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31

32

33 Abstract

34 Channelrhodopsins (ChRs) are light-gatedcimennels and invaluable tools for

35 optogenetic applications. Recent developments ifticolor optogenetics, in which
36 different neurons are controlled by multiple colasg light simultaneously, have
37 increased the demand for ChR mutants with moramtistbsorption wavelengths. Here
38 we report the 2.9 A-resolution cryo-electron micasy structure of a ChR from
39 Klebsormidium nitens (KnChR), which is one of the most blue-shifted GhRhe
40 structure elucidates thesecis configuration of the retinal chromophore, indiogtiits
41  contribution to a distinctive blue shift in actispectra. The unique architecture of the
42 C-terminal region reveals its role in the allostemodulation of channel kinetics,
43 enhancing our understanding of its functional dyicamBased on the structure-guided
44  design, we developed mutants with blue-shiftedoactpectra. Finally, we confirm that
45 UV or deep-blue light can activate KnChR-transfdgbeecultured neurons, expanding
46 its utility in optogenetic applications. Our findm contribute valuable insights to
47 advance optogenetic tools and enable refined dipehin neuroscience experiments.
48

49 Main text

50 Introduction

51 Channelrhodopsins (ChRs) are light-gated ion chianineghe eyespot of green
52 algae. Channelrhodopsin-1 and -2, derived f@nhamydomonas reinhardtii (CrChR1
53 and CrChR2), were the first ChRs to be discovereticharacterized, and the latter has
54  been extensively utilized for optogenetic applimast. These proteins conduct cations
55 such as H Na', K*, and C4"2 Cation channelrhodopsins with sequence homology t
56 ChR2 are denominated as chlorophyte CCRsray structures of a ChR chimera of
57 C1C2 and CrChR2 have unveiled intricate detailsmdigg the molecular architectdye

58 shedding light on the photoactivation and ion catidn pathway. ChRs have been
-2
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59 employed to elicit action potentials in light-inséive cells and tissues with
60 unparalleled spatiotemporal precision, thereby ¢aimg a nascent research discipline,
61 optogenetics ChR variants have been iteratively engineeredinprove their
62 functionalitieS. Furthermore, genome mining has expedited theodisy of novel
63 ChRs and their applications for optogenetics.

64 The mining and engineering of ChRs has facilitaredticolor optogenetids™.

65 This technology leverages red and blue opsins twumwently regulate two distinct
66 neurons. It is particularly useful in synaptic coomtation, as an invaluable asset for
67 probing the intricacies of complex neural circusnong the red opsins, Chrimschig

68 commonly employed, and the recently discovered GhBfhharbors the potential to
69 surpass ChrimsonR. In the realm of blue opsinsulappmutant variants of CrChR2
70 have been adoptgdlongside recently identified ChRs such as sd&@mRChronos A

71 rational approach to creating color variants hankagpplied, producing the blue-shifted
72  color variant CLC2GR. Nevertheless, many challenges remain for theicgijun of
73 blue opsins in multicolor optogenetics. To minimizmsstalk with red opsins, the
74  activation of blue opsins with blue light (405 nig)imperativé'’, as this wavelength
75 does not stimulate red opsins. This limitation rgaperate inadequate excitation by low
76 levels of blue opsin expression, consequently inmgedhe utility of multicolor
77 optogenetics. In light of these considerations,lue psin with shorter wavelength
78 excitation is keenly desired for use in multicadptogenetics.

79 Among the most pronounced blue-shifted ChRs iscentty discovered ChR
80 derived from the filamentous terrestrial algdebsormidium nitens, designated as
81 KnChR® KnChR comprises a 7-transmembrane rhodopsin dorigit contains a
82 channel pore, followed by a C-terminal moiety teatodes a peptidoglycan binding
83 domain known as FimV. KnChR exhibits higher*Cpermeability and about 10-fold
84 higher metal cation permeability relative td,His compared with CrChR2. KnChR
85 exhibits maximal sensitivities at 430 and 460 nnthwhe former making KnChR one
86 of the most notable blue-shifted ChRs to date, tthpotential to serve as a pioneering
87 framework for exploring the molecular mechanisms/egning ChR color tuning.
88 Notably, the rate of channel closure is impactedth® C-terminal moiety, and the

89 truncation of this moiety led to over 10-fold pnogmtion of the channel's open lifetime.
—-3-
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90 Two pivotal arginine residues, R287 and R291, @agrucial role in modulating the
91 photocurrent kinetics. However, little is known abdiow the C-terminal residues
92 influence the channel activity and the mechanismaseming short wavelength
93 excitation, as well as their optogenetic utility.

94

95 Results

96 Structuredetermination

97 To examine mechanisms of the blue-shifted excitaéind channel modulation,

98 we performed a cryo-electron microscopy (cryo-EMyke-particle analysis of KnChR.

