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Propofolrescues voltage-dependent gating
of HCN1 channel epilepsy mutants
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Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels' are essential
for pacemaking activity and neural signalling?>. Drugs inhibiting HCN1 are promising
candidates for management of neuropathic pain* and epileptic seizures’. The general
anaesthetic propofol (2,6-di-iso-propylphenol) is a known HCN1 allosteric inhibitor®
with unknown structural basis. Here, using single-particle cryo-electron microscopy

and electrophysiology, we show that propofol inhibits HCN1 by binding to a
mechanistic hotspotinagroove between the S5and S6 transmembrane helices.

We found that propofol restored voltage-dependent closing in two HCN1 epilepsy-
associated polymorphisms that act by destabilizing the channel closed state: M305L,
located in the propofol-binding site in S5,and D401H in S6 (refs. 7,8). To understand
the mechanism of propofol inhibition and restoration of voltage-gating, we tracked
voltage-sensor movement in spHCN channels and found that propofol inhibitionis
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 specific
drugs targeting HCN channelopathies.

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels
belong to the superfamily of voltage-gated K* (Kv) channels. Similar to
mostKv channels, HCN channels contain four subunits®. Each subunit
consists of six transmembrane segments (S1-S6) with S1-S4 forming
the voltage-sensing domain (VSD) and S5-S6 forming the pore domain.
However, most Kv channels are activated by depolarization whereas
HCN channels are activated by hyperpolarization, the mechanism
behind whichisstill not fully clear. Previous studies™ > have suggested
asimilar voltage sensor movement between most Kv channelsand HCN
channels: the voltage sensor moves upward upon depolarization and
opens Kv channels™* ' while closing HCN channels'*>"”18, Therefore,
the differences in the electromechanical coupling between voltage
sensor movement and pore opening (VSD-pore domain 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 inKv channels was proposed to occur via
the S4-SSlinker (VSD and pore domain are domain-swapped in Kv chan-
nels, withalong S4-S5linker)*?°. A different, non-canonical coupling
mechanism was also proposed to be at work in Kv channels, in which
the coupling between VSD and pore domain occurs via non-covalent
interactions between S4, S5and S6 transmembrane helices® %, Gating

of HCN channels, in which the VSD and pore domain are not swapped
and the S4-S5linker is short and unnecessary, was proposed to occur
via the non-canonical path®>.

HCN channels are essential in the rhythmic firing of pacemaker cells
inthebrainand heart?’. The opening of HCN channels generates current
named /h or /f, which contributes to initiating and regulating cardiac
and neuronal pacemaker activity. Dysfunction of HCN channelsis asso-
ciated 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 paediatric population and can arise from HCN1 poly-
morphisms 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 that allowed their discovery suggest that the
trueincidence of such polymorphismsin the population may be much
higher®¥?8, Thus, drugs that inhibit HCNI1 could be promising candi-
dates for treating EIEE® as well as neuropathic pain*.

HCN channel modulation through small molecule compounds for
therapeutic means hasbeen predominantly focused on pore blockers.
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Ivabradine and its derivatives are one such class of Food and Drug
Administration-approved pore blockers used for treatment of heart
failure by inhibition of HCN currents in the sinoatrial node to reduce
heartrate®. However, pore blockers tend to be relatively non-selective
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.

Although currently known HCN allosteric drugs lack specificity, the
potential to physiochemically modify these compounds for therapeutic
useis great. Drug discrimination at allosteric sitesis well documented
inkinases®, kinesins® and receptors®, among others, and localizes to
hotspots for protein modulation. Recently, it was shown that a single
allosteric pocket can be occupied by both positive and negative GABA ,
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 anaesthetics, including isoflu-
rane, 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.

Propofolis awidely used intravenous anaesthetic that allosterically
and preferentially inhibits HCN1 channels over other HCN isoforms®>*,
However, the mechanismbehind thisinhibitionis notunderstood. Here,
we obtained the structural resolution of propofol-HCN1interactions
to gainagreater understanding of its mechanism of action. We found
that propofol binds to a groove between S5 and Sé6 that is present in
closed, but not open, HCN channels, thereby inhibiting the transition to
the openstate. We also demonstrate that interactions between S5 and
S6 at the propofol-binding site are important for voltage-dependent
closing of HCN1 channels, thereby contributing to the non-canonical
coupling between the voltage sensor and gate in HCN1 channels. Lastly,
we found that propofol binding repairs gating abnormalities resulting
from EIEE-associated HCN1 M305L and D401H gain-of-function poly-
morphisms viarestoration of S5and S6 coupling to the voltage sensor.

