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Propofol rescues voltage-dependent gating of HCN1 channel epilepsy mutants
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Summary paragraph

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels® are essential for pacemaking activity
and neural signaling®*. Drugs inhibiting HCN1 are promising candidates for management of neuropathic
pain* and epileptic seizures®. The general anesthetic propofol (2,6-di-iso-propylphenol), is a known HCN1
allosteric inhibitor® with unknown structural basis. Here, using single-particle cryo-EM and
electrophysiology, we show that propofol inhibits HCN1 by binding to a mechanistic hotspot in a groove
between the S5 and S6 transmembrane helices. We found that propofol restored voltage-dependent closing
in two HCN1 epilepsy-associated polymorphisms that act by destabilizing channel closed state: M305L,
located in the propofol-binding site in S5, and D401H in S6%. To understand the mechanism of propofol
inhibition and restoration of voltage-gating, we tracked voltage-sensor movement in sSpHCN channels and
found that propofol inhibition is independent of voltage-sensor conformational changes. Mutations at the
homologous methionine in spHCN and an adjacent conserved phenylalanine in S6 similarly destabilize
closing without disrupting voltage-sensor movements indicating that voltage-dependent closure requires
this interface intact. We propose a model for voltage-dependent gating in which propofol stabilizes coupling
between the voltage sensor and pore at this conserved methionine-phenylalanine interface in HCN channels.
These findings unlock potential exploitation of this site to design novel, specific drugs targeting HCN-

channelopathies.
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Introduction

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels belong to the superfamily of voltage-
gated K* (Kv) channels. Like most Kv channels, HCN channels contain 4 subunits®°. Each subunit consists
of 6 transmembrane segments (S1-S6) with S1-S4 forming the voltage-sensing domain (VSD) and S5-S6
forming the pore domain (PD). However, most Kv channels are activated by depolarization while HCN
channels are activated by hyperpolarization, the mechanism behind which is still not fully clear. Previous
studies'**® have suggested a similar voltage sensor movement between most Kv channels and HCN

channels: the voltage sensor moves upward upon depolarization and opens Kv channels*1®

while closing
HCN channels'®*31"18 Therefore, the differences in the electromechanical coupling between voltage sensor
movement and pore opening (VSD-PD coupling) are thought to contribute to the different gating
mechanisms of HCN and Kv channels. For example, the canonical electromechanical coupling between the
VSD and the gate in Kv channels was proposed to occur via the S4-S5 linker (VSD and PD are domain
swapped in Kv channels, with a long S4-S5 linker)**?°. A different, non-canonical coupling mechanism
was also proposed to be at work in Kv channels, where the coupling between VVSD and PD occurs via non-
covalent interactions between S4, S5, and S6 TM helices®**. Gating of HCN channels, where the VSD and
PD are not swapped and the S4-S5 linker is short and unnecessary, was proposed to occur via the non-

canonical path®%.

HCN channels are essential in the rhythmic firing of pacemaker cells in the brain and heart*®, The opening
of HCN channels generates Ih or If, which contributes to initiating and regulating cardiac and neuronal
pacemaker activity. Dysfunction of HCN channels is associated with neurological diseases and cardiac
arrhythmias. Genetic mutations of HCN channels have been associated with different types of epilepsy in
patients®?. Early infantile epileptic encephalopathy (EIEE) impacts the pediatric population and can arise
from HCN21 polymorphisms resulting in gain of function, including M305L and D401H which are both
located in the S5 and S6 helices of the pore domain’®. Although only a small number of EIEE cases have

been identified so far, the limited genotyping combined with the recent technological advances and studies
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that allowed their discovery, suggest that the true incidence of such polymorphisms in the population may
be much higher®?"%, Thus, drugs that inhibit HCN1 could be promising candidates for treating EIEE® as

well as neuropathic pain®.

HCN channel modulation through small molecule compounds for therapeutic means has been
predominantly focused on pore blockers. Ivabradine and its derivatives are one such class of FDA-approved
pore blockers used for treatment of heart failure by inhibition of HCN currents in the sinoatrial node to
reduce heart rate”. However, pore blockers tend to be relatively nonselective across multiple types of ion
channels and act through simple occlusion of the ion conduction pathway. In addition, most HCN pore
blockers, including ivabradine, do not discriminate between HCN isoforms. Allosteric inhibitors act outside
of the pore and have the potential to offer greater specificity as well as modulate channels through both

inhibition and activation.

While currently known HCN allosteric drugs lack specificity, the potential to physiochemically modify
these compounds for therapeutic use is great. Drug discrimination at allosteric sites is well documented in
kinases®, kinesins®, and receptors®, among others, and localize to hotspots for protein modulation.
Recently, it was shown that a single allosteric pocket can be occupied by both positive and negative GABAA
receptor modulators and impart their action through distinct sets of residues within the same binding site®.
There are only a few known allosteric inhibitors for HCN1, such as propofol®, and the location of their
binding sites is not known. Other anesthetics, including isoflurane, pentobarbital, and clonidine also inhibit
HCN1 channels; however, they are not well characterized®. Identifying the binding site for an allosteric
HCN inhibitor would be instrumental in establishing ground rules toward achieving selectivity and facilitate

rational drug design.

Propofol is a widely-used intravenous anesthetic that allosterically and preferentially inhibits HCN1
channels over other HCN isoforms®**. However, the mechanism behind this inhibition is not understood.
Here, we obtained the structural resolution of propofol-HCNL1 interactions to gain a greater understanding

of its mechanism of action. We found that propofol binds to a groove between S5 and S6 that is present in
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closed, but not open, HCN channels thereby inhibiting the transition to the open state. We also demonstrate
that interactions between S5 and S6 at the propofol-binding site are important for voltage-dependent closing
of HCNZ1 channels thereby contributing to the non-canonical coupling between the voltage sensor and gate
in HCNL1 channels. Lastly, we found that propofol-binding repairs gating abnormalities resulting from
EIEE-associated HCN1 M305L and D401H gain of function polymorphisms via restoration of S5 and S6

coupling to the voltage sensor.
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Results

Structural resolution of the propofol-HCN1 complex

Our efforts to identify propofol binding sites to human HCNL1 in detergent micelles were unsuccessful (see
Methods for sequence details). Under the assumption that the lipid bilayer is important for propofol
partitioning, association, and binding, we set out to reconstitute HCNL in lipid nanodiscs for structural
determination. To resolve propofol association with HCN1, we collected and processed two cryoEM lipid
nanodisc structures: apo HCN1 (0 mM propofol) and HCN1 + 1 mM propofol (Fig. 1a-b). The HCNL1 apo
nanodisc structure indicated a closed HCN1 channel, as observed previously®. The overall Co. RMSD
between the previously published HCN1 detergent structure and our HCNZ1 lipid nanodisc structure is ~1
A. The propofol-HCNL1 structure also yielded a closed channel (Extended Data Fig. 1) and contained visible
lipid densities, as well as two non-proteinaceous densities, not present in the apo sample, which could in
principle be assigned to propofol bound to site 1 and site 2 (Fig. 1c-d). Focused views of these densities
obtained from the 3D refinement, PostProcess, DeepEMhancer, and half maps are shown in Extended Data

Fig. 2. The chemical structure of propofol is shown in Fig. le.