99 First, we expressed KnChR, containing 697 amindsadn insect cells and purified it in
100 detergent micelles (Supplementary Fig. 1a, b). Hewneduring the cryo-EM analysis,
101 only the top view was visible in the 2D class agesa(Supplementary Fig. 1c). This
102 limitation was attributed to either the orientatibias or the deleterious effects of the
103 micelles. Consequently, we reconstituted purifiedCKR into MSP2N2 nanodiscs
104 (Supplementary Fig. 2a) and performed the cryo-EMcsural analysis. The nanodisc
105 reconstitution eliminated the orientation bias, aihe@ side view became visible
106 (Supplementary Fig. 2b). Finally, we determinedgtracture of KnChR in the ground
107 state at a nominal resolution of 2.9 A (Fig. 1ahl€al, Supplementary Fig. 2b).
108 Like other chlorophyte CCRs, KnChR forms a dimerd anomprises
109 transmembrane helicé{TMs) 1-7, as well as N- and C-terminal regiongj(fib). We
110 successfully modeled residues 27 to 291. Notably, @-terminal FimV domain was
111 disordered (Supplementary Fig. 1a, 2b), indicaiisginherent structural flexibility.
112  This observation aligns with the previous reflothat the FimV truncation does not
113 alter the channel activity. The retinal chromophaecovalently bound to K254,
114 forming the retinal Schiff base (RSB)The local resolution surrounding the central
115 retinal is approximately 2.6 A (Supplementary F2t), while the N- and C-terminal
116 regions exhibit a comparatively lower resolutior3c8 A. Nevertheless, this resolution
117 is adequate for modeling protein residues. Theapsith domain of KnChR has 34.5%

118 identity and 69.3% homology with CrChR2 and supposed well on CrChRAPDB
—4 -
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119 ID: 6EID), with a root mean square deviation of5LA* (Fig. 1c). The N-terminal
120 region extends to the center of the dimer interfacel C28 of each protomer forms a
121 disulfide bond with its counterpart. These struakufleatures represent the typical
122  architecture of chlorophyte CCR&upplementary Fig. 3a-*¢§ 2>

123 Remarkably, in contrast to other CHRS the N-terminal region adopts an
124 elongated conformation and does not containcahglices (Supplementary Fig. 3a—e),
125 and is stabilized by extensive electrostatic inteoas between histidine residues (H37,
126 H38, H41, and H99) and two glutamate residues &9 E240) (Fig. 1d). Moreover,
127 aromatic residue clusters constitute the dimerrfixte under the C28-C28 disulfide
128 bond. These structural features of the N-termiegian are unique to KnChR.

129

130 Mechanism of blue-shifted excitation

131 We first attempted to model dHans retinal (ATR) into the density (Fig. 2a),
132 but encountered difficulty in confidently fittindpe f-ionone ring. Alternatively, 6-cis
133 retinal was clearly fitted into the density (Fid, 2, Supplementary Fig. 2b). In ATR,
134 the B-ionone ring lies in the same plane as the polydran, due to the fixed planar
135 conformation of the C6—C7 bond (Fig. 2d). Convstsil 6s-cis retinal, thep-ionone
136 ring undergoes a rotation of approximately 140fpeed by torsion around the C6-C7
137  bond, thus deviating from planafify(Fig. 2c). This rotation leads to a contractionin
138 conjugation, ultimately inducing blue shifts in abstion spectda®?> Thus, the
139 observed 6-cisretinal could account for the blue-shifted examatof KnChR.

140 Notably, a 6s-cis retinal configuration is also observed in HCKCRDB ID:
141 8H87F* and the engineered ChR mutant C1C2GA (PDB ID:4¥ZWhich exhibit
142  blue-shifted excitations compared to HcKCR1 and 24 Gespectively (Fig. 2€, f). The
143 conversion is induced by the A136/A140 mutatioHtKCR2 and the T198G/G202A
144 mutation in C1C2GA, in agreement with the "Non-Gefti, which is characterized by
145 B-ionone ring rotation owing to steric hindrance.rn@spondingly, the homologous
146 residues A157/A161 in KnChR enable the-@is configuration through a mechanism
147  similar to that of HCKCR2.
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148 Upon comparing the other residues that constitbe retinal binding site
149 (Supplementary Fig. 4a, b), 1158 in KnChR exhibitednique structural feature (Fig.
150 2g, h), although it is highly conserved among theerophyte CCRs. In CrChR2, the
151 distance between the homologous 1160 and the tdsigeb A (Fig. 2hj, suggesting the
152 absence of a direct interaction. This holds trueGaC2GA with the 6-cis retinal
153  configuration (Fig. 2. However, in knChR, the 1158 side chain divergesartoward
154 the 6s-cis retinal ((Fig. 2g), resulting in a distance of 38to C9 of the retinal,
155 indicative of a direct interaction (Fig. 2j). Whitee underlying cause of this feature
156 remains elusive, it may be attributed to structaliaparities specific to KnChR. This
157 additional van der Waals interaction with the raktirs hypothesized to elevate the
158 energy level of the excited state, thereby creatinirger energy gap between the

159 ground and excited states, and consequently ingub@observed blue shift.

