroxyl groups. Ser70,
Thr120, and Tyr222 act as active binding sites for the permeating ion
and direct its motion through the channel (Supplementary Movie 3). In
addition, we observe rearrangement of the Trpl02 residue at the
extracellular site, wherein it orients itself towards RSB. It binds the
permeating ion via a cation-Tt interaction and directs it toward the
aspartate residues (Aspl05 and Asp229) during inward permeation.

As the potassium ions are seldom free and have a coordinated
hydration sphere around it, we also monitored the hydration changes.
We observed that during permeation in both inward and outward
directions, there is at least one coordinated water molecule, even when
the potassium ion interacts with the aspartates (Supplemen-
tary Fig. 24).

These results qualitatively show that HCKCR1_C110A is conductive
for K* upon photoillumination, with the movement through the

channel guided by the aspartate residues. Due to the small number of
ions permeating over the limited simulation period, a quantitative
analysis of the conductance cannot be performed. A longer simulation
time revealing significantly higher permeation events for deriving
statistically meaningful single-channel conductance will be the scope
of future studies.

Mutagenetic analysis of the K* pathway

Many residues forming the constrictions of the intramolecular tunnel
detected in the laser-flash-illuminated structure (Supplementary
Table 1) have been shown earlier to contribute to channel gating and/
or selectivity (Asn67, Leu69, Ser70, and Asp116 in CI; lle73, Cys77, and
Thr109 in C2; Tyr81, Lys84, Asp105, Tyr106, and Asp229 in C3; Phe88
and Tyr222 in C4)”'%>15% Tyr222 is replaced with Thr in Na*-selective
HcCCR, and the T222Y mutation converted HcCCR into a K* channel’.
Figure 5b, ¢ shows photocurrent traces and the current-voltage rela-
tionships (IV curves) of the opposite mutant, Y222T, compared to the
wild-type HcKCRI1. The Y222T mutation caused a large curve shift to
more positive voltages, which confirmed the importance of Tyr222 for
K* selectivity. The H-bond graph analyses support the key role of
Tyr222, as this residue is part of the Lys233 H-bond network in both the
structures of dark-adapted and laser-flash-illuminated HCKCR1_C110A
(Supplementary Figs. 7-18).

The functional role of several other constriction-forming residues
has not yet been tested by mutagenesis. Thr120, Met240, and Arg244
contribute to C1 in the intracellular segment, and Met20, Tyr22, and
Leu25 form C4 together with Tyr222 in the extracellular segment. We
have also included Val36 and Phell7 in our analysis because these
residues are replaced with Leu in WiChR, a KCR variant from Wobblia
lunata that shows an increased K*/Na* permeability ratio compared to
HCKCR1. Supplementary Fig. 25 shows the IV curves of the tested
mutants, and Fig. 5d, e shows their reversal potentials (V,) and
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Fig. 5| Mutational analysis on the tunnel constricting residues identified in the
structure of laser-flash-illuminated HcKCR1_C110A. a A tunnel profile detected
by CAVER using the probe radius 1A. C1-C4 are the four constrictions. The lines
show the positions of the tested residues along the tunnel. b, Photocurrent traces
recorded from the wild-type (WT) and Y222T mutant at incremental voltages. ¢ The
current-voltage relationships of the WT and Y222T mutant. The symbols are
mean + sem (n =19 and 17 cells, respectively). d The V; values are derived by analysis

of the current-voltage dependencies (see Methods for solution compositions).

e Photocurrent amplitudes normalized to the WT recorded in the same experiment.
d, e The symbols are individual-cell data recorded at the time of peak (empty
circles) and the end of illumination (filled circles); the lines are mean + sem values.
*p < 0.05; *p < 0.001; **p < E-5 compared to the WT by the one-way ANOVA with
the Tukey means comparison. The numbers of the cells sampled for each variant
and the exact p values are provided in the Source Data file.

photocurrent amplitudes at the time of the peak and the end of illu-
mination. M20F, as Y222T, changed only selectivity, causing a parallel
shift of the IV curve along the X axis; R244A and R244Q reduced only
conductance (the slope of the curve) without the curve shift; most
other mutations changed both these parameters. Some mutations,