The first candidate site (site 1) is located within an interprotomer pocket towards the core of the tetramer
mainly formed by the S5 and S6 helices from adjacent subunits, embedded in the middle of the membrane
or ~20 A from the intracellular lipids. Hydrophobic contacts occur between propofol and Met®®®, Thr3#,
and Phe®®, among others (Fig. 1d). Due to its location within the oligomer, propofol binding at site 1 can
be envisioned as a steric block to prevent movements of the S6 helices relative to S5, required for the
channel to open at the intracellular gate®'®®. This propofol binding site is also supported by previous
molecular dynamics (MD) simulations of the closed HCN1 structure with other pore blocking HCN1
compounds®. Because a closed conformation of the HCN1 channel was used, compounds localized or
docked within interprotomer pockets along the S6 helix® as in Fig 1d. Moreover, additional MD and
electrophysiological studies on chemically tethered propofol-derivatives (2,6-di-tert-butylphenol) suggest

that these molecules interact with the channel 18-19 A from the extracellular leaflet of the lipid membrane®.
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The second putative propofol binding site (site 2, Extended Data Fig. 2b and 3a-b) resides within one
subunit, on the intracellular side of the S2 transmembrane helix. Propofol binding here interacts with lipids
in the inner bilayer leaflet as well as with a hydrophobic patch consisting of Leu®®, Lys*®°, Trp®*, and
Phe??2, Due to its peripheral location, and previous MD simulations that found that propofol prefers to reside
near the lipid headgroups within a lipid bilayer®” in addition to the membrane midline*, we hypothesized
that if propofol bound at site 2, it would not lead to channel inhibition. We performed fully atomistic MD
simulations of a DOPC:POPE:POPS lipid-solvated HCN1 channel with propofol bound at sites 1 and 2 as
observed in our structure (Extended Data Fig. 4a-b). After 100 ns of equilibration time, we removed the
constraints on the propofol molecule and propofol at site 2 was observed to unbind on average at 40 ns in
all protomers. At site 1, 11 out of 12 propofols remained bound for the duration of the simulation (400 ns)
and only one propofol unbound at t ~390 ns (Extended Data Fig. 4b). Propofol pocket dwell time appears
relatively independent on lipid composition; simulations in a pure POPC bilayer yielded similar results
where binding site 1 retained 10 out of 12 propofol molecules while all molecules unbound at binding site
2 (Extended Data Fig. 4c). In addition to the longer residence time at site 1, we found that propofol can
adopt multiple poses within this site (Extended Data Fig. 4d-e), correlating with its low micromolar 1Cs*®.
Other docking algorithms designed to detect cavities for pharmacology design also identified site 1, but not

site 2, as a potential propofol binding site (Extended Data Fig. 4f).
Propofol inhibits HCN1 by binding to site 1, a state-dependent pocket

Review of site 1 in HCN1 detergent closed structures (PDB 5U60 and 5U6P°) and HCN4 detergent closed
structures (PDB 7NP4, 6GYO, and 6GYN*?*) reveals a solvent accessible hydrophobic pocket that
hydrocarbon lipid tails and propofol can occupy (Fig. 1c and Fig. 2a-b). In contrast, in the HCN1 activated
cross-linked structure (PDB 6UQF) and the HCN4 open structure (PDB 7NMN®), this hydrophobic
pocket is surface occluded (Fig. 2c-d). Propofol binding to this state-dependent hydrophobic pocket would
thus be expected to inhibit structural movements associated with S5 and S6 rotation outwards for gate

opening. In support of the potential role of this pocket in channel gating, a signaling lipid binding along S6,
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near site 1, can positively modulate channel opening in SthK, a bacterial homolog of HCN channels®. In
contrast, site 2 is state-independent and does not exhibit substantial conformational changes between closed,

activated, or open HCN structures (Extended Data Fig. 3c).

To further investigate if site 1 is responsible for propofol-induced channel inhibition (Fig. 2e), we
performed mutagenesis followed by current recording upon application of hyperpolarizing voltage steps
using two electrode voltage clamp (TEVC) of HCN1-expressing Xenopus laevis oocytes in the absence or
presence of 30 uM propofol. As previously observed®, incubation of HCN1 wildtype (WT) channels with
30 uM propofol led to a 30 mV hyperpolarizing shift in the half maximal activation voltage (Vi) as
measured from normalized conductance-voltage plots (Fig. 2f-g, and Extended Data Table 2). Next, we
mutated two residues, Met*® and Thr®® that line the binding site 1 pocket and mutations were chosen to

prevent propofol interaction through occlusion of the binding site.

We hypothesized that introducing larger sidechains (such as phenylalanine and glutamate) would lead to
partial occupancy of the binding pocket. Indeed, we found that HCN1 mutations T384F (Fig. 2h-i) and
M305E (Fig. 2j-k) resulted not only in a left shift in V1> from WT but also reduced sensitivity of these
mutant channels to propofol application, as observed by the decrease in the magnitude of AV1,, between the
apo and propofol conditions (Extended Data Table 2). Using a cavity detection algorithm and in silico
mutagenesis, the size of the site 1 pocket is estimated to be approximately 500 A%, and the size is reduced
in volume by 20-50 A® with these mutations. The size of propofol is roughly 200 A® (see Methods for
algorithms and software used). Retention of voltage-dependent gating and mitigation, but not elimination,
of propofol efficacy by these volume changes suggests the size of these substituted sidechains was not
sufficient for a complete steric block of the rotation of the S5 and S6 helices during channel opening.
Mutation of binding site 2 residues, L218A and K219A, did not result in shifts in V1, (Extended Data Fig.
3d-g and Extended Data Table 2) or AV1, (Extended Data Fig. 3d-g and Extended Data Table 2) and is,
therefore, not where propofol imparts its inhibitory effect. Overall, these results suggest that site 2 is a non-

inhibitory propofol binding site and site 1 is the inhibitory site in HCN1.
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Propofol restores voltage-dependent gating in HCN1 epilepsy-associated mutants

HCN1 M305L is a mutation associated with epileptic pathology® and is located in binding site 1 (Fig. 3a).
Figure 3b shows that, in agreement with previous electrophysiology, modeling, and computational
approaches®>*, mutation of the Met** in the propofol-binding pocket of site 1 to a leucine results in a
“leaky”, voltage-insensitive channel. However, the mechanism leading to the leaky phenotype is not known.
Strikingly, incubation with 30 UM propofol led to a restoration of the voltage dependent gating, and the
emergence of depolarization-induced closing of the channel in the physiological range (Fig. 3b and 3d).
Comparable plasma membrane trafficking of HCN1 WT and M305L, together with blockade by
extracellular Cs*, a HCN blocker*?, confirms the currents are mediated by HCN1 M305L (Extended Data
Fig. 5 and Extended Data Table 2). The remarkable effect of propofol on the leaky HCN1 M305L mutant
not only supports the hypothesis that site 1 is where propofol binds to exert its effects but also suggests that
propofol inhibition at this site is not just via steric hindrance of the opening transition but that it also affects

the voltage-dependent closing.

We next investigated two other mutations, HCN1 D401N and D401H (D401H is a documented pathogenic
mutation in HCN channels). Both mutations result in HCN1 channels that are easier to open as compared
to wildtype’®28, although with a phenotype less extreme than that of M305L. In HCN1 WT, Asp*®* and
Arg®” form a conserved state-dependent salt bridge at the intracellular side of the channel, which has been
shown to contribute to closed state stabilization in HCN channels*®*4 (Fig. 3a). When this salt bridge is
eliminated, as in the D401H/N mutants, the HCN channel closed state is destabilized at the bundle crossing
gate (where the salt bridge is) leading to a more open phenotype. As previously reported, HCN1 D401N
and D401H? led to large shifts in the V1, for channel activation Fig. 3c and 3e-f). As with HCN1 M305L,
propofol restored hyperpolarized voltage dependent gating of both HCN1 D401N and D401H (Fig. 3e-f),

with very large AV, values for propofol inhibition (Extended Data Table 2).