160 Ilon pathway

161 In chlorophyte CCRs, the ion pathways are formed 2, 3, 6, and 7 and are
162 constrained by three constriction sites that limit permeation: the intracellular (ICS),
163 central part of the membrane (CCS), and extraegl{#CS) constriction sites. The ion
164 pathway in KnChR adheres to this pattern (Fig. 3)cept for the ECS. The
165 extracellular volume (EV) in KNnChR is not divideg the ECS, in contrast to CrChR2.
166 In CrChRZ, Q117, R120, and H249 primarily constitute the E@®iding the
167 extracellular volume (EV) into EV1 and EV2 (Fig.)3lin KnChR, Q117 is replaced
168 with P115, resulting in a unified EV (Fig. 3a). Thiagle EV is similarly observed in
169 C1C2, indicating the ion pathway for the extradalluspace. One of the prominent
170 differences between the structures of KnChR anch®&iis the interaction of K90/E94
171 (K93/E97 in CrChR2). In KnChR, the distance betw#sse residues is 2.62 A, and
172 they form an electrostatic interaction. However,3K&nd E97 are 3.27 A apart in
173 CrChR2. The KnChR E94 mutation retarded the on-dfikinetics in the patch clamp
174 measurement (Fig. 3c), whereas minimal kineticot$fevere reported for the ChR2 E97
175 mutatiorf®. These results highlight the distinct role of KiCE94 in the channel gating.
176 At the CCS part, ChR2 forms a characteristidrbgen bonding network
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177  with E90, K93, E123 and D253, whereas only Y91rmtts with D256, In the central
178 part of KnChR, two carboxylates E121 and D250 seamgecounterions, thereby
179 stabilizing the positive charge of the RSB (Fig),3s in other chlorophyte CCRs. In
180 CrChR2, E90, one of the key determinants of delectivity, forms water-mediated
181 hydrogen bond interactions with E123 and D253, tionimg the CCS In KnChR, the
182 side chain of the homologous residue E87 divengen the counterions and engages in
183 direct and water-mediated hydrogen bonds with N@&§. 3b). The KnChR E87Q
184 mutant exhibits slower channel-closure kineticshie patch-clamp measurement (Fig.
185 3c), suggesting that E87 is responsible for theotepation of the RSB.

186 On the intracellular side of KnChR, E79, H261, &#b5 form the ICS (Fig.
187 3b), dividing the intracellular volume (IV) into bmdiscrete parts (IV1 and 1V2) as in
188 CrChRZ. IV1 is further divided into IV1 and IV1" by E79nd V80. The E79Q
189 mutation slightly retarded the off-kinetics in tpatch-clamp measurement (Fig. 3c),
190 indicating that this residue affects the channdinga IV2 is smaller in KnChR
191 compared to CrChR2because of the electrostatic interaction above, féaturing
192 E139, E269, and K272. Thus, the differences in ICSS, and ECS between KnChR
193 and CrChR2 (Fig. 3a, b) are likely to contributethe distinct ion permeabilities of
194 these channels.

195

196 Insight intothe C-terminal region

197 We illuminated the density corresponding to thee@ninal region modulates
198 the channel activity (Supplementary Fig. 2b), amatleted the residues up to R291 (Fig.
199 4a, b). The C-terminal region extends clockwisenffbM7 to TM5, forming extensive
200 interactions with TM5, a unique structural featimeChRs (Supplementary Fig. 3f-
201 j)**9%2% Among the C-terminal residues, R287 exhibitsrtiust significant impact on
202 channel modulation, since the R287A mutation prgdothe lifetime of the channel-
203  opening and increases the current amplitude the cryo-EM structure, R287 forms an
204 electrostatic interaction with E196 and a polaeiattion with Q192 (Fig. 4c). Thus, we
205 measured the photocurrents of the R287E and E19@f&nts, in which the electrical

—7-
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206 charge is inverted (Fig. 4d). The photocurrent gk of the R287E mutant was
207 elevated by ~220%, and the kinetics of channeliuip&,,) slowed down from 25 ms
208 to 160 ms, confirming the importance of the resittwechannel gating (Fig. 4e and 4f).
209 By contrast, only a small effect ags was observed in the E196R mutant, although the
210 current amplitude was increased (Fig. 4d—f). Theseilts indicate that not only the
211 electrostatic interaction but also a polar inteactould be responsible for the channel
212  modulation.

213 Moreover, Y282 forms van del Waals interactiongdhwthe main and side
214 chains of T200, which are clearly visible in thegceEM map(Fig. 4¢). The Y282A
215 mutant exhibited a relatively small but a signifit@hange imqs. These interactions
216 between the C-terminus and TM5 would be involvedhannel modulation.

217 The C-terminal region faces another spacious &thar than IV2 (Fig. 3a, 4a).
218 This voluminous IV is also present in CrChR2, unhot involved in the ion pathway
219 (Fig. 3by. This observation implies that it exerts allostemodulation, potentially
220 curtailing conformational shifts and facilitatingpid inactivation in response to light
221 (Fig. 4c). This interaction between the C-termimegion with TM5 distinguishes
222 KnChR from other ChRs, and thus represents a unigtrectural feature
223  (Supplementary Fig. 3f)'*%*%

224 It should be noted that R291 poorly interacts wlith other part of KnChR (Fig.
225 4c), while the R291A mutation prolonged the life¢inof the channel-opening and
226 increased the current amplitude. The R291 residuexposed to the membrane
227 environment, and its interactions with the phosprgbups of the lipid bilayer may
228 anchor the C-terminal region.