such as R244K, more strongly reduced photocurrents at the voltages
above than below the V,, i.e., caused inward rectification. Of the four
tested Arg244 substitutions, Ala and GIn caused the strongest inhibi-
tion of photocurrents but did not significantly change the V,, sug-
gesting that Arg244 is important for channel gating but not selectivity,
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which is controlled by the Ser70-Aspl16 interhelical H-bond. L25A
showed a more depolarized V, compared to the wild type, indicating
that Leu25 contributes to the K* selectivity of the wild type. Surpris-
ingly, all tested substitutions of Met20 showed a more negative V, than
the wild type at the end of illumination and M20A, M20L, M20V, and
M20G at the peak time, indicating an increased K* selectivity. The V,
shift to more depolarized values is likely caused by the accumulation of
a less K'selective photocycle intermediate upon prolonged
illumination’. All Met20 mutants showed a reduced V, shift compared
to the wild-type by the two-tailed Mann-Whitney test (Source Data file),
suggesting that Met20 contributes to the formation of this inter-
mediate in the wild-type. M20A, M20L, and M20V showed a sig-
nificantly more negative V, of the end current (one-way ANOVA
followed by the Tukey test for means comparison; Source Data file)
than the previously reported mutant H225F (KALI-1)"?, included in our
study for comparison. The results on Met20 and Leu25 mutants show
that the TML1 residues also contribute to selectivity in addition to the
TM2 and TM7 residues identified by comparison of HcKCR1 and
HcCCR’. Met20 is conserved in Na*-selective HcCCR, which suggests
that this residue was evolutionarily selected for a channel property
other than selectivity. However, Met20 is located at a 5.4 A distance
from Tyr222, the key determinant of K* selectivity (Fig. 4), and might
influence its H-bonding network and/or hydrophobic interactions.

Discussion

KCRs are unique among K' channels because of their light-gated
conductance. Our structural study of the HcKCRI_C110A mutant
revealed that the retinal isomerization changed the orientation of the
RSB NH-bond from extracellular to cytoplasmic and directly opened
the central gate in the photoactive site of the KCR protomer. The RSB
connectivity switch is the key element of active ion transport and
sensory signaling in haloarchaeal rhodopsins®***°, and its occurrence in
KCRs confirms the similarity between these two protein families. Ret-
inal extraction and HPLC analysis showed a photoinduced increase in
11-cis isomers besides the predominant 13-cis isomers (Supplementary
Fig. 1g, h). Although the all-trans to 11-cis photoisomerization is not
typical of microbial rhodopsins®, it has been found in middle rho-
dopsin of Haloquadratum walsbyi*, bestrhodopsin*’, and wild-type
HCcKCR1™. Further studies are needed to clarify the functional impor-
tance of 11-cis retinal in HcKCR1.

The retinal isomerization signal is propagated through changes in
the hydrophobic/aromatic residue clusters and the rearrangement of
the two Asp residues (Aspl05 and Aspll6), which are part of the local
H-bond networks. These light-induced changes connect the internal
cavities and broaden the putative K* efflux pathway predicted from the
dark-adapted state structures of HcKCRs and HcCCR™®. Aspl05 and
Aspl16 correspond to Asp85 and Asp96 in BR, which are the key ele-
ments in the latter protein’s outward H'-pumping activity. Remarkably,
the same residue pair was recruited to regulate photoinduced passive K*
flow in KCRs (Supplementary Fig. 26). A delayed RSB deprotonation in
the D105N mutant suggests that Asp105 is an acceptor of the RSB proton
in HCKCR12. The Aspll6 homolog in a related protein, Guillardia theta
cation channelrhodopsin 2 (GtCCR2), undergoes deprotonation directly
coupled to channel gating®, which also likely occurs in HcKCR1.

The backbone RMSD between dark-adapted and laser-flash-
illuminated HcKCRL.C110A structures is only 0.348A, whereas the
RMSD between ground state and light-activated bovine rhodopsin
structures (PDB IDs IHZX and 3PQR, respectively) is 1.552 A. The latter is
caused by major conformational changes due to helix movements upon
light-activation of rhodopsin****. Canonical ChRs such as CrChR2 also
undergo large photoinduced changes in the secondary structure invol-
ving TM2, TM6, and TM7 detected by Fourier-transform infrared (FTIR)
spectroscopy®, 2D crystallography”, and double electron-electron
resonance spectroscopy*®*. We did not observe large photoinduced
helical movements in HcKCR1_CI10A and propose that subtle local

changes are sufficient for light-gated K" conductance in KCRs, as for
active H' translocation by a BR triple mutant®®, although the extent of
global light-induced conformational changes in haloarchaeal proton
pumps is a subject of discussion*’. An FTIR observation of only limited
protein structural changes upon retinal photoisomerization in HcKCR1
and a homologous protein GtCCR4 supports our hypothesis>®. In
HCcKCR1, TM2 interacts with TM4 of the adjacent protomer to form tri-
mers, which makes its photoinduced movement difficult. However,
given the presence of a small fraction of apoprotein and a mixture of
retinal isomers in our illuminated sample (see Supplementary Discus-
sion), we cannot exclude that some HcKCR1_C110A protomers may show
a larger global light-induced conformational change. Further experi-
ments with complementary spectroscopic techniques are needed to test
this hypothesis.