Given the striking phenotype of the M305L mutant, we investigated it structurally. We obtained lipid

nanodisc structures of HCN1 M305L in the presence and absence of propofol (Fig. 3g and Extended Data



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

Fig. 2c-d and 6). Both structures reveal that HCN1 M305L is in a closed conformation, with little difference
from the WT channel (Ca. RMSD ~1 A). Importantly, the voltage sensor domain is identical to that of the
WT channel (S1-S4 Co. RMSD of ~0.5 A), strongly suggesting intact capability for voltage sensing. The
M305L mutant displays a somewhat more dilated pore, although not sufficiently wide to support ion
conduction (Extended Data Fig. 6d). We cannot at this time correlate the leaky phenotype with any
structural features of the HCN1 M305L. The propofol-bound M305L structure contained a propofol density
in binding site 1 (Fig. 3g-h and Extended Data Fig. 2d) although in a different orientation to that observed
with the propofol-bound WT structure. However, a propofol-like density was not observed at site 2, further
supporting our hypothesis that site 2 is a non-inhibitory site (Extended Data Fig. 2d). Similar to WT,
independent blind docking of propofol to the M305L structure identified site 1 but not site 2 (Extended

Data Fig. 4g).

Although its functional inhibition of WT channels and our structure of the propofol-HCN1 WT complex
may have indicated at first that propofol simply sterically inhibited the closed-to-open transition, its
restoration of voltage-dependence to disease mutants uncovered its effects on the voltage gating mechanism
as well. To gain insight into how propofol repairs the channel, we sought to discover the mechanism for the
leaky phenotype in the mutant HCN channels. A loss of voltage-dependence can be assigned to a defective
voltage sensor and/or a loss of coupling between the sensor and the channel gate. The structure of HCN1
M305L in a lipid environment features an intact voltage sensor domain, identical to that of WT-HCENZ,
suggesting that the leaky phenotype is due to loss of coupling. We sought to cross validate this finding via
an alternative approach, by directly measuring voltage sensor conformational changes as a function of

voltage by voltage-clamp fluorometry.
M305L homology mutant channels have intact voltage sensor movement but no closing

We took advantage of the well-established system of using spHCN with voltage clamp fluorometry to
monitor S4 voltage sensor movements in response to voltage across the membrane!®%46 e

simultaneously studied the voltage sensor movement and gate opening of M375L (homologous to M305L

10
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in HCN1) in spHCN channels expressed in Xenopus oocytes using voltage clamp fluorometry (Fig. 4a). All
SpHCN channels used herein have a background R323C mutation, where Alexa488 was attached (denoted

by an * in Fig. 4a) and will be referred to as WT or the respective mutant.

Similar to the M305L mutant in HCN1>**, spHCN M375L mutant channels showed large constitutive
currents at both negative and positive voltages (compare Fig. 4b with Fig. 3b). The currents from spHCN
M375L channels are blocked by the HCN-channel blocker ZD7288 (Extended Data Fig. 7a), confirming
these non-rectifying currents arise from spHCN M375L and not an unspecific leak. The conductance-
voltage (GV) relation shows that spHCN WT channels increase the conductance upon hyperpolarization
whereas spHCN M375L channels display a similar conductance at all voltages (from 40 mV to -160 mV)
(Fig. 4c). This indicates that M375L renders the spHCN channels voltage-independent, which aligns with
our results on the mammalian homologous mutation M305L and recent studies on M305L in HCN1°>%,
Importantly, the voltage sensor movement indicated by fluorescence changes (red traces in Fig. 4b) is
similar in both spHCN WT and M375L channels, although M375L slightly shifts the Vi, of the
fluorescence-voltage (FV) relation by -15 mV. Therefore, M375L keeps the spHCN channels open with
little alteration in the voltage sensor movement, suggesting this methionine is important for voltage-
dependent closing of HCN channels. This agrees with the M305L structural experiments. Decoupling the
voltage sensor from the pore yields a S4 helix and S4-S5 linker equivalent to the WT conformation at 0

mV, the cryoEM experimental condition (Fig. 3g, Extended Data Fig. 6).
Met®”® and Phe*® are important for closing spHCN channels

To further test the role of Met®”® in spHCN channel gating, we made additional mutations at residue 375
(M375F, M375A, M375C and M375S). All mutants showed constitutively open channels at depolarized
voltages at which spHCN channels are normally closed, although M375F, M375A and M375S showed
some remaining voltage-dependent currents at hyperpolarized voltages (Extended Data Fig. 7b).
Regardless, all Met*”> mutants show similar fluorescence signals (with FV relations shifted relative to each

other along the voltage axis, Extended Data Fig. 7¢), suggesting that these mutants do not abolish the

11
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voltage sensor movement in spHCN channels but only alter the voltage range at which the voltage sensors

move. Our results suggest Met*” is crucial for voltage-dependent closing of spHCN channels.

As Met*” is important for closing the spHCN channel, we hypothesized that residues in contact with Met*”
in the closed state of the channel might also contribute to voltage-dependent closing. In the cryo-EM
structure of human HCN1 channels with the gate closed and the voltage sensor in the resting up position
(PDB 5U60°%), Met®® on S5 (the equivalent of Met®”® in spHCN) is physically close to Phe® on S6 (the
equivalent of Phe*® in spHCN) (Fig. 3a and Fig. 4a). We therefore tested the role of Phe** in spHCN
channel gating. Seven mutations (F459Y, F459C, F459M, F459A, F459L, F459Q and F459V) at Phe*
and WT channels showed similar FV relations, suggesting that the mutations do not alter the voltage sensor
movement (Extended Data Fig. 7e). Except for F459V, these mutations also render spHCN channels

constitutively open at positive voltages (Extended Data Fig. 7d), suggesting that Phe*®

also plays an
important role in the voltage-dependent closing of spHCN channels. F459V mutant showed a similar GV
relation to WT channels and slightly shifted the V1, of GV relation by ~7 mV (Extended Data Fig. 7d and
Extended Data Table 2). Moreover, F459W and F459E both showed neither detectable currents (as
indicated by GV relation) nor voltage sensor movements (indicated by FV relation), suggesting that a

bulkier or charged residue substituted at Phe?**®

might disrupt the trafficking of the channels or prevent both
the channel opening and S4 movement. All these data indicate that hydrophobic and medium-sized residues

at position 459 allow spHCN channels to close at positive voltages.
Met3®-Phe*® interaction holds spHCN channels closed

So far, we have shown that both Met*”® (Met**® in HCN1) and Phe*® (Phe®® in HCN1) are critical for
voltage-dependent closing of spHCN channels. Because these two residues are physically in contact with
each other in the closed-state structure of HCN channels, we tested whether the interaction between Met®"®
and Phe*® is important for voltage-dependent gating. We made the double mutant M375F-F459M which
would still maintain a sulfur-aromatic interaction between these two residues as in WT channels**#’. The

two single mutants, M375F and F459M, both show large constitutive currents at positive voltages where

12
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spHCN channels normally close (Extended Data Fig. 7f-g). However, the swap mutation M375F-F459M
has a voltage dependence more similar to the WT channels (V12 shift of only ~18 mV and a slope factor
change of ~10 mV) with smaller constitutive currents than either of the single mutants, suggesting that the
sulfur-aromatic interaction is restored and is important for the channels to close at positive voltages
(Extended Data Fig. 7f-g). Since both residues are highly conserved in the HCN family (Fig. 4a), this

suggests that the Met-Phe interaction is important for the closed state of HCN channels.
Propofol inhibits HCN channels without changing voltage sensor movement

So far, we have shown that the leaky, constitutively open mutants in the propofol binding site have intact
voltage sensors and voltage-sensor functionality, eliminating the voltage sensor from the list of candidates
responsible for this phenotype. That leaves the possibility of a faulty coupling between voltage sensor and
gate, or a malfunctioning gate. However, we also showed that propofol application restores voltage-
dependence to these otherwise constitutively open channels, strongly suggesting that faulty coupling is the
main reason for the leaky phenotype of the mutant channels. To rule out the effects of propofol on the
voltage sensor itself, we performed voltage-clamp fluorometry and found that although 10 uM propofol
reduces the currents of spHCN WT channels (Fig. 5a-b), it did not lead to changes in the fluorescence
signals (Fig. 5¢-d). The propofol-mediated reduction in current amplitude seen here is consistent with prior
observations* and, as propofol is not a pore blocker, may result from a left shift in voltage-dependent
opening®. The FV was not changed by propofol, suggesting that propofol inhibits the HCN currents without
altering the S4 voltage sensor movement of the WT channel (Fig. 5¢-d). Together with our structural data
(Fig. 1 and 2), these results suggest that propofol binds to a groove between S5 and S6 and inhibits the

HCN currents without altering the S4 voltage sensor movement of the channel.

