


Extended DataFig. 4 | Propofol makes hydrophobic contacts with and

exhibitslongerresidenceinsite1.a, HCN1wassolvatedinlipids (yellow-red-

blue sticks) and propofol bound at site 1and site 2 are showninred spheres.
K"and Cl ionsareshownin greenand gray spheres, respectively. Waters are
not shown for simplicity. R.m.s.d. of propofol from their originating position
inaMD simulation of the HCN1WT tetramerinab, DOPC:POPE:POPS and

c, pure POPClipid bilayer. All 12 propofols unbound fromssite 2 in both lipid
compositions, while 110f12 propofols remained bound to site 1in the DOPC:
POPE:POPS bilayer. Inthe POPC bilayer, 10 of 12 propofols remained at site 1.
Propofol (red) at site 1adopts multiple binding posesinboth thed, DOPC:
POPE:POPS and e, POPClipid bilayers. Propofols at the center of each of the
three highest populated clusters which contribute to 97% of the total frames

areshowninstickmodel and colored by orange, red-brown, and yellow
respectively. Distinct HCN1subunits are showninlight gray and slate. Amino
acid residueslining the binding pocket are in purple. f, Docking® of propofol to
HCNl1identified 5transmembranelocations, labeled 1through 5. Site 1identified
by cryoEMis equivalent to docking position1. However, site 2 from the cryo-EM
experiment was not identified. g, Docking of propofol to HCN1M305L found

4 transmembrane locations. The site1was identified, but notsite 2. Positions 2
and 4 were also the same as those found in the WT docking experimentin f. For
clarity, only the transmembrane domain of the channel is shown with individual
subunits coloredinslate, light grey, green, and red-brown. Docked propofol
moleculesareinred.
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Extended DataFig. 5| Perfusion of propofol to HCN1M305L recovers
voltage dependentgating. a, Schematic of perfusion experiment design. Two
electrode voltage clamp recordings were performed pre- and post-perfusion
with30 pM propofol for 10 min. To verify inward HCN1 currents, recording
solution supplemented with1mM caesium chloride was perfused on and
offthe cell for 5 min. Shown are representative traces of n =3 and 4 similar
recordingswithb, WT and ¢, M305L, respectively.d, For WT and M305L, the
inward currentis blocked by caesium while the outward depolarized tails
remainintact. Corresponding Boltzmann fits are also shown for WT and
M305L. Controls demonstratinginward current caesiumblockin the absence
of 30 pM propofol areshown for e, WT and f, M305L and are representative

traces of n =3 similar recordings. Voltage clamp ranged from +45 mV to -125
mV withtail currents measured at +50 mV. The current response at—-85mV is
highlightedinred. Empty and filled symbols witherror barsrepresent mean +s.d.
fornormalized apo and propofol data, respectively. nrepresents the number
ofbiological replicates. HEK293S GnTI cells transfected with HCN1g, WT and
h, M305L using Lipofectamine 2000 (Invitrogen). Nuclei are inblue, the plasma
membraneinred,and HCNlingreen. Expression at the plasma membraneis
demonstrated by colocalization (yellow). Shownis arepresentative cell of WT
n=20andM305L n=10similar cells, over 3independent transfections. Plotted
totherightareintensity valuesacross the dashed orangeline. The scale bar
represents 10 pm. For microscopy source data, see Supplementary Fig. 2.
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Extended DataFig. 6|Cryo-EM data processing of HCN1M305L nanodiscin comparison between holo M305L nanodisc, M305L + pfl,and holoWT

the absence and presence of 1 mM propofol. a, SEC chromatograms and detergent (PDB 5U6P°) structures using HOLE®®, Red indicates regions that are
SDS-PAGE of HCN1M305L nanodisc purifications in the presence and absence smaller thanasingle water molecule to pass, green for asingle water molecule,
of propofol. The nanodiscs for HCN1M305L holo without propofol were made andblueisdouble the radius of asingle water molecule. Both holo structures
using MSP1E3 while the ones for HCN1M305L with propofol were made using containcAMP. e, Backboner.m.s.d. deviations of the voltage sensing domain
MSP2N2. For gel source data, see Supplementary Fig.1. The cryoEM processing  (S1-S4) between holo M305L, holo WT (PDB 5U6P?), and M305L HCN1 propofol
schematicsare shown for b, apo HCN1M305L nanodisc and ¢, HCN1M305L structures.