The extracellular cavity provides enough space for a hydrated
cation. However, constrictions in the pathway would require the cation
to be partially dehydrated to pass through the rest of the channel.
Since the channel pore features several narrow stretches that fit only
the size of a bare K*, it appears that the K* is partly or fully dehydrated
during most of its journey through the channel (Supplementary
Fig. 26), potentially interacting with the hydroxyl groups of Ser, Thr,
and Tyr side chains, carboxylates of Asp side chains, and the backbone
carbonyl groups. K* ions following the concentration gradient pass the
constrictions stepwise by moving from one cavity to the next using
local fluctuations of the restricting amino acid side chains to allow
cation passage, as we observed in our MD simulations. The constrict-
ing residues we identified by structure-guided mutational analysis
contribute to the selectivity filter based on the easier dehydration of K*
than Na*, which reduces the cation size, and the cation-T interactions.

The advent of all-optical electrophysiology" requires spectrally
separated optogenetic tools, which are rarely found in nature. Our
structural analysis of photoinduced changes in a ChR molecule will
facilitate the molecular engineering of color-tuned variants with intact
channel function. A better understanding of channel gating and
selectivity mechanisms will eventually enable the design of optoge-
netic tools with a desired combination of biophysical properties.

Our results reveal molecular mechanisms of light-gated K* and H*
conductance and selectivity of HcKCR1. The structures showed subtle
but informative rearrangements of HcKCR1 upon laser-flash-illumina-
tion, which are sufficient for ion permeation as confirmed by MD
simulations. These insights will facilitate KCR engineering for opto-
genetic needs. However, further studies using MD simulations of the
potassium channel gating, as well as time-resolved vibrational spec-
troscopy and serial crystallography are needed to further elucidate the
chemistry of their unique function.

Methods

Molecular biology

The polynucleotides encoding the amino acid residues 1-265 of
HcKCR1 (Genbank accession number MZ826861) were fused with the
C-terminal 8His-tag and cloned in the pPICZalpha-A vector (Invitrogen,
Cat. # V19520) for expression in Pichia pastoris, or fused with the
C-terminal mCherry tag and cloned in the pcDNA3.1(+) vector (Invi-
trogen, Cat. #V79020) for expression in HEK293 (human embryonic
kidney) cells. A QuikChange XL site-directed mutagenesis kit (Agilent
Technologies, Cat. #200516) was used to introduce point mutations.

Expression and purification of HCKCR1 mutants from Pichia
pastoris

The plasmids encoding the expression constructs were linearized with
Sacl and used to transform P. pastoris strain SMD1168 (his4, pep4) by
electroporation according to the manufacturer’s instructions. Resistant
transformants were selected on 0.5mgml™? zeocin (Gibco, Cat. #
R25001). The next step involved the induction of transgene expression,
which was achieved by the addition of 0.5% methanol in the presence of
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5uM all-trans-retinal (Millipore-Sigma, Cat. # 116-31-4). After 24 h, the
pink-colored cells were harvested by centrifugation at 5000 x g for
10 min, and the cell pellets were resuspended in 100 ml ice-cold buffer A
(20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% glycerol) and lysed
by either French press or bead beater (BioSpec Products, Cat. #607).
Membrane fragments were collected by ultracentrifugation and solubi-
lized by incubation with 1% dodecyl maltoside (DDM, Anatrace) for 1.5 h
at 4°C. The supernatant was mixed with nickel-nitrilotriacetic acid
agarose beads (Thermofisher, Cat. # R90101) and loaded on a column.
The protein was eluted with buffer containing 20 mM HEPES pH 7.5,
300 mM NaCl, 300 mM imidazole, and 0.05% DDM. The protein was
further purified by size exclusion chromatography in the elution buffer
containing 20 mM HEPES pH 7.5, 300 mM KCI, 1 mM sodium azide, 5%
glycerol, and 0.05% DDM/ 0.005% CHS (cholesteryl hemisuccinate,
Anatrace), and concentrated for peptidiscs reconstitution.

Absorption spectra of detergent-purified and peptidisc-
incorporated protein samples were recorded using a Cary 4000 spec-
trophotometer (Varian). Hydroxylamine (Millipore-Sigma, Cat. # 5470-
11-1) was added to the protein samples under ambient illumination at
the final concentration of 100 mM, after which the samples were kept
for 20 min in the dark spectrophotometer chamber to avoid the
accumulation of intermediates. The difference spectrum exhibited a
positive peak at 365 nm, reflecting the retinal oxime formation. Its €
value of 33,900 M cm™ was used for calculations. The € values of BR
and HcKCR1_C110A at 280 nm were calculated using ExPASy ProtParam
tool*.