Discussion

Here, we report that propofol binds to a groove between S5 and S6 transmembrane helices present in closed,
but not open, HCN channels. The propofol molecule imparts steric hinderance to stabilize the closed state

by preventing the rotation of the S5 and S6 helices required to open the channel gate. In addition-te, we
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found that propofol also restores voltage-dependent closure to an HCN1 channel mutant rendered voltage-
independent by the mutation of a crucial methionine to leucine, associated with EIEE, which also forms
part of the propofol binding pocket. This in turn led to the finding that the interaction between this
methionine (on S5) and nearby phenylalanine (on S6), both part of the propofol binding site, is required for
voltage-dependent closing in HCN channels and is hence a major contributor to the non-canonical coupling
between the voltage sensor and gate. We propose that disruption of this interaction leads to a “leaky”
channel caused by loss of coupling and that propofol binds to and glues this critical area together, therefore

389

restoring voltage-dependent coupling. In support of this, the distance between Met**® and Phe®*** is roughly

10,41

1.3 A larger in the activated, hyperpolarized structure’®** compared to the closed structure and leads to a

weaker interaction favors channel opening (Extended Data Fig. 8). In the M305L mutant, the distance

%89 js also larger in the resting closed state (~1 A by previous

between the leucine at position 305 and Phe
MD simulations*!) leading to decreased interaction, loss of coupling, and thus to the observed leaky
phenotype. Through its aromatic interactions, propofol binding in between Leu®” and Phe®*® can bridge this
larger distance between the two residues to restore coupling in the mutant. Propofol thus binds to a

“mechanistic hotspot,” a region of the protein central to coupling the voltage sensor conformational changes

to the channel gate.

We propose that Met-aromatic motifs (non-covalent interactions between methionine and aromatic
residues)*’ are characteristic of HCN voltage-dependent channels and that propofol inhibits by stabilizing
this motif (Extended Data Fig. 8). Stabilization energies of 2-bridge Met-aromatic interactions correlate
well and are within range of previously measured coupling energies between the HCN voltage sensor and
pore, estimated to be 3-4.5 kcal/mol“. This is supported with the full inhibitory efficacy of propofol being
dependent on the aromatic ring®. We demonstrate that the interaction between Met*”® in the S5 helix of
spHCN channels and Phe**® in S6 (Phe®® in HCN1) is required for voltage-dependent closing in response

to outward voltage sensor movements. Providing additional energy or an increase of roughly 30 mV of
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hyperpolarizing voltages overcomes the 2-bridge intraprotomer stabilization, forcing propofol to leave the

binding pocket, thereby restoring channel opening.

We show here that allosteric compounds, such as propofol, can be a versatile tool to probe the mechanism
of HCN channel gating. Application of propofol to HCN1 D401H and D401N restored WT-like response
and voltage sensitivity was regained by perfusion of propofol to HCN1 M305L channels, also associated
with pathogenic conditions. Our data also suggests that non-anesthetic propofol-derivatives with high
affinity and selectivity for HCN1 channels could represent a new therapeutic approach to restore normal
HCN channel function and to treat disease (e.g., EIEE) arising from aberrant Ih. Routine genetic testing
and cataloging of early onset epilepsy HCN-associated polymorphisms began recently, explaining the
limited number of cases identified with these mutations?’“°. Despite this, M305L and D401H represent
roughly 5% of currently known HCN-related epilepsy cases and are among those that display resistance
towards currently used anti-seizure medications®?. Future studies similar to that presented here could
facilitate a shift in clinical epilepsy management towards personalized medicine; pathogenic HCN-related
EIEE polymorphisms exhibit a spectrum of phenotypes by electrophysiology, including both loss of
function as well as gain of function®?® and molecules can be identified to correct specific phenotypes.
Changes in treatment of epileptic cases based on genetic diagnosis has been shown to be impactful in as

much as 40% of patient outcomes®°.

In most domain-swapped voltage-gated cation channels, it is assumed that the long S4-S5 linker plays an
important role in voltage sensor-to-gate coupling by transmitting conformational changes of the S4 voltage
sensor to the S6 gate to open and close the pore gate. However, non-domain swapped channels with a short
S4-S5 linker, such as HCN channels and the related EAG channels, are voltage gated even without a long
S4-S5 linker, suggesting a non-canonical gating mechanism in these channels. We and others have found
that conserved interactions at the interface between the intracellular ends of S4 and S5 are important for
0

this non-canonical voltage sensor-gate coupling in HCN channels (Fig. 4a)°*, For example, Glu*¢-Asn®’

interactions in spHCN channels (homologous to Glu®? and Asn®** in HCN1 on S4 and S5, Fig. 4a) are
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formed to hold the channel closed. In addition, Arg®*® and Asp**® (homologous to Arg®®” and Asp*® in
HCNL1, Fig. 4a) at the intracellular ends of S5 and S6 helices in HCN2 channels have been suggested to
form a salt bridge that stabilizes the closed state of the channel (Fig. 6)*#%*%. Mutations in these interactions
favor the open state of the HCN channels by destabilizing the closed state. Here we show that the interface
between the middle portion of S5 and S6 (Met®*-Phe®®) is also important for a non-canonical voltage-
sensor-to gate coupling in HCN channels. We propose that the conformational changes in the S4 voltage
sensor are first transmitted via S4-to-S5 interactions, such as HCN1 Glu?®-Asn®®, and then further to S6
via S5-t0-S6 interactions, such as the here identified HCN1 Met*®-Phe®*® interactions, causing voltage-
dependent closing (Fig. 6a). In our model (Fig. 6b), propofol inhibits HCN channels by stabilizing the
closed state of the gate and strengthening the coupling between the voltage sensor and the gate by binding
in a groove between S5 and S6 and preventing S6 helices from moving outwards to open the pore. Propofol
is able to rescue HCN1 M305L channels by compensating and reforming the bridge for coupling between
the voltage sensor and gate (Fig. 6b). In agreement with our findings, using a simplified kinetic multistate
model, propofol inhibition and voltage dependent closing were well-captured by modifying the coupling

factor between the VSD and PD (Supplementary Appendix).