229

230 Blueshift color-tuning and Optogenetic characterization

231 ChRs with shorter wavelength excitation are optifoaimulticolor optogenetics
232 with dual light applications. Consequently, we @xptl blue-shifted mutants of KnChR
233 (Fig. 5a, Supplementary Fig. 5a-c). Initially, wecfised on A157/A161, which are
234 responsible for the 6-<is configuration (Fig. 5b). We surmised that the AGSnutant,

-8-—
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235  which mimics the T198G/G202A mutation in C1C2GA ,ulbfurther stabilize the 6-
236 cis configuration. Consistently, the A157G mutationn@®ortRG) showed a 40-nm
237 Dblue-shifted action spectrumiriax=410nm) in the patch-clamp recording, as
238 compared with that of the wild-typ&rtax=450nm) (Fig. 5a, c). Subsequently, we
239 focused on the L/Q switch, which is known for itsler in color-tuning’. For the
240 proteorhodopsin group, the presence of leucinegiutdmine at position 105, referred
241 to as the L/Q switch, regulates the spectra betileeigreen- and blue-absorbing types,
242 respectively. The homologous residue 1129 in KnCisRsurrounded by bulky
243 hydrophobic residues and is positioned proximahto Schiff-base, at a distance of 4.9
244 A (Fig. 5b). The 1129Q mutation (KnChortRQ) showa®0 nm blue-shifted action
245  spectrum Xmax=410nm) (Fig. 5a, c). 1129Q could form a polar interactwith the
246  Schiff base and thereby lower the energy at theirgtcstate, which would form the
247 Dbasis of this blue-shift. We then combined 1129@ a157G to achieve a further blue-
248 shift. However, the KnChR 1129Q/A157G mutant shiftenly to 430 nm (Fig. 5c),
249 indicating there is no additive effect of the daubiutant.

250 We finally tested the optogenetics appliaggbibf KNnChR, particularly with
251 short-wavelength light. Precultured cortical nesravere transfected with KnChR, and
252 optical stimulations were performed. As shown /ing.Fbd, 50 ms light-pulse
253 successfully triggered action potentials. As expeécfrom the action spectrum of
254 KnChR, 423 and 469 nm light are most effective, il@kihg ~90-100% of spike
255  probability, while less probability was observedthwb1ll nm light (50%) (Fig. 5e).
256 Notably, 385 nm light was able to excite action emtials with relatively good
257 efficiency (70%). These results indicate that KnGigrid be used as an optogenetics
258  tool, particularly with UV or deep-blue light.

259

260 Discussion

261 In this study, we performed structural and funaicemalyses of the blue-shifted
262 channelrhodopsin KnChR. Compared to typical channehd GPCR-G-protein
263 complexe®, the cryo-EM structural analysis of KnChR was tajing, because

264 KnChR has fewer features such as large domainkerotiter membrane region. We
—9-—
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265 succeeded in the structural determination by usiagodisc®. The distinctive C-
266 terminal region covers the intracellular loops bé tprotein, implying the potential
267 allosteric modulation of conformational changes nupight irradiation. Furthermore,
268 our findings revealed that thes&zis retinal configuration serves as a key determinént
269 Dblue-shifted excitation. Employing a structure-gadcengineering approach, we created
270 the KnChR mutants with the most pronounced bluéeshiexcitation (KnChortRG and
271 KnChortRQ), thus harboring the potential for effimaus dual-light utilization in
272 optogenetics. This engineering strategy holds menfor applications to other ChRs,
273 thereby extending the horizons of optogenetictytili

274 For cryo-EM studies, nanodiscs are frequently uded the structural
275 determination of ion channels and transportersgeneral, nanodisc reconstitution
276 diminishes the unwanted densities of lipids andemgnts, while concurrently
277 improving the protein stability. This enhancemeatilitates particle alignment during
278 the cryo-EM data processing. This methodology Has been effectively utilized for
279 determining the structures of relatively small sporters. For microbial rhodopsins,
280 nanodisc reconstitution has been used in the cModfuctural analyses of the
281 ChRmine trime?’ and the Kin4B8 pentantér We adopted this approach for KnChR,
282 and ultimately determined the cryo-EM structurehef nanodisc-reconstituted KnChR.
283 ltis noteworthy that the molecular weight of the@®hR dimer, as extrapolated from the
284  structural model, is 60.8 kDa, underscoring itdustaas one of the smallest membrane
285 proteins for which cryo-EM structures have beeredrined. We initially evaluated the
286 nanodisc reconstitution efficiency on a small soalth various membrane scaffold
287 proteins (MSPs) (Supplementary Fig. 2a). The reshlibwed that MSP2N2 is the best
288 for the reconstruction, as it creates nanodiscé \aitlarger diameter than those of
289 MSP1E3, MSP1E3D1, and MSP1B1Since MSP1E3D1 was previously employed in
290 the structural analysis of the ChRmine trimersisomewhat remarkable that MSP2N2,
291 Dboasting a larger diameter, successfully facildatfee structure determination of the
292 KnChR dimer. Accordingly, in the structural analysef moderately-sized membrane
293 proteins, the selection of the appropriate typ®I8P warrants careful consideration.
294 X-ray crystallography has been the pioneering nethor the structural

295 elucidations of microbial rhodopsins since the at8908% Subsequently, the
—10 -
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296 architectures of GPR ChRminé’, and Kin4B§" have been determined by cryo-EM, a
297 technique that obviates the necessity for crygeilbn. Notably, the success of this
298 structural analysis of KnChR indicates that theictrral examination of all microbial
299 rhodopsins has become fundamentally feasible, givein propensity to form dimers or
300 additional multimeric configurations. Specificallgeveral X-ray crystal structures of
301 dimeric ChRs used in optogenetics have repdttédyet a plethora of structures remain
302 unsolved, encompassing optogenetically useful megjadisparate subtypes within a
303 family, and ChRs engineered by machine learning dtquisition of these structural
304 data would substantively aid in deciphering andirerying the multifaceted diversity
305 of ChRs.
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Table 1. Cryo-EM data collection, refinement, and validation statistics.