Photoinduced absorption changes were measured with a
laboratory-constructed crossbeam apparatus. Excitation flashes were
provided by a Minilite Il Nd:YAG laser (532 nm, pulse width 6 ns, energy
5mJ; Continuum). Measuring light was from a 250-W incandescent
tungsten lamp and a McPherson monochromator (model 272, Acton).
Absorption changes were detected with a Hamamatsu Photonics
photomultiplier tube (model R928) combined with a second mono-
chromator of the same type. Signals were amplified by a low noise
current amplifier (model SR445A; Stanford Research Systems) and
digitized with a GaGe Octopus digitizer board (model CS8327, Dyna-
micSignals LLC), with a maximal sampling rate of 50 MHz. Logarithmic
data filtration was performed using the GageCon program®?,

Electron microscopy of HCKCR1_C110A mutant in peptidiscs
Purified HcKCR1_CI110A was mixed with a 2:1 excess (w/w) of nanodisc
scaffolding peptide NSPr (N,-DWLKAFYDKVAEKLKEAAPDWFKAFYD
KVAEKFKEAF-C,,, purity >80%, A* peptide Co. Ltd., Shanghai) and
diluted to 1/14 of initial concentration before applying to size exclusion
chromatography on a Superdex 200 Increase 10/300 GL column in
buffer containing 20 mM HEPES pH 7.5 and 150 mM KCI. The peak
fraction was diluted to 0.02 mg mL™ and evaluated by negative staining
electron microscopy with uranyl formate®. For cryo-EM, 4 pL of dark-
adapted HcKCRI_CI110A reconstituted into peptidiscs at 0.4 mg/mL
concentration were applied onto homemade holey gold grids. Excess
protein was blotted away using a Vitrobot Mark IV set to 277 K, 100%
relative humidity, with 2.5 seconds blot time and blot force 1. Grids
were plunge-frozen in liquid ethane and stored under liquid nitrogen
prior to imaging. To trap the laser-illuminated structure, the grids were
illuminated by nanosecond laser pulses at a 10 Hz repetition rate pro-
vided by a Minilite Il Nd:YAG laser (532 nm, pulse width 6 ns, energy
0.72 mJ per pulse; Continuum) within the -750 ms time duration
between blotting and plunge freezing. For the continuous illumination,
a band-pass optical filter (520 + 20 nm) was attached to a Fiber-Lite Mi-
150 illuminator (Dolan-Jenner), and the blotted grids were illuminated
continuously (-750 ms, 13.3 mJ/cm?) until plunge freezing.

Cryo-EM image acquisition and data processing
Cryo-EM movies were acquired at 300 kV on a Titan Krios transmission
electron microscope equipped with a Falcon 4i detector. Movies were

collected in the EER format with a pixel size of 1.03 A and total expo-
sure of 40 e /A2 Data was collected at both 0° and 30° stage tilt.
Automated data collection was performed with the EPU (v3.3) software
package. A total of 5483 movies were collected for the dark-adapted
HCcKCRI1_C110A samples, and 7683 movies were collected for the laser
pulse-illuminated HCKCR1_C110A samples.

Image processing was performed using CryoSPARC v4.4 software
package®. All movies were initially preprocessed for patch motion
correction and CTF estimation. A subset of particles was selected by
blob picking to generate 2D templates, which were then used for
template picking across the full datasets.

For the dark-adapted HcKCR1_C110A dataset, 1,320,264 particles
were initially selected for 2D classification, and 527,087 particles were
selected for 3D ab initio reconstruction. The best class was selected for
multiple rounds of heterogenous and non-uniform refinement, fol-
lowed by reference-based motion correction, and local refinement®.
The final map at 3.08 A resolution was obtained with 86,551 particles
and C3 symmetry imposed.

For the laser pulse illuminated HcKCR1_C110A dataset, 5,144,654
particles were selected for 2D classification, of which 1,589,866 were
selected for 3D ab initio reconstruction. The best map was selected for
the same steps of refinement as the dark-adapted HCKCR1_C110A map.
The final map at 3.05 A resolution was obtained with 230,267 particles
and C3 symmetry imposed.

For the continuous light illuminated HcKCR1_C110A dataset,
1,454,190 particles were selected for 2D classification, and 367,702
particles were selected for 3D ab-initio reconstruction, the best map
was selected for refinement in the same process as the previous
datasets. The final map at 3.44 A resolution was obtained with 55,716
particles and C3 symmetry imposed.