Conclusions

We report here that propofol inhibits HCN channels by binding to a state-dependent pocket located at a
mechanistic hotspot for voltage-dependent gating. Our finding that disease-associated HCN1 channels with
weak or no voltage sensitivity can be repaired by propofol shows that propofol allosterically strengthens
voltage-dependent coupling to favor channel closing. A transmembrane Met-Phe interaction was shown to
be required for the non-canonical coupling between the voltage sensor and pore in HCN channels and is
strengthened by propofol. The unusual mechanism of propofol action on HCN channels can be uniquely

exploited towards novel precision drugs against neuropathic pain and epilepsy.
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Fig. 1 | Structural resolution of the propofol-HCN1 complex. a-b, CryoEM maps of HCN1 WT
reconstituted into lipid nanodiscs without and with propofol. In gray is the HCN1 protein density and in
yellow are tubular lipid densities. The extracellular top view (right) is cross sectioned at the dashed line on
the side view, perpendicular to the bilayer (left). Circled in the red dashed line is the focused region for
panels ¢, apo HCN1 WT nanodisc and d, 1 mM propofol (pfl) + HCN1 WT nanodisc. Residues lining the
binding site are colored in purple and propofol in red. Adjacent subunits are in gray and slate, respectively.
The propofol density can accommodate multiple poses for propofol and our final model contains the same
pose that was identified independently by a blind docking algorithm (Extended Data Fig. 4). e, The chemical
structure of propofol.

Fig. 2 | Site 1 appears to be a state dependent pocket and mutation of residues reduced druggability.
a-d, Space-filled models of HCN1 + propofol (pfl), HCN1 closed (PDB 5U60), HCN1 with the VSD
crosslinked in a hyperpolarized conformation (PDB 6UQF), and HCN4 in the open state (PDB 7NMN).
Adjacent subunits are in blue and yellow and propofol is in red. The propofol pocket (dashed yellow lines)
in the closed states is no longer present in the HCN1 crosslinked or HCN4 open state. e, LigPlot diagram
showing site 1 hydrophobic contacts. Met**® and Thr®®*, probed by TEVC, are in blue and propofol in red.
Currents and Boltzmann fits of HCN1 f-g, WT, h-i, T384F, and j-k, M305E to hyperpolarizing voltages in
the absence and presence of propofol. 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. Boltzmann parameters for WT
(apo: V12=-58.2+3.4mV,k=93+1.7mV,n=22; pfl: V1, =-89.1+55mV,k=95+1.0 mV, n =24,
p < 0.0001), T384F (apo: V12 =-65.6 £5.5mV,k=7.4+1.3mV, n=15; pfl: V1, =-79.0+£ 3.5 mV, k =
8.2+0.7mV,n=11, p<0.0001), and M305E (apo: V1, =-72.5+ 0.5 mV, k=10.1 + 3.4 mV, n = 3; pfl:
V12,=-83.8£1.9mV,k=8.1%0.7mV, n=23,p=0.7909). P-values were determined by two-way ANOVA
using a Tukey post hoc test between apo and propofol V15, with significance defined as p < 0.05. Error bars

represent mean + standard deviation and n denotes biological replicates.
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Fig. 3 | Propofol restores function of disease-causing HCN1 mutants. a, Schematic of the intraprotomer
S5-S6 helix Met-Phe and interprotomer S5-S6 helix Arg-Asp salt-bridge interactions with respect to
propofol (red). Individual pore domain subunits are highlighted in yellow, green, white, and blue. The S4
helix is in red-brown. b-c, TEVC currents of M305L and D401H in the absence and presence of propofol.
Similar currents were observed for D401N. Voltage clamp ranged from +45 mV to -125 mV with tail
currents measured at +50 mV. The response at -85 mV is in red. d-f, Tail currents fitted with a Boltzmann
for M305L (pfl: V12 =-37.9 £ 4.3 mV, k=16.9 £ 2.4 mV, n = 6), D401H (apo: Vi, =-29+ 128 mV, k=
32.1+57mV,n=11; pfl: V1, =-785+2.3mV,k=12.0+1.5mV, n =12, p<0.0001), and D401N (apo:
Vi =-9.7+138mV, k=278+44mV,n=13; pfl: V1p=-76.1+81mV,k=102+13mV,n=11,p
< 0.0001). P-values were determined by two-way ANOVA using a Tukey post hoc test between apo and
propofol V1, with significance defined as p < 0.05. Error bars represent mean * standard deviation and n
denotes biological replicates. g, CryoEM map of HCN1 M305L with propofol (red). In gray is HCN1 and
in yellow, lipid densities. The top view is cross sectioned at the side view dashed line. The red circle is the
focused region for h, the propofol binding site. Subunits are in gray and slate. The propofol density can
accommodate multiple poses and our model contains a similar pose to that uncovered by blind docking
(Extended Data Fig. 4).

Fig. 4 | Homologous epilepsy-associated M305L mutant channels are voltage-independent but with
intact voltage sensor movement. a, Sequence alignment of S4, S5 and S6 of spHCN, hHCN1, hHCN2,
hHCN3 and hHCN4 channels. Residue R332 (asterisk) was mutated to a cysteine for voltage clamp
fluorometry. Residues investigated or mentioned in this study are labelled in red. b, Current (black) and
fluorescence (red) traces from oocytes expressing SpHCN WT and spHCN M375L channels in response to
the voltage protocol indicated. Cells are held at -10 mV and stepped to voltages between +40 mV and -160
mV in -20 mV increments followed by a step to +40 mV. Dashed lines indicate no currents. ¢, Voltage

dependence of currents (black) and fluorescence (red) from spHCN WT (empty squares, n=3) and SpHCN-

22



557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

M375L (solid circles, n=4) channels. Data are represented as mean = SEM and all n represent biologically

independent replicates.

Fig. 5| Propofol inhibits spHCN current without changing voltage sensor movement. a, Representative
current traces from spHCN WT channels from the same oocyte before (left) and after (right) the application
of 10 uM propofol. Dashed lines indicate no currents. b, GV relations from spHCN channels before (black)
and after (blue) the application of 10 uM propofol. The conductance at -160 mV was reduced by 46 + 2%
(n=3). ¢, Representative fluorescence traces from spHCN WT channels from the same oocyte before (left)
and after (right) the application of 10 uM propofol. The amplitude of the fluorescence signal was slightly
reduced after the application of propofol due to the photobleaching and/or internalization of labeled
channels. d, FV relations (n=3) from spHCN channels before (red) and after (blue) the application of 10
UM propofol (pfl). Data are represented as mean + SEM and all n represent biologically independent

replicates.

Fig. 6 | The effect of propofol on wildtype and M305L channels. a, Cartoon of HCN1 channels with and
without propofol (only two subunits shown for simplicity). The closed state with S4 up is stabilized by
interactions such as R297-D401 and M305-F389. Downward movement of individual S4s in response to

hyperpolarization breaks interactions between S4 and S5. A break in S4'718

opens a crevice between S4
and S5, allowing S5 to swing outwards, and S6 to rotate and open the pore. Propofol binding stabilizes the
closed state and strengthens the voltage sensor-to-gate coupling. b, Cartoon of HCN1 M305L channels with
and without propofol. The closed states are destabilized due to the missing M305-F389 interaction. Propofol

binding stabilizes the closed state and strengthens the voltage sensor-to-gate. The closed state with S4 up

is stabilized by interactions such as R297-D401 and the propofol-M305L-F389 interaction.
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Materials and methods
Two Electrode Voltage Clamp

RNA of human HCN1 wildtype or mutants (full length HCN1 in the pGHE expression plasmid, HCN1gm
+ C-terminal residues 636-865) was generated by Quikchange PCR using either Phusion or Q5 polymerase
(NEB), transcribed using mMessage mMachine T7 kit (Invitrogen), and purified using the RNeasy cleanup
kit (Qiagen). Purified full length wildtype or mutant human HCN1 RNA was injected into defolliculated
Xenopus laevis oocytes (Xenopusl Corp), stored at 16°C in 1:2 diluted Leibovitz’s L-15 medium (Gibco)
supplemented with 2.5% Penicillin-Streptomycin (Gibco) and 5 mM HEPES pH 7.5. Borosilicate glass
microelectrodes (0.1 — 0.5 MQ for current and 1 — 5 MQ for voltage) were pulled in two stages using a
vertical puller (Narishige), filled with 3 M KCI, and used to clamp and measure currents from oocytes
perfused with bath recording solution (107 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCl;, 10 mM
HEPES, pH 7.4). Addition of 100 uM LaCl; was used to silence endogenous currents'®, Data was acquired
using an OC-725C clamp amplifier (Warner), filtered at 2.5 kHz with an 8-pole Bessel function, and
digitized at 5 kHz using an ITC-18 converter (Instrutech Corp). Recordings and analysis were performed
in Pulse or Patchmaster (HEKA Elektronik) and Igor Pro 8 (Wavemetrics). For reproducibility, at least 2
independent oocyte batches and at least 3 biological replicates (individual oocytes) were used for each
HCN1 wildtype or mutant (precise numbers are indicated in the figure legends and in Extended Data Table

2).