Data collection KnChR
Microscope Titan Krios (Thermo Fisher Scientific)
Voltage (keV) 300
Electron exposure (e /A%) 49.263
Detector Gatan K3 Summit camera (Gatan)
Magnification x105,000
Defocus range (um) -0.6-1.6
Pixel size (A/pix) 0.83
Number of movies 8,554
Symmetry Cc2
Picked particles 3,102,701
Final particles 87,244
Map resolution (A) 2.91
FSC threshold 0.143
Model refinement

Atoms 2164
R.m.s. deviations from

ideal

Bond lengths (A) 0.003
Bond angles (°) 0.553
Validation
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Clashscore 4.15

Rotamers (%) 0.00

Ramachandran plot

Favored (%) 98.48
Allowed (%) 1.52
Outlier (%) 0
332
333 Figures

334 Fig. 1. Overall structure of the KnChR dimer.

335 &, Overall structure of the nanodisc-reconstituted”KR dimer. The cryo-EM density
336 maps are shown with the two protomers in diffeibrs.b, Ribbon representation of
337 KnChR. Each KnChR protomer is depicted in a cartowdel, with the N-terminal
338 region in blue and the C-terminal region in reds-@s retinal (stick model) is
339 embedded within the 7TMs. The intermolecular didelfbridge, formed by C28, is
340 shown as a yellow stick, Superimposition of KnChR and CrChR2 (PDB ID: 6kI®,
341 Characteristic interactions in the N-terminal regio

342

343 Fig. 2. 6-s-cis configuration.

344 @, b, Chemical structure of the chromophore, RSB, andaitben numbering of ATR (a)
345 and 6s-cis retinal ). ¢, Close-up views of the chromophore binding pocketiad
346 thep-ionone ring. Surrounding residues are shown aksstiith transparent cpk models.
347 g, Superimposition of KnChR, CrChR2 (PDB ID: 6EID),da@1C2GA (PDB ID:4YZI),
348 focused on the interaction between retinal and ih38nChR.h—, Distances between
349 retinal and 1158 in KnChRh{, 1160 in CrChR2 (PDB ID: 6EID)i), and C1C2GA
350 (PDB ID: 4YZI) (j). Double-ended arrows indicate the distances.

351
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352 Fig. 3. lon pores of KnChR and CrChR2.

353 &, Water accessible cavities are illustrated in th€KR structure, with the putative ion
354 pathway indicated by an arrow. The three consbmnc8ites for the inner, central, and
355 extracellular gates are enclosed within squase€omparison of the constriction sites
356 of KnChR (left panels) and CrChR2 (PDB ID: 6EIDgft panels), for the inner (upper
357 panels), central (middle panels), and outer (IopaaTels) gates. The constituent residues
358 are shown as sticks, and the TM helix number isgcatdd on each helix. Black dashed
359 lines indicate hydrogen bonds. c, Representatie¢ggirrent traces of KnChR-272 and
360 mutants. The cells were illuminated with light< 470 nm) during the time indicated by
361 Dblue bars. The membrane voltage was clamped frobnte6-40 mV for every 20-mV
362 step.d, Comparison of photocurrent amplitudes of KnChR-2i@@ mutants at -60 mV.
363 In the bar graph, gray bars indicate the amplituol the peak photocurrent (Ip), and
364 open bars indicate the amplitude from the steaal-gthotocurrent (Iss). n = 6 cells. e,
365 The channel-closing kinetics of KnChR-272 and migtafiter illumination cessation-(
366 off) at — 60 mV. n =6 cells.

367

368 Fig. 4. Intracellular face of KnChR.

369 a, Water accessible cavities, viewed from the infiatze side. The C-terminal region is
370 highlighted. b, The residues in the C-terminal region are shownsticks with
371 transparent CPK models. Close-up view of Y282, R287, and R291 with a $parent
372 unsharpened cryo-EM magd, Representative photocurrent traces of KnChR-68¥ a
373 mutants. The cells were illuminatéd< 470 nm) during the time indicated by blue bars.
374 The membrane voltage was clamped from —-60 to +40far\every 20-mV stepe,
375 Comparison of photocurrent amplitudes of KnChR-&8d mutants at —60 mV. In the
376 Dbar graph, gray bars indicate the amplitude froempghak photocurrent (Ip), and open
377 bars indicate the amplitude from the steady-stat#qzurrent (Iss). n = 5 to 6 celfs.
378 The channel-closing kinetics of KnChR-697 and mistafier illumination cessation-(
379 off) at -60 mV. n =5 to 6 cells.

380
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381
382

383 Fig. 5. Color-tuning mutants and Optogenetic characterization.

384 &, The kmax values of KnChR-272 and KnChR mutarits.Close-up view of 1129 and
385 surrounding residues, shown as sticks.Action spectra of 1129Q, A157G, and
386 1129Q/A157G. The wavelength dependency of the phwtent from KnChR-272
387 (black) and mutants (blue) is depicted. Membrarieage was clamped at -60 mV. n =
388 5 to 6 cellsd, Representative responses of a KnChR-272 expgessuron. The action
389 potentials evoked by 385, 423, 469, and 511 nm leagéhs of light. The 50 ms light
390 pulse was performed as indicated by the colored pwints. Light intensities were 1.4
391 mW/mnt. e, KnChR-272 expressing neurons were excited by f@welengths of light
392 at the same light intensities. To compare the ssccate of optical stimulation, spike
393 probabilities (total numbers of evoked action ptitds / total numbers of light
394 stimulation) are compared. n =5 cells.