Model building and refinement

Sharpened density maps prepared in CryoSPARC (v. 4.4) were used to
build models in Coot (v. 0.9.8.9)**. Models for dark-adapted and illu-
minated HcKCR1_C110A generated from wild-type HcKCR1 structure
(PDBID:8GI8) were fit to the map in Coot; then the models were further
refined in Phenix (v. 1.20.1)>. Structural analysis and figure preparation
were performed with UCSF ChimeraX (v. 1.7)°¢, PyMOL" (v. 2.5.5), and
HOLLOW?* (v. 1.3) software. The structures of the dark-adapted and
laser-flash-illuminated HcKCR1 C110A were refined using the hybrid
quantum mechanics/molecular mechanics (QM/MM) method®. The
QM part included the retinal-lysine (Lys233) protonated Schiff base.
The QM/MM boundary was placed between CS and Ce of the lysine
side chain using the hydrogen link atom scheme. The QM part was
described using the CAM-B3LYP-D3(BJ) functional®® in combination
with the cc-pVDZ basis set®®. The protein within the MM region was
treated using the Amber ff14SB force field® while the water molecules
were described using the TIP3P model®>. The QM/MM structure opti-
mizations were performed using ORCA 5.0 program® interfaced with
Chemshell software®*.

Cavity and tunnel analyses

Intramolecular cavities were identified using HOLLOW (v. 1.3)** with a
grid spacing of 0.3A and a surface probe of 0.95A in radius. The
internal surfaces shown in Figs. 3 and 4 were created by manually
selecting the internal spherical probes generated by HOLLOW. Elec-
trostatic potentials were calculated using APBS (v. 3.4.1)®. The intra-
molecular tunnel in the laser-flash-illuminated structure was detected
using CAVER Analyst v. 2.0 Beta® with a probe radius of 1A.

Retinal extraction and high-performance liquid chromato-
graphy (HPLC) analysis

The HPLC analysis of retinal isomers was conducted as described
elsewhere". Before extraction, the purified HcKCR1_C110A sample was
incubated overnight in the dark at 4°C. Half of the sample was
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subjected to laser-flash excitation as described in the “Electron
microscopy of HCKCR1_C110A mutant in peptidiscs” section. 120 pL of
90% (v/v) aqueous methanol solution and 10 pL of 2 M hydroxylamine
(pH 6.0) (Millipore-Sigma, Cat. # 5470-11-1) were added to 30-pL pro-
tein aliquots (concentration -2 mg mL™). Retinal oximes were extrac-
ted with 500 pL of n-hexane. Extracts (150 pL) were injected into an
HPLC system equipped with a silica column (particle size 3 um,
150 x 6.0 mm; Pack SIL, YMC), a pump (model 1525, Waters), and a UV-
Visible detector (model 2489, Waters). As the mobile-phase solvent,
n-hexane containing 15% ethyl acetate and 0.15% ethanol was used at a
flow rate of 1.5 mL min™.

Graph-based analyses of the protein-water H-bond networks

The structures of the dark-adapted and laser-flash-illuminated trimers
were aligned along the membrane normal using the PPM web server®.
All protein residues had standard protonation states, i.e., all Asp/Glu
were negatively charged, all Arg/Lys, positively charged, and all His
residues, neutral; the RSB was considered protonated in all trimer
simulations. Using CHARMM-GUI and CHARMM, the proteins were
embedded in a DOPE lipid membrane by preserving the water mole-
cules and the six intra-trimer lipids present in the starting experimental
structures. The simulation systems contained -450 DOPE lipid mole-
cules, ~35.870-37.120 bulk water molecules, and 130 mM neutralizing
KClI salt, for a total of ~177.950-181.520 atoms. Atomic-level simula-
tions were performed using CHARMM36°"*?, the TIP3P water model®?,
and retinal parameters’®”’? using the supercomputer JURECA at For-
schungszentrum Jiilich”. The starting box size was 140.0 A x139.2 A x
113.5A for the simulations of the dark-adapted trimer, and
1402Ax141.0Ax110.9A for the two simulations of the laser-
illuminated trimer. All MD simulations were performed using
NAMD”*. Equilibration protocol: The simulation systems were geo-
metry optimized and heated to 300 K, followed by equilibration in six
steps, 1ns each, in which harmonic constraints placed on selected
hetero-atoms were progressively released. Heating and equilibration
step #1 used harmonic constraints of 4 kcal mol™ A on the backbone,
2 kcal mol™ A on the side chains, retinal hetero-atoms, and the oxy-
gen atoms of the crystallographic water molecules, 1 kcal mol™ A on
ions, bulk water oxygen atoms, and hetero-atoms of the lipid head-
groups, and 0.5 kcal mol™ A2 on the hetero-atoms of the lipid acyl
chains; equilibration step #2, constraints on the lipid acyl chains were
switched off; step #3, harmonic constraints on the backbone were
halved, to 2kcalmol?A% step 4, all remaining constraints were
halved; step #5, harmonic constraints on the lipid headgroups were
removed, and all remaining constraints reduced to 0.5 kcalmol* A2
This completed the equilibration, all harmonic constraints were
removed, and simulations proceeded with production runs. During
equilibration and the first 1ns of the production run, we used an
integration step of 1fs. For the remainder of the production runs we
used a reversible multiple timestep algorithm with 1fs for the bonded
forces, 2 fs for the short-range non-bonded, and 4 fs for the long-range
electrostatics. Replicates performed: For the dark-adapted trimer, as
shown in Supplementary Figs., the H-bond networks of the RSB are
very similar in the three protomers; the H-bonds of the Schiff base
cluster have high occupancies and similar values in each of the three
monomers. Consequently, only one simulation of the dark trimer was
performed. For the laser-flash-illuminated trimer, for which the cyto-
plasmic Schiff base cluster is more dynamic, and there is more varia-
bility of the H-bond cluster than in the dark counterpart, we performed
one independent simulation. This independent repeat simulation of
the illuminated trimer was started from the same starting coordinates
as the main simulation, but with a prior geometry optimization of the
retinal molecule and Lys233 while keeping the remaining protein fixed;
the protocol for geometry minimization of the entire simulation sys-
tem, equilibration and dynamics, was the same as described above for
the main simulation. Length of the simulations: The simulations we