To determine the effect of propofol on HCN1 wildtype and mutants, oocyte cells were placed in 20 ml glass
scintillation vials containing 15 ml of recording solution plus carrier DMSO =+ 30 uM propofol. After 20
minutes, cells were transferred to the recording chamber and continuously perfused with the same solution.
Channels were activated by hyperpolarizing voltage steps ranging from +55 mV to -135 mV at 10 mV
intervals, with the holding and tail potential at +50 mV. The amplitudes of the tail currents were measured

at each test voltage, plotted, and the data points fitted to a Boltzmann equation: f(V) = Ina/(1 + exp(V —
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V112)/K) where Imax is the maximum amplitude, V is the applied voltage, V1., is the activation midpoint, and

k is the slope factor.

For perfusion experiments, currents were monitored from oocytes exposed to hyperpolarizing voltage steps
ranging from +55 mV to -135 mV at 10 mV intervals with a tail potential at +50 mV. Cesium chloride at a
final concentration of 1 mM was supplemented to the recording solution in the presence or absence of
propofol to silence inward HCN1 currents. Perfusion of cesium chloride on and off the cell to demonstrate
inward current reversibility was performed with a duration of 5 min each, while perfusion of 30 uM
propofol lasted 10 min prior to TEVC recording. Attempts to perfuse or wash propofol out of the oocyte

membranes were unsuccessful.

Graphpad Prism v10.2 was used for statistical analysis. A two-way ANOVA was used to compare apo and
mutant with propofol conditions for Vi, and Ima. P-values were calculated using Tukey multiple
comparison tests, with significance defined by p < 0.05, and the resulting interactions were significant.
One-way ANOVA was used to determine significance for the difference between means of AV1,, of mutants
compared with AV, of wildtype, as defined by p < 0.05. P-values were calculated using Dunnett post hoc

tests.
Protein expression, purification, and nanodisc reconstitution

Protein expression and purification were performed as described by Lee and Mackinnon® , using the pEG
BacMam human HCN1gm construct (gift from R. Mackinnon). Briefly, HCN1 WT or M305L was
transformed in DH10 Bac competent cells to purify bacmid for transfection into Sf9 cells (Expression
Systems) using Cellfectin 11. Three generations of baculovirus were amplified and used to transfect 2-4 L
of HEK293S GnTi" cells (ATCC) at a density of 3.0 x 10° cells/ml, cultured at 37°C, at a concentration of
10% (v/v) baculovirus. At approximately 12-16 hrs post-transduction, the cell cultures were supplemented
with 10 mM sodium butyrate and the temperature was reduced to 30°C. The cell cultures were allowed to

express for an additional 48 hrs and subsequently harvested by centrifugation.
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The harvested cell pellet was resuspended in 30% glycerol and then mixed with hypotonic lysis buffer (20
mM KCI, 0.5 mM MgClz, 2 mM DTT, 0.2 mg/ml DNase, and 10 mM Tris, pH 8) for 45 min. The cell
membranes were then harvested by centrifugation at 40000g for 45 min. The membrane proteins were
solubilized with 10 mM lauryl maltose neopentyl glycol (LMNG), 2 mM cholesteryl hemisuccinate (CHS),
300 mM KCI, 2 mM DTT, and 20 mM Tris, pH 8 for 2 hrs and solubilized HCN1 was recovered by
centrifugation at 40000g for 45 min. The supernatant was applied to GFP nanobody coupled Sepharose
resin, which was subsequently washed with 10 column volumes of wash buffer (0.05% GDN, 300 mM
KCI, 2 mM DTT, and 20 mM Tris, pH 8). The washed resin was incubated overnight with 80:1 (w/w)
protein to 3C protease to cleave off the GFP and release the protein from the resin. The eluted protein was
concentrated, filtered through a Spin-X column and injected into a Superose 6 Increase column (Cytiva)
equilibrated with SEC buffer (0.05% GDN, 150 mM KCI, 2 mM DTT, and 20 mM Tris, pH 8). Peak
fractions were concentrated to 12 mg/ml for reconstitution into nanodiscs. A 27 mM lipid stock of 5:3:2
DOPC:POPE:POPS was prepared and solubilized in 20 mM Tris and 150 mM KCI, pH 8 supplemented
with 2% w/v CHAPS (Anatrace). Two to three nanodisc reconstitutions were carried out in a volume of
200 pl each at a ratio of 1:0.75:75 HCN1, MSP1E3 or MSP2N2, and lipids. Nanodisc reconstitution for
M305L with 1 mM propofol used MSP2N2; all other preparations used MSP1E3. Detergent removal was
initiated by adding 40 mg of BioBeads (Biorad), agitating at 4°C for 2 hrs, transferring to fresh tubes with
fresh 40 mg of Biobeads, and further incubated overnight with gentle agitation. The supernatant was pooled
and filtered through a Spin-X column and loaded onto a Superose 6 Increase 10/300 gel filtration column
(Cytiva). Peak fractions were collected and concentrated to 6-8 mg/ml. For propofol structures, 300 uM

propofol (Sigma) was supplemented to all buffers, as described previously®*.
CryoEM sample preparation and data collection

Purified HCN1 samples had a final concentration of 5-7 mg/ml nanodiscs, 3 mM fluorinated Fos-choline 8
(Anatrace), and where applicable, spiked with 1 mM propofol (Sigma). For holo M305L (in the absence of

propofol), the final sample was also spiked with 1 mM cAMP. A volume of 3.5 pl of the final sample was
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applied to glow discharged UltrAuFoil R 1.2/1.3 grids (300 mesh, Quantifoil), incubated for 60 s at 15°C
and 100% humidity, blotted for 2 s with 0 blot force, and plunge frozen in liquid ethane using a Vitrobot
Mark IV (FEI, ThermoFisher). Data were collected at a Talos Arctica microscope or Titan Krios microscope
(FEI, ThermoFisher) operated at 200 kV or 300 kV, respectively, with a GatanK3 camera. Acquisition

parameters are listed in Table S1.
CryoEM data processing and model building

Relion 3.1 beta, 3.1.2, 4 beta, or 4.0.0°°>* were used for cryoEM data processing of HCN1 WT and M305L.
In general, motion correction was performed using Motioncorr 2%, binned by 2, and CTF estimated.
Particles were picked using 2D templates using the Relion LoG picker or crYOLO® and extracted with a
256- or 310-pixel box. Two to four rounds of 2D classification were performed to sort out bad particles,
followed by ab initio model generation and two rounds of 3D classification. 3D refinement, CTF-
refinement, and Bayesian polishing was iterated in C1 symmetry until the resolution converged or no further
improvement in resolution was observed. One to two rounds of focused 3D classification (without
alignment) were performed, C4 symmetry applied, and subsequently, 3D refinement, CTF-refinement, and
Bayesian polishing was again performed until the resolution converged. All reported resolutions were
estimated by postprocessing at the FSC gold standard cutoff of 0.143. Local resolution was calculated and
for the representation of protein densities, unfiltered half maps and the final mask was used as input for
sharpening by DeepEMhancer®’. Model building was iteratively performed in Phenix 1.20%, Coot>**°, and
the Isolde plugin in ChimeraX®-®2, Pore diagrams were made using HOLE®® and Co. RMSD calculations
were performed using ChimeraX. Non-proteinaceous tubular densities that could be assigned to lipids were
modeled with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), as the largest species in our nanodisc
reconstitution. Because lipid identity was not unambiguous, all headgroups were truncated. Specific
processing schemes for each dataset are shown in Extended Data Fig. 1 and 6. Refinement and model

statistics are listed in Extended Data Table 1.

