


Extended Data Fig. 4 | Propofol makes hydrophobic contacts with and 
exhibits longer residence in site 1. a, HCN1 was solvated in lipids (yellow-red- 
blue sticks) and propofol bound at site 1 and site 2 are shown in red spheres.  
K+ and Cl− ions are shown in green and gray spheres, respectively. Waters are  
not shown for simplicity. R.m.s.d. of propofol from their originating position  
in a MD simulation of the HCN1 WT tetramer in a b, DOPC:POPE:POPS and  
c, pure POPC lipid bilayer. All 12 propofols unbound from site 2 in both lipid 
compositions, while 11 of 12 propofols remained bound to site 1 in the DOPC: 
POPE:POPS bilayer. In the POPC bilayer, 10 of 12 propofols remained at site 1. 
Propofol (red) at site 1 adopts multiple binding poses in both the d, DOPC: 
POPE:POPS and e, POPC lipid bilayers. Propofols at the center of each of the 
three highest populated clusters which contribute to 97% of the total frames 

are shown in stick model and colored by orange, red-brown, and yellow 
respectively. Distinct HCN1 subunits are shown in light gray and slate. Amino 
acid residues lining the binding pocket are in purple. f, Docking65 of propofol to 
HCN1 identified 5 transmembrane locations, labeled 1 through 5. Site 1 identified 
by cryoEM is equivalent to docking position 1. However, site 2 from the cryo-EM 
experiment was not identified. g, Docking of propofol to HCN1 M305L found  
4 transmembrane locations. The site 1 was identified, but not site 2. Positions 2 
and 4 were also the same as those found in the WT docking experiment in f. For 
clarity, only the transmembrane domain of the channel is shown with individual 
subunits colored in slate, light grey, green, and red-brown. Docked propofol 
molecules are in red.
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Extended Data Fig. 5 | Perfusion of propofol to HCN1 M305L recovers 
voltage dependent gating. a, Schematic of perfusion experiment design. Two 
electrode voltage clamp recordings were performed pre- and post-perfusion 
with 30 µM propofol for 10 min. To verify inward HCN1 currents, recording 
solution supplemented with 1 mM caesium chloride was perfused on and  
off the cell for 5 min. Shown are representative traces of n = 3 and 4 similar 
recordings with b, WT and c, M305L, respectively. d, For WT and M305L, the 
inward current is blocked by caesium while the outward depolarized tails 
remain intact. Corresponding Boltzmann fits are also shown for WT and 
M305L. Controls demonstrating inward current caesium block in the absence 
of 30 µM propofol are shown for e, WT and f, M305L and are representative 

traces of n = 3 similar recordings. Voltage clamp ranged from +45 mV to −125 
mV with tail currents measured at +50 mV. The current response at −85 mV is 
highlighted in red. Empty and filled symbols with error bars represent mean ± s.d. 
for normalized apo and propofol data, respectively. n represents the number  
of biological replicates. HEK293S GnTI- cells transfected with HCN1 g, WT and 
h, M305L using Lipofectamine 2000 (Invitrogen). Nuclei are in blue, the plasma 
membrane in red, and HCN1 in green. Expression at the plasma membrane is 
demonstrated by colocalization (yellow). Shown is a representative cell of WT 
n = 20 and M305L n = 10 similar cells, over 3 independent transfections. Plotted 
to the right are intensity values across the dashed orange line. The scale bar 
represents 10 µm. For microscopy source data, see Supplementary Fig. 2.