nanodisc + pfl. Micrograph scalebar represents 50 nm.d, Pore diagram
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Extended DataFig.7|Voltage-independent spHCN-M375L channels are
blocked by the specific HCN channel blocker ZD7288 and the Met*”>-Phe**®
interactionisimportantto close spHCN channels at positive voltages. a,
Representative current traces from spHCN M375L channels before (left) and
after (right) the application of 100 pM ZD7288. Dashed lines indicate no
currents. Met** and Phe*® mutants show currents at positive voltages and
similar voltage sensor movement.b, GVand ¢, FVrelations from WT (black),
M375L (blue), M375F (purple), M375A (green), M375C (orange) and M375S (pink)
mutant spHCN channels.d, GVand e, FVrelations from WT (black), F459Y

(pink), F459C (orange), F459M (purple), F459E (cyan), F459A (green), F459L
(blue), F459Q (gray), F459V (magenta) and F459W (dark yellow) mutant spHCN
channels. f, Representative current traces from oocytes expressing WT, M375F,
F459M and M375F/F459M spHCN channels. Dashed linesindicate no currents.
g, GVrelations from WT (black), M375F (green), F459M (orange) and M375F/
F459M (red) spHCN channels. All GV, FV;,,and nnumbers are shownin
Extended Data Table2.Dataarerepresented as mean +s.e.m.nindicates the
number of biological replicates.
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yellow. b, Multiple sequence alignment between human HCN and CNG
isoforms. Residue numbering follows the HCN1amino acid sequence. The
methionine, isoleucine, and aromatic positions labeled in panelaare
highlightedinred, orange, and blue. A single aliphatic-aromaticinteraction
(1-bridge) existsin CNG channels which areligand gated. In contrast, an
interaction between methionine with two aromatic residues (2-bridge) occurs
inHCN channels whichare voltage gated.

Extended DataFig. 8| Met-aromatic interactions occurin voltage-gated
HCN1channels. a, Local structure of HCN1+ propofol, HCN1closed (PDB
5U60), and HCN1crosslinked (PDB 6UQF) around the Met*®-Phe®** interaction.
The homologous positions lle**-1le***for the CNGAlstructure (PDB 7LFT) are
alsoshown. Approximate distances between atoms (dashed yellow lines) are
labeled between methionine, isoleucine, and the adjacent aromatic rings
(purple). Propofoliscoloredin pink and adjacent protomers arein blue and
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Extended Data Table 1| CryoEM data collection, refinement, and validation statistics