395

396

397 Methods

398 Expression of KnChR

399 The KnChR gene was subcloned into a pFastBac vegtodified to include a C-
400 terminal EGFP-His tag, followed by a tobacco etatus/(TEV) protease recognition
401 site. The construct was expressedsth cells using the pFastBac baculovirus system.
402 The baculovirus was used to infect tB® cells when the cells were grown in
403 suspension to a density of 3.5 ¥ t@lls mL*, and the cells were then cultured at 27°C
404 for 42 hours. Alitrans-retinal was supplemented to a final concentrabd0 pM in
405 the cell medium, 24 hours after the infection.

406

407  Purification of KnChR with GDN

408 The cells were harvested by centrifugation at 500r 12 minutes. The pellets were
409 first disrupted in solubilization buffer, contaigiri50 mM NaCl, 20 mM Tris-HCI, pH

410 8.0, 10% glycerol, 1 mM aprotinin, 1 mM leupeptih, mM pepstatin, 1 mM
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411 phenylmethylsulfonyl fluoride (PMSF), 1% n-Dode@yD-maltoside (DDM)
412 (Calbiochem), and 0.2% cholesteryl hemisuccinatéiS); using a glass Dounce
413 homogenizer. Both the supernatant and insolubletifnas were then collected and
414  solubilized in the same solubilization buffer f@ Binutes at 4°C. The supernatant was
415 separated from insoluble material by ultracentafimn at 15,009 for 20 minutes, and
416 incubated with TALON resin (Clontech) for B@ninutes. The resin was washed with
417 ten column volumes of buffer, containing2®M Tris-HCI, pH™ 8.0, 5001mM Nacl,
418 0.05% glyco-diosgenin (GDN) (Anatrace), and 1BM imidazole. The receptor was
419 eluted in buffer, containing 20mM Tris-HCI, pH18.0, 500 mM NaCl, 0.05% GDN,
420 and 200 mM imidazole. The flow-through fraction was colledtand concentrated
421 using an Amicon Ultra 10 kDa molecular weight ctitoéntrifugal filter unit (Merck
422 Millipore). The concentrated sample was then subgecto size-exclusion
423 chromatography on a Superose™ 6 Increase 10/30@o&imn (GE Healthcare Life
424  Sciences), in buffer containing 150 mM NaCl, 20 riki-HCI, pH18.0, and 0.01%
425 GDN. Peak fractions were pooled and frozen in iquitrogen (Supplementary Fig. 1b).
426

427  Purification of KnChR with LM NG

428 We performed detergent screening to enhance tligcption efficiency, and found that
429 Lauryl Maltose Neopentyl Glycol (LMNG) is best fBinChR solubilization. After the
430 cells were harvested, the pellets were disruptezbinbilization buffer containing 150
431 mM NaCl, 20 mM Tris-HCI, pH 8.0, 10% glycerol, 1 maprotinin, 1 mM leupeptin, 1
432 mM pepstatin, 1 mM PMSF, 1% Lauryl Maltose Neopentyl Glycol (LMNGand
433 0.2% CHS, using a glass Dounce homogenizer. Bahstipernatant and insoluble
434 fractions were then collected and solubilized ie #ame solubilization buffer for 2
435 hours at 4°C. The supernatant was separated frosoluinle material by
436 ultracentrifugation at 15,0@0for 20 minutes, and incubated with GFP nanobody-
437  coupled resimat 4°C for 2 hours. To cleave the tags, 1 mg'mIEV protease was
438 added and the sample was rotated for 12 hoursGit Aie collected elution fraction
439 was reloaded on the Ni-NTA Superflow resin (QIAGEMjth 20 mM imidazole, to
440 trap the cleaved GFP-His tags and the overloaded piBtease. The flow-through

441 fraction was collected, concentrated, and thenddadnto a Superose™ 6 Increase
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442 10/300 GL column (GE Healthcare Life Scienceshuffer containing 150 mM Nacl,
443 20 mM Tris-HCI, pH 8.0, and 0.01% LMNG. Protein-taining fractions were pooled
444  and frozen in liquid nitrogen.

445

446 Nanodisc reconstitution

447 To determine whether KnChR can be reconstitutethimodiscs, the protein in LMNG
448 micelles was mixed with a film of lipid SoyPC (iaily dissolved in chloroform)
449 resuspended with 1% cholic acid and several MSPsy molar ratio of 1:200:4,
450 respectively, and incubated at 4°C for 1 hour. TNENG detergent was removed by
451 adding Bio-Beads SM2 (Bio-Rad) to 40 mg Mlfollowed by gentle agitation. The
452 Bio-Beads were replaced with fresh ones after 2d)cand this second batch (equal
453 amount) was incubated overnight at 4°C. The BioeBeaere then removed, and the
454 solution was ultracentrifuged before size-exclusiochromatography. The
455 ultracentrifuged sample was purified by size-exos chromatography on a
456 Superose™ 6 Increase 10/300 GL column (GE Heakhtide Sciences), equilibrated
457  with buffer containing 20mM Tris-HCI, pH 8.0, and 150mM NaCl (Supplementary
458 Fig. 2a).

459 For the cryo-EM grid preparation of the KnChR, gietein was reconstituted in
460 nanodiscs composed of SoyPC and 2N2, as desciilmee aAfter the Bio-Beads were
461 removed, the solution was ultracentrifuged and thpemified by size-exclusion
462 chromatography. The peak fractions of the proteznewcollected and concentrated to 4
463 mg mL*, using a centrifugal filter unit (10kDa molecular weight cut-off; Merck
464  Millipore).