Extended Data Fig. 6 | Cryo-EM data processing of HCN1 M305L nanodisc in 
the absence and presence of 1 mM propofol. a, SEC chromatograms and 
SDS-PAGE of HCN1 M305L nanodisc purifications in the presence and absence 
of propofol. The nanodiscs for HCN1 M305L holo without propofol were made 
using MSP1E3 while the ones for HCN1 M305L with propofol were made using 
MSP2N2. For gel source data, see Supplementary Fig. 1. The cryoEM processing 
schematics are shown for b, apo HCN1 M305L nanodisc and c, HCN1 M305L 
nanodisc + pfl. Micrograph scalebar represents 50 nm. d, Pore diagram 

comparison between holo M305L nanodisc, M305L + pfl, and holo WT 
detergent (PDB 5U6P9) structures using HOLE63. Red indicates regions that are 
smaller than a single water molecule to pass, green for a single water molecule, 
and blue is double the radius of a single water molecule. Both holo structures 
contain cAMP. e, Backbone r.m.s.d. deviations of the voltage sensing domain 
(S1-S4) between holo M305L, holo WT (PDB 5U6P9), and M305L HCN1 propofol 
structures.
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Extended Data Fig. 7 | Voltage-independent spHCN-M375L channels are 
blocked by the specific HCN channel blocker ZD7288 and the Met375-Phe459 
interaction is important to close spHCN channels at positive voltages. a, 
Representative current traces from spHCN M375L channels before (left) and 
after (right) the application of 100 µM ZD7288. Dashed lines indicate no 
currents. Met375 and Phe459 mutants show currents at positive voltages and 
similar voltage sensor movement. b, GV and c, FV relations from WT (black), 
M375L (blue), M375F (purple), M375A (green), M375C (orange) and M375S (pink) 
mutant spHCN channels. d, GV and e, FV relations 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 lines indicate no currents. 
g, GV relations from WT (black), M375F (green), F459M (orange) and M375F/
F459M (red) spHCN channels. All GV1/2, FV1/2 and n numbers are shown in 
Extended Data Table 2. Data are represented as mean ± s.e.m. n indicates the 
number of biological replicates.



Extended Data Fig. 8 | Met-aromatic interactions occur in voltage-gated 
HCN1 channels. a, Local structure of HCN1 + propofol, HCN1 closed (PDB 
5U6O), and HCN1 crosslinked (PDB 6UQF) around the Met305-Phe389 interaction. 
The homologous positions Ile307-Ile392 for the CNGA1 structure (PDB 7LFT) are 
also shown. Approximate distances between atoms (dashed yellow lines) are 
labeled between methionine, isoleucine, and the adjacent aromatic rings 
(purple). Propofol is colored in pink and adjacent protomers are in blue and 

yellow. b, Multiple sequence alignment between human HCN and CNG 
isoforms. Residue numbering follows the HCN1 amino acid sequence. The 
methionine, isoleucine, and aromatic positions labeled in panel a are 
highlighted in red, orange, and blue. A single aliphatic-aromatic interaction 
(1-bridge) exists in CNG channels which are ligand gated. In contrast, an 
interaction between methionine with two aromatic residues (2-bridge) occurs 
in HCN channels which are voltage gated.

https://doi.org/10.2210/pdb5U6O/pdb
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Extended Data Table 1 | CryoEM data collection, refinement, and validation statistics

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, The Boltzmann equation was used to determine V1/2, slope factor (k), and Imax in the absence or presence of 30 µM propofol and are represented as mean ± s.d. One-way ANOVA was used to 
determine the difference of means significance for ΔV1/2 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 HCN1 M305L 
expressed in Xenopus laevis oocytes. The Boltzmann equation was used to determine V1/2, slope factor (k), and Imax in the absence or presence of 30 µM propofol and/or 1 mM 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 ΔV1/2 represent that compared 
to the respective apo condition or step 1 of each perfusion experiment (Extended Data Fig. 6). c, Summary of parameters of the fits for spHCN mutant channels. GV1/2 and FV1/2 were obtained by 
fitting the GV and FV curves with a single Boltzmann equation. Data are shown as mean ± s.e.m. n indicates the number of biological replicates of all experiments.
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Cryo-EM data was collected to achieve adequate high resolution map reconstructions. The number of micrographs were not chosen a priori 
and were dictated by the length of the reservation for the Arctica or Krios microscope. 
All the electrophysiology experiments used at least 3 biological replicates from at least two independent oocyte donors. 

No experimental data was excluded from analysis. For MD simulations, we always discard the initial equilibration period, as specified in 
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No group allocation is involved in this work. 
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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). 

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

No commonly misidentified lines were used. 
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