Confocal microscopy of HCN1 expressing HEK293S GnTI" cells
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HEK?293S GnTI" cells cultured in a humidified 37°C and 5% CO, incubator were transfected with 300 ng
of HCN1em WT or M305L with 1.8 ul Lipofectamine 2000 (Invitrogen). The cell medium was changed to
fresh Dulbecco’s Modified Eagle Medium (DMEM, Gibco) 6 hrs post-transfection to remove the
Lipofectamine-DNA complexes and replated 24 hrs post-transfection on a poly-D-lysine-coated glass
bottom dish. Nuclei were stained with NucBlue Live ReadyProbes Reagent (R37605, Invitrogen) for 15
min at 37°C. The plasma membrane was stained with CellMask Deep Red plasma membrane stain (C10045,

Invitrogen) for 5 to 10 min at 37°C.

Confocal imaging was performed with a Zeiss LSM 880 microscope equipped with 32-element AiryScan
detector for super-resolution imaging and 32-channel GaAsP array for spectral imaging. Data were obtained
using Zeiss Plan-Apochromat 63x/1.4 Oil DIC M27 objective with NA 1.4 at zoom 3.0x and an excitation
at 488 nm and an emission filter of 500-570 nm for EGFP; excitation at 633 nm and an emission filter of
640-750 nm for CellMask DeepRed. ImageJ analysis software® was used to generate a multichannel plot

profile.
In silico docking of propofol to the HCN1 tetramer and size estimation of cavities

The detergent structures (PDB 5U60 and 5U6P) and the propofol-HCN1 nanodisc was used as input to
CB-Dock2%. For the propofol-HCN1 WT and M305L structures, the propofol molecules were removed
from the input coordinates, leaving only the HCN1 protein channel structure. The docking results were
filtered to only those located within the transmembrane region of HCN1, as suggested by our structural
experiments and by previous experimental work®. Binding site 1 from the cryoEM experiments was
independently identified in the propofol-HCN1 WT and M305L structures but not in the respective

detergent or apo structures.

CavityPlus® was used for the estimated size of the site 1 propofol binding pocket and in silico mutagenesis
was performed in ChimeraX®?, using the rotamer with no or the least number of clashes. The size of propofol
t68

(roughly 200 A®) was determined by MoloVol®. Binding pocket residues were identified using LigPlo

and Arpeggio®. Multiple sequence alignment for Extended Data Fig. 8 was generated in Jalview.
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Molecular dynamics simulation

The cryoEM coordinates of HCN1 with 1 mM propofol was used as initial condition. Nine missing residues
in the loop between S1 and S2 helices (M243-A251) and truncated sidechains of other residues were rebuilt
using modeller version 10.4™ and psfgen tool in VMD software version 1.9.372. The simulation system was
constructed using membrane builder tool of the CHARMM-GUI website (http://www.charmm-gui.org/)™,
where HCN1 with eight propofol molecules bound at each of sites 1 and 2 of four protomers was embedded
in a lipid membrane consisting of ~500 DOPC, POPE, and POPS molecules at a ratio of 5:3:2 (as used in
our cryoEM sample preparation) or a pure POPC bilayer (as used previously for HCN1 MD
simulations’*"®), solvated with ~75,000 water molecules, and ~140 K* and ~140 CI" ions were added in the
solvent space to mirror the physiological ionic strength (100 mM). The system contains ~330,000 atoms in
total. The simulation box was set to be orthorhombic with periodic boundaries applied at x-y-z axes and
dimensions of 150 A x 150 A x 158 A. CHARMMZ36 force field”® was employed for the protein, lipids,
and ions, and TIP3P model’’ for waters. The force field for propofol was taken from a previous work’®.
Default protonation states were used for all acidic and basic residues because the pKa values calculated by
PropKa version 3.1 of all acidic and basic residues were either smaller or greater than the system pH,
which was set to be 7. All equilibration and production simulations were performed with Gromacs package
version 2022.3%, interfaced with PLUMED version 2.7%%. Long-range electrostatic interactions were treated
with the Particle Mesh Ewald (PME) method®. The cut-off distances for the Lennard-Jones and the real
space Coulomb interaction were 12 A. All covalent bonds involving hydrogen atoms were constrained by
the LINCS algorithm®, Initial energy minimization and equilibration steps were performed following the
CHARMM-GUI setup. Three replicas were generated by assigning initial velocities at 300 K using different
random seeds at the beginning of the equilibration step. The position restraints on protein and lipid were
gradually released during 100 ns equilibration run. A wall potential (half-sided harmonic potential), U, was
added to individual propofol using PLUMED to enhance sampling of propofol within its binding site during

equilibration run, as defined in Egs. 1 and 2,
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N
U= U ®
i=1

0 lf 141 < ri,O

2. 2
1/2-k-(rl-—ri,0) ifry >

U;(r) ={

where N is 4 (and 2) for propofols bound at site 1 (and 2), r; are the distance between the center of mass of
propofol and alpha carbon of each of four residues selected at the binding pocket (M305, M356, F389 from
one protomer, and 1380 from its neighboring protomer interfaced at site 1) for propofols at site 1 (i = 1~4),
and alpha carbons of L218 and K219 for propofols at site 2 (i = 1~2). rio was set to be 6.5, 10, 10, and 7.5
A for propofols at site 1, 8.5 and 6.0 A for propofols at site 2. Each rio was chosen to be ~ 2 A greater than
its initial value in the cryo-EM coordinates. k was set to be 30 kcal - mol™ - A for all Ui(ri). The wall
potentials were removed after equilibration, followed by production run for 400 ns. All simulations were
performed in the semi-isotropic NPT ensemble at T = 300 K and P = 1 atm. Propofol was considered
unbound when the RMSD of propofol from its initial binding pose at t = 0 was larger than 5 A for longer

than 1 ns.

Voltage clamp fluorometry (VCF)

The gene codifying for the sea urchin (Strongylocentrotus purpuratus) HCN (spHCN) channel was in the
pPGEM-HE expression plasmid. All mutations were introduced using QuikChange site-directed mutagenesis
kit (Qiagen). In vitro spHCN cRNA were transcribed using mMessage mMachine T7 RNA Transcription
Kit (Ambion). cRNA at 1-5 pg/puL was injected into defolliculated Xenopus laevis oocytes (Ecocyte,
Austin, TX). The oocytes were incubated in ND96 solution (96 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1.8

mM CaCly, 5 mM HEPES; pH 7.5).

To conduct voltage clamp fluorometry (VCF), we introduced the mutation R332C in the S4 of spHCN

channels. We then labeled these mutant channels with the fluorophore Alexa-488 C5-maleimide. We have
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previously shown that the fluorescence from Alexa-488-labeled spHCN-R332C channels (referred to as

WT in the text) is a good reporter for S4 movement in spHCN channels®°.