prolonged to 484.0 ns for the dark-adapted trimer, 424.0 ns for the
main 13-cis-retinal-bound trimer, and 457.3 ns for the repeat 13-cis-
retinal-bound trimer. The simulations were then subjected to H-bond
network computations using the graph-based algorithm and graphical
user interface Bridge/Bridge2*°". An H-bond graph consists of nodes
(the H-bonding residues) and edges (here, direct or water-mediated
bridges between the side chains). For clarity, H-bonds are computed
residue-wise, such that each residue is represented by a single node. A
cluster of H-bonds consists of a collection of nodes and edges that are
allinterconnected to each other. We considered two groups H-bonded
when the distance between the donor and acceptor hetero-atoms was
within 3.5 A, and the H-bond angle was within 60°. The H-bond graph
computations included direct H-bonds between the protein side
chains and water bridges of up to three H-bonding water molecules;
for the retinal chromophore, the Schiff base nitrogen atom and C15
were included in the H-bond graph computation. Graph computations
used ~20,000 coordinate sets from the last ~200 ns of each simulation.
To clarify the H-bond graph representation, we extracted from the
graph only H-bonds present during at least 30% of the coordinate sets
and only the H-bond clusters of Lys233 and Ser70.

Computational electrophysiology

MD simulations were performed to probe the potassium ion flow
through the protein in both dark-adapted and laser-flash-illuminated
structures. The 15-anti RSB was modeled in its protonated form in both
the isomers: all-trans configuration in the former and 13-cis form in the
latter. The simulations were performed through the computational
electrophysiology (CompEL) protocol**¢ using one protomer for each
structure. In this approach, the separation of two aqueous compart-
ments is obtained by duplicating the membrane patch in the direction of
the membrane normal. The transmembrane voltage results from a
constant ion concentration difference between the two compartments.

The respective ion channel is embedded in a lipid bilayer of POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and solvated in
water with 600 mM of K" and CI” ions on both sides of the bilayer. The
embedding was done with CHARMM-GUI”>”". The protonation states
of the residues were modeled at pH 7. The single-membrane system
was first energy minimized to stabilize the system, thereby avoiding
steric clashes. This is followed by equilibration in a stepwise manner
through seven NPT cycles where the number of particles (N), pressure
(P) and temperature (T) were kept constant. During the seven equili-
bration steps, positional restraints are applied on the heavy atoms to
first equilibrate the solvent and ions around the lipids and protein
using the LINCS algorithm’®, The positional and torsional restraints are
then gradually relaxed to equilibrate the whole system. In the first
three equilibration steps the timestep was 1fs, afterwards it was set to
2fs. The pressure was maintained at 1bar using the Berendsen cou-
pling scheme’ while the temperature was kept constant at 303K by
utilizing the velocity-rescaling thermostat®®. The equilibrated single-
membrane setup is then duplicated and stacked parallel to form the
double-membrane configuration (Supplementary Fig. 22). The advan-
tage of using the double-membrane setup in parallel orientation is that
it allows simultaneous sampling of the ion movement under the effect
of both positive and negative transmembrane voltages.