#1 HCN1 complex
with propofol

#2 HCN1 apo

#3 HCN1 M305L
with propofol

#4 HCN1 M305L
holo

(EMDB-42116) (EMDB-42117) (EMDB-44425) (EMDB-44426)
(PDB 8UC?7) (PDB 8UCS8) (PDB 9BC6) (PDB 9BC7)
Data collection and
processing
Magnification 81,000 36,000 105,000 81,000
Voltage (kV) 300 200 300 300
Electron exposure 52.53 53.41 48.48 49.11
(e1h?)
Defocus range (um) 1.0-25 12-29 06-32 0.1-20
Pixel size (A) 0.815 1.096 0.600 1.083
Symmetry imposed C4 C4 C4 C4
Initial particle 1,300,000 2,300,000 1,716,000 978,000
images (no.)
Final particle 415,000 447,000 217,000 232,000
images (no.)
Map resolution (A) 29 3.0 2.5 3.3
FSC threshold 0.143 0.143 0.143 0.143
Map resolution 28-37 28-37 24-40 3.0-46
range (A)
Refinement
Initial model used 5U60 5U60 5U60 5U6P
(PDB code)
Model resolution (A) 3.0 3.1 2.6 3.5
FSC threshold 0.5 0.5 0.5 0.5
Map sharpening -108.648 -101.789 -73.215 -121.246
B factor (A2)
Model composition
Non-hydrogren atoms 14840 14808 14976 15632
Protein residues 1936 1936 1936 2024
Ligands 16 16 12 16
B factors (A?)
Protein 21.82/127.77/66.06 30.00/118.39/67.57 30.00/132.99/66.44 30.00/161.13/94.54
Ligand 30.00/30.00/30.00 30.00/30.00/30.00 30.00/81.94/41.92 30.00/91.68/45.60
R.m.s. deviations
Bond legnths (A) 0.013 0.011 0.012 0.015
Bond angles (°) 1.844 1.898 1.768 1.970
Validation
MolProbity score 0.86 1.35 1.21 1.19
Clashscore 1.31 3.06 2.87 3.53
Poor rotamers (%) 0.00 0.30 0.56 0.55
Ramachandran plot
Favored (%) 98.33 96.25 97.29 97.81
Allowed (%) 1.67 3.75 2.71 2.19
Disallowed (%) 0.00 0.00 0.00 0.00

Listed are the microscope parameters for each data collection, as well as the final refinement, modeling, and validation information and metrics.



Extended Data Table 2 | Fit parameters for TEVC of human HCN1 propofol binding site mutations and VCF of spHCN mutant
channels expressed in Xenopus laevis oocytes

a HCN1 + 30 uM propofol
mutant n v, (mV) slope (mV) | (HA) n v, (mV) slope (mV) | (WA) AV, (mV) p value
WT 22 -58.2+34 93+17 2217 24 -89.1+5.5 95+1.0 2417 -309+6.4
D401N 13 -9.7+13.8 27.8+44 0703 1 -76.1+8.1 102+13 0904 -66.4 + 16.1 <0.0001
D401H 11 -29+128 32157 1.8+1.0 12 -785+23 120+15 07+0.2 -75.7+13.0 <0.0001
R297A 4 - - - 3 - - - n/a
M305W 6 - - - 3 - - - n/a
M305R 3 - - - 3 - - - n/a
M305L 5 - - - 6 -37.9+43 169+24 06+0.3 n/a
M3051 12 -326+3.8 109+1.4 1.2+04 7 -554+29 6.7+1.0 1.5+06 -228+48 0.2734
M305E 3 -725+05 10.1+3.4 09+0.6 3 -83.8+1.9 8.1+0.7 1.3+07 -11.3+1.9 0.0063
T384L 13 -816+5.0 87+09 2411 10 -104.8+3.4 131+£22 1.9+13 -232+6.1 0.1959
T384F 15 -65.6 5.5 74+£13 52+26 1 -79.0+3.5 82+07 52+1.1 -134+6.5 < 0.0001
L218A 3 -55.3+4.0 6.3+0.8 07+0.2 4 -86.2+3.5 10.1+£1.2 08+0.7 -31.0+5.2 >0.9999
K219A 4 -50.7+2.8 6.8+0.4 07+05 4 -83.0+25 102+16 1.1+03 -32.3+3.7 >0.9999
W221A 3 - - - 3 - - - n/a
F222A 3 - - - 3 - - - n/a
b :
HCN1 tail currents
mutant perfusion n v, (mV) slope (mV) ! oo (HA) AV, (mV) holding (mV) inward | (UA) 171, (%)
WT 1. apo 4 -57.8+7.2 77+1.1 21+1.0 n/a -135 -57+26 100.0
2. pfl -79.2+46 92+0.3 1.8+0.7 -214+86 -135 46+13 86.3+18.4
3.pfl+cs -76.3+4.8 83+0.5 1.7+07 -18.5+8.6 -135 -1.1+0.5 204+34
4. pfl -80.5+4.8 95+0.5 15+05 -22.7+86 -135 -3.9+1.0 74.1+£18.0
M305L 1. apo 4 - - - n/a -135 -36+0.8 100.0
2. pfl -38.9+4.3 156.3+2.0 06+0.1 n/a -135 -3.2+0.6 88.7+25
3.pfl +cs -41.8+46 13.0+0.7 06+0.5 n/a -135 -1.0+0.2 265+1.3
4. pfl -455+4.1 126+1.1 07+0.1 n/a -135 -3.0+0.6 79.9+3.8
WT 1. apo 3 -458+25 78+05 19407 n/a -135 45+£12 100.0
2.cs -46.2+3.4 6.7+0.6 2007 03+43 -135 -0.9+0.2 215+56
3. apo -476+21 6.7+04 2107 1.8+£33 -135 45+1.1 101.8+4.4
M305L 1. apo 3 - - - n/a -135 -3.1+£03 100.0
2.cs - - - n/a -135 -0.9+0.1 29.7+19
3. apo - - - n/a -135 -28+0.3 90.8+1.9
C
spHCN mutant GV, (mV) n FV,,(mV) n
WT -75.83 +0.48 3 -54.70 + 1.07 3
M375L - 10 -39.94 +1.08 4
M375F -137.56 + 22.30 5 -24.29 +2.17 4
M375A -117.62 £2.43 8 -51.87 + 1.45 4
M375C - 7 -48.79 + 5.06 5
M375S -116.91 + 3.11 5 -61.13 £ 2.91 5
F459Y - 4 -52.12 +1.30 4
F459C - 3 -42.20 + 1.94 4
F459M - 8 -24.06 +3.10 3
F459E - 7 - 5
F459A - 9 -37.85+2.10 3
F459L - 4 -52.24 +1.10 5
F459Q - 3 -10.59 £ 6.12 3
F459V -80.02 +4.76 3 -47.83 +1.94 5
F459W - 4 - 3
M375F/F459M -58.0 + 3.65 4 -38.87 +3.40 4