465

466 Samplevitrification

467 A 30pl portion of the sample was loaded onto glow-disgled holey carbon grids
468 (Quantifoil Cu/Rh 300 mesh R1.2/1.3), which werertiplunge-frozen in liquid ethane,
469 using a Vitrobot Mark IV (Thermo Fischer Scient)fic

470 For KnChR purified in GDN, data collections wgerformed on a 200kV Titan
471 Talos G3i microscope (Thermo Fisher Scientific) ippad with a BioQuantum K2

472 imaging filter and a Falcon 3EC direct electroned&ir (Gatan), using the EPU
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473 software (Thermo Fisher's single-particle data emlbn software). Images were
474 obtained at a dose rate of about 71.939°evfith a defocus range from —0.8 to —u8.
475 The total exposure time was 4.25 seconds, withr&fds recorded per micrograph. A
476 total of 5,022 videos were collected. All acquiradvies in super-resolution mode were
477 binned by 2, dose-fractionated, and subjected tambi@duced motion correction
478 implemented in cryoSPARC v3%3

479 For KnChR reconstituted in nanodiscs, images wétained at a dose rate of
480 about 49.26 e A with a defocus range from 0.6 to —Jud. The total exposure time
481 was 2.111seconds, with 48 frames recorded per micrograpkot&l of 8,554 videos
482 were collected. All acquired movies in super-resofumode were binned by 2, dose-
483 fractionated, and subjected to beam-induced motiorrection implemented in
484  cryoSPARC v3.%.

485

486 cryo-EM single particle analysis

487 The contrast transfer function (CTF) parametersewastimated by using patch CTF
488 estimation in cryoSPARC v33 Particles were initially picked from a small ftan
489 with Gaussian blob picking and subjected to 2Dsifstion.

490 For KnChR purified in GDN, class averages showemspnable features of the KnChR
491 dimer in various orientations were selected as letep, and particles were then picked
492 using the templates. Particles from these classages generated an ab initio model in
493 cryoSPARC. For each full dataset, extracted pagiclere down-sampled to 3.32 A,
494 followed by two rounds of 2D classification to reveojunk’ particles. Non-uniform
495 refinement with the ab initio model as a referemees performed using C2 symmetry.
496 Finally, the 82,753 particles in the best classemaconstructed using non-uniform
497 refinement, resulting in a 3.45 A resolution redomgion, with the gold-standard
498 Fourier shell correlation (FSG=110.143) criteria. The processing strategy is desdrib
499 in Supplementary Fig. 1c.

500 For KnChR reconstituted in nanodiscs, class averafewing reasonable
501 features of the KnChR dimer in various orientatisrese selected as templates for the
502 training of the Topaz particle picking progrdmand particles were then picked

503 accordingly. Particles from these class average® weed to generate an ab initio
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504 model in cryoSPARC. For each full dataset, exthgtarticles were down-sampled to
505 3.32. A, followed by two rounds of 2D classification temove ‘junk’ particles.
506 Heterogenous refinement into 3 classes with théndio model as a reference was
507 performed using C2 symmetry. After multiple rounofs heterogenous refinement,
508 particles were re-extracted with a pixel size &51IA and a box size of 180 pixels.
509 Multiple rounds of local CTF refinement and nonfanin refinement were performed
510 using cryoSPARC. Finally, the 87,244 particles he best class were reconstructed
511 using non-uniform refinement, resulting in a 3.@% resolution reconstruction, with the
512 gold-standard Fourier shell correlation (F$€10.143) criteria. The processing
513 strategy is described in Supplementary Fig. 2b.

514

515 Mode building and refinement

516 The quality of the map with the nanodisc-reconsduprotein was sufficient to build a
517 model manually in Coot. The model building was litated by the AlphaFold-
518 predicted KnChR model. We manually readjusted tbedehinto the density map using
519 Coot and refined it using phenix.real_space_refind.19¥%° The final model of
520 KnChR contained residues 27-291, talns-retinal, and 24 water molecules. Detailed
521 parameters are listed in Table 1. Structural amalgsd figure preparations were
522 performed with the USCF ChimeraX (V1.6%and CueMol (Ver2.2.3.443) software.
523

524  Expression plasmid

525 The pKnChR-eYFP plasmid for expression in mammal@glls was described
526 previously’. Site-directed mutagenesis was performed using uik@pange site-
527 directed mutagenesis kit (Agilent, CA, USA) or KOBlus- Mutagenesis Kit (Toyobo,
528 Osaka, Japan). All constructs were verified by DBE#quencing (Fasmac Co., Ltd.,
529 Kanagawa, Japan).

530

531 Viruspreparation

532 The AAV7m8 KnChR-Venus vector was produced by Vestilder (Yokohama,
533 Japan).

534
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https://doi.org/10.1101/2024.01.21.576531
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.21.576531; this version posted January 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

535 Cadll culture

536 ND7/23 cells, a hybrid cell line derived from netalaat dorsal root ganglia neurons
537 fused with mouse neuroblastoma cells, were growrcalagen-coated coverslips in
538 Dulbecco's modified Eagle’s medium (Fujifim WakarB Chemical Corporation,
539 Osaka, Japan), supplemented with 2\b all-trans retinal and 5% fetal bovine serum,
540 wunder a 5% C@ atmosphere at 37°C. The expression plasmids wargsiently
541 transfected by using FUGENE HD (Promega, Madisoh, WEA), according to the
542 manufacturer’s instructions. Electrophysiologicatardings were then conducted 16—
543 36 h after the transfection. Successfully transféctells were microscopically
544 identified by eYFP fluorescence prior to the meamants.