Periodic boundary conditions were applied, forming two distinct
compartments (A and B). To generate transmembrane voltages, an ion
imbalance was created between the two compartments. This was
achieved by varying the concentration of potassium ions where com-
partment A had 6 K" ions less than compartment B while the chloride
ion concentration was maintained the same in both compartments. The
GROMACS tool gmx potential was used to quantify the transmembrane
voltages during the simulation. To keep the number of ions constant in
the compartments throughout the simulation time, after ion permea-
tion, ion/water exchanges are carried out. The ion count is checked at
every 100 time steps, with the threshold set to 1 and steps set to 10.
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The double-membrane setup dimensions for the dark-adapted
and laser-flash-illuminated models were 72x72x192A* and
72 x 72 x186 A%, respectively. Each setup consisted of 90,000 atoms
(-16,000 water molecules, 250 lipid molecules, and ~160 potassium
and chloride ions). Five replicates of the setup were generated for each
model and production runs were simulated independently for 500 ns.
For these runs, the temperature was maintained at 303 K using the
velocity-rescaling thermostat while the Parrinello-Rahman pressure
coupling scheme was employed to maintain the pressure at 1 bar®. All
simulations were run using GROMACS (v. 2023.3)%*%, Force field
parameters for the retinal were taken from references”’****%” and used
in CHARMM format. TIP3P waters®> and CHARMM36m force field
parameters were used®®®’, The particle-mesh Ewald method (PME) was
used for long-range electrostatics interactions® with a cutoff of 1.2 nm
for Coulomb and Lennard-Jones interactions.

HEK293 cell culture and transfection

No cell lines from the list of known misidentified cell lines maintained
by the International Cell Line Authentication Committee were used in
this study. HEK293 cells were obtained from the American Type Cul-
ture Collection (ATCC; catalog #CRL-1573) and grown as described
earlier’. The cells were plated on 2-cm diameter plastic dishes
48-72 hrs before experiments, grown for 24 hrs, and transfected with
10 pl of Lipofectamine LTX with Plus Reagent (ThermoFisher, Cat.
#15338100) using 3 pg DNA per dish. All-trans-retinal (Millipore-Sigma,
Cat. # 116-31-4) was added immediately after transfection at the final
concentration of 5 uM.

Automated patch-clamp recording

Automated whole-cell patch-clamp recording was conducted at room
temperature (21 °C) 48-72 h after transfection with a SyncroPatch 384
(Nanion Technologies) based on a Biomek i5 automated liquid handler
(Beckman Coulter), using NPC-384T S-type chips (Nanion, Cat. #
222101) with one hole per well. Before measurements, transfected cells
were dissociated using TrypLE Express, diluted with CHO-S-SFM-II
medium (both from ThermoFisher, Cat.# 12604013 and 31033020,
respectively) and resuspended in External Physiological solution
(Nation, Cat.# 08 3001), which contained (in mM): NaCl 140, KCI 4,
CaCl, 2, MgCl, 1, HEPES 10, glucose 5, pH 7.4. The chips were filled with
80 puL of the same solution without the divalent cations (Nanion
Chipfill solution, Cat.# 08 3003). After that, 20 pL of this solution was
replaced with 20 pL of the cell suspension, and suction was applied to
draw the cells into the holes. After that, 20 uL of the medium was
replaced with 40 pL of the Seal Enhancer solution (Nanion External
Physiological solution with ten mM CaCl,, Cat.# 08 3012). Finally,
40 pL of the resultant medium was replaced with 40 pL of External
Physiological solution to bring the CaCl, concentration to ~2.6 mM.
The KF 110 Internal solution contained (in mM): NaCl 10, KCI 10, KF 110,
EGTA 10, HEPES 10, pH 7.2 (Nanion, Cat.# 08 3008). lllumination was
provided with LUXEON Z Color Line light-emitting diodes (LEDs) Cat.#
LXZ1-PMO1 (530 +£30 nm) arranged in a 6x16 matrix that covered a
quarter of the 384-well chip; four quarters were illuminated succes-
sively. A thin class IP68 light guide with a counterbore round head
(Mentor, Cat. #1292.1601; length 11.5mm, diameter 2.2 mm) was
attached to each LED to bring the light closer to the cells. The forward
LED current was 900 mA (which corresponded to the irradiance
2.6 mW mm 2 at the cell level), the illumination duration was 200 ms,
and the interval between successive light pulses was 30s, except in
experiments with the C110A and C110T mutants, in which it was 5 min.
The LEDs were driven by a derivative of CardioExcyte 96 SOL (Nanion,
Cat. #191003) and controlled by Biomek commands. PatchControl384
v. 2.3.0 (Nanion Technologies) software was used for data acquisition
at a 5 kHz sampling rate (200 ps per point), except for recording the
slow photocurrent decay of the C110A and C110T mutants, which was
conducted at 200 Hz (5 ms per point). The photocurrent amplitude at

the end of illumination and T of photocurrent rise and decay were
calculated using DataControl384 software v. 2.3.0 (Nanion Technolo-
gies). Further analysis was performed using the Origin Pro 2016 soft-
ware (OriginLab Corporation).