a, The Boltzmann equation was used to determine V,,, slope factor (k), and I, in the absence or presence of 30 uM propofol and are represented as mean + s.d. One-way ANOVA was used to
determine the difference of means significance for AV,, compared to wildtype, with significance defined as P<0.05. P-values were calculated using Dunnett post hoc tests and n represents

the number of biological replicates. Lines indicate that either no observable currents or no depolarized tail currents were measured. b, Caesium and propofol perfusion of human HCN1M305L
expressed in Xenopus laevis oocytes. The Boltzmann equation was used to determine V,,, slope factor (k), and /..., in the absence or presence of 30 uM propofol and/or 1mM caesium chloride
and are represented as mean * s.d. Lines indicate that no depolarized tail currents were measured and n represents the number of biological replicates. Values for AV, , represent that compared
to the respective apo condition or step 1 of each perfusion experiment (Extended Data Fig. 6). ¢, Summary of parameters of the fits for spHCN mutant channels. GV, and FV;, were obtained by
fitting the GV and FV curves with a single Boltzmann equation. Data are shown as meants.e.m. n indicates the number of biological replicates of all experiments.
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were reproducible but dependent on channel expression, which was directly correlated with the quality of the cells.

Randomization No group allocation is involved in this work.

Blinding No group allocation is involved in this work.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293S GnTI- (ATCC CRL-3022), Sf9 (Expression Systems 94-001F)

Authentication Authentication and quality control is provided by the respective vendor (ATCC and Expression systems). ATCC and Expression
Systems quality control involves STR profiling, mycoplasma contamination testing, and gross sterility (negative for bacterial
and fungal growth).

Mycoplasma contamination Testing is periodically performed to verify absence of mycoplasma contamination. Results were negative for mycoplasma for
cells and media alone.

Commonly misidentified lines  no commonly misidentified lines were used.
(See ICLAC register)
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appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
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