After 2-3 days of incubation, oocytes were labeled with 100 pM Alexa-488 C5-maleimide (Molecular
Probes) for 30 min at 4°C. Following labeling, the oocytes were kept on ice to prevent the internalization
of labeled channels. Oocytes were recorded in ND96 solution with 100 uM LaCls to block endogenous
currents induced by hyperpolarized voltages*. Whole-cell ionic currents were measured with the two-
electrode voltage clamp technique using an Axon Geneclamp 500B amplifier (Axon Instruments, Inc.).
Data were filtered at 1 kHz, digitized at 5 kHz (Axon Digidata 1322 A), and monitored and collected using
pClamp software (Axon Instruments, Inc.). Fluorescence signals were low-pass Bessel filtered (Frequency
Devices) at 200 Hz and digitized at 1 kHz. From a holding potential of -10 mV, steps from +40 mV to -160
mV (in -20 mV steps) were applied to activate the S4 movement and current of the channel followed by a
tail voltage of +40 mV to obtain the tail current. The conductance-voltage (GV) relation of channels was
determined by measuring the tail currents at +40 mV. The fluorescence-voltage (FV) relation of channels
was determined by measuring the steady-state fluorescence signal upon activation at different voltages.
ZD7288 (Tocris Bioscience, MN, USA) and Propofol (Sigma, MO, USA) were added to the bath solution

to block spHCN channels.

Conductance-voltage (GV) curves were obtained by plotting the normalized tail currents versus different
test pulses to determine the steady-state voltage dependence of current activation. Tail currents were
measured at +10 mV following test pulses. The GV curves were fit with a single Boltzmann equation: G(V)
= Anmin + (Amax — Amin)/(1 + exp((V — Vir)/K)), where Anax and Amin are the maximum and minimum,
respectively, Vi is the voltage where 50% of the maximal conductance level is reached and K is the slope
factor. Data were normalized between the Amax and Anmin Values of the fit. Fluorescence signals were bleach-
subtracted, and data points were averaged over tens of milliseconds at the end of the test pulse to reduce
errors from signal noise. Fluorescence-voltage (FV) curves were obtained by plotting the normalized

steady-state fluorescence signal versus different test pulses. The FV curves were fitted with a single
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774  Boltzmann equation. All experiments were repeated more than three times from at least two batches of

775  oocytes. Data are presented as mean + SEM, and n represents the number of experiments.
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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 V2, slope factor (k), and Imax in the absence or presence of 30 uM propofol and are
represented as averages + standard deviation. 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, Cesium and propofol
perfusion of human HCN1 M305L expressed in Xenopus laevis oocytes. The Boltzmann equation was used
to determine V12, slope factor (k), and Imax in the absence or presence of 30 uM propofol and/or 1 mM
cesium chloride and are represented as averages + standard deviation. 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 FV1, were obtained by
fitting the GV and FV curves with a single Boltzmann equation. Data are shown as mean = SEM. n indicates

the number of biological replicates of all experiments.

Extended Data Fig. 1 | CryoEM data processing of HCN1 WT nanodisc in the absence and presence
of 1 mM propofol. a, SEC chromatograms and SDS-PAGE of HCN1 WT nanodisc purifications in the
presence and absence of propofol. For gel source data, see Supplementary Fig. 1. The cryoEM processing
schematics are shown for b, apo HCN1 WT nanodisc and ¢, HCN1 WT nanodisc + pfl. Micrograph scale
bar represents 50 nm. d, Backbone RMSD deviations between apo, propofol (pfl), and detergent (PDB

5U60°) structures.

38



935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

Extended Data Fig. 2 | Local cryoEM densities of propofol binding sites 1 and 2. Shown are side and
top views of the site 1 and site 2 densities from the 3D Refinement map, PostProcess map, DeepEMhancer
map, and half map 1 for a, apo WT, b, WT + 1 mM propofol, c, holo M305L, and d, M305L + 1 mM
propofol datasets. The HCNL1 protein is in gray, tubular lipid densities in yellow, and the identified propofol

densities in red. DeepEMhancer representations are used in the manuscript.

Extended Data Fig. 3 | Site 2 is state-independent and does not confer propofol inhibition of HCN1
channels. a, Overview of the propofol-HCN1 cryoEM map, from Fig 1B, highlighting binding site 1 and
site 2. b, Zoomed in view of the residues surrounding the density at site 2. ¢, Overlay of HCN1 + 1 mM
propofol (this study, red-brown), HCN1 crosslinked (PDB6 6UQF™X, cyan), HCN4 open (7NMN?®*, light
blue), and HCN1 closed (5U60°, white). Shown are the response of HCN1 d, L218A and e, K219A in the
absence (left) and presence (right) of propofol by two electrode voltage clamp. Voltage clamp ranged from
+45 mV to -135 mV with tail currents measured at +50 mV. The current response at -85 mV is highlighted
in red. Corresponding Boltzmann fits are shown in f, L218A (apo: V12 =-55.3+4.0 mV,k=6.3+£0.8 mV,
n=3;pfl: Vi, =-86.2+3.4mV,k=10.1+1.2mV, n=4,p<0.0001) and g, K219A (apo: V12 = -50.7 +
28 mV,k=6.8+04mV,n=4;pfl: Vip=-83.0+25mV, k=10.2+1.6,n =4, p<0.0001). L218A
AV =-31.0 £ 5.2 mV and K219A AV, = -32.3 + 3.7 mV, compared to that of WT AV, =-30.9 + 6.4
mV. P-values were determined by two-way ANOVA using a Tukey post hoc test between apo and propofol
V152, with significance defined as p < 0.05, and n denotes biological replicates. Empty and filled symbols

with error bars represent mean + standard deviation for normalized apo and propofol data, respectively.

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 CI ions are shown in green and gray spheres, respectively. Waters are not
shown for simplicity. RMSD 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
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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, Docking®
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 cryoEM 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 TMs of the channel is shown with individual subunits colored in slate, light grey, green, and red-

brown. Docked propofol molecules are in red.

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 uM propofol for 10 min. To verify inward HCN1 currents, recording solution
supplemented with 1 mM cesium 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 ¢, M305L, respectively. d, For WT
and M305L, the inward current is blocked by cesium while the outward depolarized tails remain intact.
Corresponding Boltzmann fits are also shown for WT and M305L. Controls demonstrating inward current
cesium block in the absence of 30 uM 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 + standard deviation 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
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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 um. For

microscopy source data, see Supplementary Fig. 2.

Extended Data Fig. 6 | CryoEM 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 M305L HCN1 holo without
propofol were made using MSP1E3 while the ones for M305L HCN1 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 ¢, HCN1 M305L nanodisc + pfl. Micrograph scalebar represents 50
nm. d, Pore diagram comparison between holo M305L nanodisc, M305L + pfl, and holo WT detergent
(PDB 5U6P°) structures using HOLE®, 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 RMSD deviations of the voltage sensing domain (S1-S4)

between holo M305L, holo WT (PDB 5U6P°), and M305L propofol structures.

Extended Data Fig. 7 | Voltage-independent spHCN-M375L channels are blocked by the specific
HCN channel blocker ZD7288 and the Met®>-Phe**® 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 pM ZD7288. Dashed lines indicate no currents. Met*” and Phe**°
mutants show currents at positive voltages and similar voltage sensor movement. b, GV and ¢, 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), FA59C (orange),
FA59M (purple), FA59E (cyan), FA59A (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 GV,
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FV1zand n numbers are shown in Extended Data Table 2. Data are represented as mean + SEM. 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 5U60), and HCNL1 crosslinked (PDB 6UQF) around
the Met®-Phe®® interaction. The homologous positions 11e*’-11e*? for the CNGAL1 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.
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