545 Cortical neurons were isolated from embryonic déyistar rats (Japan SLC,
546 Inc., Shizuoka, Japan) using Nerve-Cells Disperssafutions (Fujifilm Wako Pure
547 Chemical Corporation) according to the manufactsirestructions, and grown in the
548 neuron culture medium (FUJIFILM Wako Pure Chemf{Calporation) under a 5% GO
549 atmosphere at 37°C. Cultured cortical neurons weeeted at day in vitro (DIV) 7,
550 using an adeno-associated virus (IR1BC/mL). Viral dilutions (1uL) were added to
551 cultured cortical neurons seeded on coverslipsAiw@ll plates, which were incubated
552 at 37°C. At DIV21, electrophysiological recordinggere conducted using neurons
553 identified by fluorescence under a conventionall@miescence system.

554

555  Electrophysiology

556 All experiments were performed at room tempera{@Bx2°C). For whole-cell voltage
557 clamp recording, photocurrents were recorded bgigusin Axopatch 200B amplifier
558 (Molecular Devices, Sunnyvale, CA, USA). Data weitered at 5 kHz, sampled at 10
559 kHz, digitized by Digidatal550 (Molecular Devic&ynnyvale, CA, USA), and stored
560 in a computer. The pipette resistance was betweéh NXQ. The internal pipette
561 solution for whole-cell voltage-clamp recording tained (in mM) 120 NaCl, 1 KClI, 2
562 CaCh, 2 MgCh, 5 EGTA, and 25 HEPES, adjusted to pH 7.2. Theaegtlular solution
563 contained (in mM) 140 NaCl, 1 KClI, 2 CaC2 MgCh, and 10 HEPES, adjusted to pH
564 7.2. For recording action spectra, the pipette tewlucontained (in mM) 126 Na

565 aspartate, 0.5 Cag12 MgCh, 5 EGTA, 25 HEPES, and 12.2 N-methyl D-glucamine,
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566 adjusted to pH 7.4 with citric acid. The standaxtrazellular solution contained (in
567 mM) 150 NaCl, 1.8 CaGl 1 MgCh, 10 HEPES, 10 N-methyl D-glucamine, and 5
568 (glucose, adjusted to pH 7.4 with N-methyl D-glucaenilrradiation at 470 nm was
569 performed with a collimated LED (LCS-0470-03-22, gitiex, Toronto, Canada)
570 controlled by computer software (pCLAMP10.7, MoliecuDevices, Sunnyvale, CA,
571 USA). Light power was measured directly through tiipgective lens of a microscope
572 by a power meter (LP1, Sanwa Electric Instrumemnts (d., Tokyo, Japan). All action
573 spectra were measured at the same light intensittyel range of 390 nm to 650 nm by
574 an OSG xenon light source (Hamamatsu Photonics arsatsu, Japan).

575 For whole-cell current clamp recording, action ptids were recorded by using
576 an amplifier IPA (Sutter Instrument, Novato, CA, A)Sunder a whole-cell patch clamp
577 configuration. Data were filtered at 5 kHz, samp¢d 0 kHz, and stored in a computer
578 (SutterPatch, Sutter Instrument, Novato, CA, USHe pipette resistance was between
579 5-10 MQ. The internal pipette solution contained (in m\p1K-gluconate, 10 NaCl,
580 0.2 EGTA, 10 HEPES, 1 Mg&I3 MgATP, 0.3 NaGTP, 10 Naphosphocreatine, and
581 0.1 leupeptin, adjusted to pH 7.4 with KOH. Theraase¢llular Tyrode’s solution
582 contained (in mM) 138 NaCl, 3 KCI, 10 HEPES, 4 Ng@HCaC}, 1 MgCh, and 11
583 glucose, adjusted to pH 7.4 with KOH. In all caatimeuron experiments, Tyrode’s
584 solution contained 2QM 6,7-dinitroquinoxaline-2,3-dione (DNQX, Tocris d&icience,
585 Ellisville, MO, USA), 25uM d-(-)-2-amino-5-phosphonovaleric acid (D-AP5, Tisg
586 and 100uM picrotoxin (Nacalai Tesque, Inc., Kyoto, Japaihe liquid junction
587 potential was 16.3 mV and was compensated. Iriad&tat 385, 423, 469 and 511 nm
588 were performed by using a Colibri7 light source r{CZiss, Oberkochen, Germany)
589 controlled by computer software (SutterPatch, $utistrument, Novato, CA, USA).
590 Light power was directly measured through the dbjedens of the microscope by a
591 visible light-sensing thermopile (MIR-100Q, SSC.Irdie, Japan).

592 All data in the text and figures are expressed aam* SEM and were evaluated
593 with the Mann—Whitney U test for statistical sigo@ince, unless otherwise noted. Data
594  were judged as statistically insignificant when @20

595

596 Data availability
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597 The cryo-EM density map and atomic coordinates KmChR have been
598 deposited in the Electron Microscopy Data Bank #relPDB, under accession codes
599 XXXX and ZZZZ, respectively.

600
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