Manual patch-clamp recording

Manual patch-clamp recordings were performed with an Axopatch
200B amplifier (Molecular Devices). The pipette solution contained (in
mM) KCI 130, MgCl, 2, HEPES 10 pH 7.4, and the bath solution con-
tained (in mM) NaCl 130, CaCl, 2, MgCl, 2, glucose 10, HEPES 10 pH 7 4.
The low-pass filter of the amplifier output was set to 2 kHz. The signals
were digitized with a Digidata 1440 A (Molecular Devices) at a 5 kHz
sampling rate (200 ps per point) using pClamp 10.7. Patch pipettes
with 2-3 MQ resistances were fabricated from borosilicate glass. Laser
excitation was provided by a Minilite Nd:YAG laser (532 nm, pulse
width 6 ns, energy 5mJ; Continuum). The current traces were loga-
rithmically filtered using Logpro software®. Curve fitting was per-
formed using Origin Pro software. Continuous light pulses were
provided by a Polychrome V light source (T.L.L.L. Photonics GMBH) in
combination with a mechanical shutter (Uniblitz Model LS6, Vincent
Associates; half-opening time 0.5ms). The action spectra of photo-
currents were constructed by calculating the initial slope of photo-
current recorded in response to 15-ms light pulses at the intensity
<25uW mm™, corrected for the quantum density measured at each
wavelength, and normalized to the maximal value.

Statistics and reproducibility

The graphs for protein-water H-bond networks were computed sepa-
rately for each simulation. From each graph, we extracted the H-bond
clusters of the RSB and S70 of each protomer with Connected Com-
ponent Analyses. The H-bond occupancy threshold of 30% was chosen
because it gives similar H-bond networks in the three protomers of
each simulation. An additional independent simulation performed for
the laser-flash-illuminated structure confirmed our findings that a
water-mediated network can transiently assemble at the cytoplasmic
side of the RSB.

Plasmids encoding different channel variants were randomly
assigned to transfect identical cell batches. M20V, M20Y, and K84R
were tested upon four independent transfections, and all other
mutants upon three independent transfections on different experi-
mental days; the data obtained were pooled together. In automated
patch-clamp studies, cells were randomly drawn into the wells. Cells
transfected with the wild-type HcKCR1 were included in each experi-
ment as a control. For measurements of the membrane (seal) resis-
tance in the dark in the C110 mutants, wells with photocurrents <20 pA
at 0 mV (i.e., those that captured non-expressing cells) were excluded
from the analysis. For an unbiased estimation of the photocurrent
amplitude, the data from wells that formed seals with a resistance
<500 MQ were excluded. For a more accurate estimation of the V,
values by plotting the IV curves, wells with a seal resistance <500 MQ
and photocurrents of the absolute magnitude <20 pA at -100 mV were
excluded. To estimate the decay 7 values, wells with a seal resistance
<500 MQ and photocurrents of the absolute magnitude <100 pA at
-100 mV were excluded. In manual patch-clamp experiments, the cells
were selected for patching by inspecting their tag fluorescence; non-
fluorescent cells and cells in which no GQ seal was established or lost
during recording were excluded from the analysis. In automated and
manual patch-clamp experiments, the photocurrent traces recorded
from different cells transfected with the same construct were con-
sidered biological replicates (reported as n values). These values
indicate how often the experiments were performed independently.

Statistical analysis of the patch-clamp data was performed using
Origin Pro 2016 software. The Kolmogorov-Smirnov test at the 0.05
level was used to determine the data distribution’s normality. For
normally distributed data, 1-way ANOVA followed by comparisons of
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the means by the Tukey test was used. If the normal distribution of the
data was not assumed or rejected, the non-parametric two-tailed
Mann-Whitney test was used to compare the means. No statistical
methods were used to pre-determine sample sizes, but our sample
sizes are similar to those reported in the previous publication®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-45467 (dark-adapted
HcKCR1_C110A), EMD-45468 (laser-flash-illuminated HcKCR1_CI110A),
and EMD-45469 (continuous green light illuminated HcKCR1_C110A).
The coordinates have been deposited in the RCSB Protein Data Bank
(PDB) under accession codes 9CDC (dark-adapted HcKCR1_C110A),
9CDD (laser-flash-illuminated HcKCR1_C110A), and 9CDE (continuous
green light illuminated HcKCR1). Coordinates of the dark-adapted and
laser-flash-illuminated structures along with the input files used for the
computational electrophysiology simulations, have been uploaded to
the Figshare repository and can be accessed at https://doi.org/10.
6084/m9.figshare.27292005. Coordinates at the starting and final
points of the trimer simulations, along with corresponding protein
structure files, have been uploaded to https://github.com/anb2022/
KCRopenTrimerSimulations. Source data are provided with this paper.
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