Structural resolution of the propofol-HCN1 complex

Our efforts to identify propofol binding sites to human HCN1in deter-
gentmicelles were unsuccessful (see the Methods for sequence details).
Under the assumption that the lipid bilayer isimportant for propofol
partitioning, association and binding, we set out to reconstitute HCN1
inlipid nanodiscs for structural determination. To resolve propofol
association with HCN1, we collected and processed two cryo-electron
microscopy (cryo-EM) datasets of HCN1in lipid nanodiscs: apo HCN1
(0 mM propofol) and HCN1 + 1 mM propofol (Fig.1a,b). The HCN1apo
nanodisc structure indicated aclosed HCN1 channel, as observed previ-
ously’. The overall Ca root mean squared deviation (r.m.s.d.) between
the previously published HCN1detergent structure and our HCN1lipid
nanodiscstructureis approximately 1 A. The propofol-HCN1structure
alsoyielded aclosed channel (Extended Data Fig.1) and contained vis-
ible lipid densities, as well as two non-proteinaceous densities, not pre-
sentintheaposample, which couldin principle be assigned to propofol
bound to site 1and site 2 (Fig. 1c,d). Focused views of these densities
obtained from the three-dimensional (3D) refinement, PostProcess,
DeepEMhancer and half maps are shown in Extended Data Fig. 2. The
chemical structure of propofol and the site 1interprotomer location
between S5 and pore-lining S6 helices is shown in Fig. 1e.

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 approximately 20 A from the intracellular lipids.
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Fig.1|Structural resolution of the propofol-HCN1complex. a,b, Cryo-EM
maps of HCN1WT reconstituted into lipid nanodiscs without (a) and with
(b) propofol.Ingreyisthe HCN1 protein density, in red is propofol, and in
yelloware tubular lipid densities. The extracellular top view (right) is cross-
sectioned at the dashed line on the side view, perpendicular to the bilayer (left).
c,d,Circledinthered dashedlineinaandbis the focused region forapo HCN1
WT nanodisc (c) and 1 mM propofol (pfl) + HCN1WT nanodisc (d). Residues
lining the binding site are coloured in purple and propofolinred. Adjacent
subunitsareingrey andslate, respectively. The propofol density can
accommodate multiple poses for propofol and our final model contains the
same pose that was identified independently by ablind docking algorithm
(Extended DataFig.4).e, The chemical structure of propofol and its location
inthe transmembrane domain, with adjacent subunitsin grey and slate.

Hydrophobic contacts occur between propofol and Met*®, Thr*®* and
Phe**®, among others (Fig. 1d,e). Owing to its location within the oli-
gomer, 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 openatthe intracellular gate®*, This propofol binding site
isalso supported by previous molecular dynamics simulations of the
closed HCN1 structure with other pore blocking HCN1 compounds®.
In the closed conformation of HCN1, compounds docked within the
same interprotomer pocket along the S6 helix*® as we observed with
propofolinFig.1d,e. Moreover, further molecular dynamics and elec-
trophysiological studies on chemically tethered propofol derivatives
(2,6-di-tert-butylphenol) suggest that these moleculesinteract with the
channel18-19 A from the extracellular leaflet of the lipid membrane*.

The second putative propofol binding site (site 2; Extended Data
Figs.2band 3a,b) resides within one subunit, onthe intracellular side of
the S2 transmembrane helix. Propofol binding here interacts with lipids
intheinnerbilayer leaflet as well as with a hydrophobic patch consisting
of Leu™®, Lys®®, Trp** and Phe?*2. Owing to its peripheral location, and
previous molecular dynamics simulations that found that propofol pre-
ferstoreside near thelipid headgroups withinalipid bilayer” inaddition
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Fig.2|Site1seemstobeastate-dependent pocket and mutation of residues
reduced druggability. a-d, Space-filled models of HCN1 + propofol (a), HCN1
closed (PDB 5U60) (b), HCN1with the VSD crosslinked in a hyperpolarized
conformation (PDB 6UQF) (c) and HCN4 in the open state (PDB 7NMN) (d).
Adjacent subunits arein blue and yellow and propofolisinred. The propofol
pocket (dashed yellow lines) in the closed statesis nolonger presentinthe
HCN1crosslinked or HCN4 open state. e, LigPlot diagram showing site 1
hydrophobic contacts. Met** and Thr**, probed by TEVC, arein blue and
propofolinred.f-k, Currents (fh,j) and Boltzmann fits (g,i,k) of HCNIWT (f,g),
T384F (h,i) and M305E (j,k) current-voltage curvesin the absence and presence
of propofol. Voltage clamp ranged from +45 mV to -125 mV with tail currents

to the membrane midline*, we hypothesized thatif propofol bound at
site 2, itwould not lead to channelinhibition. We performed fully atom-
istic molecular dynamics simulations of an HCN1 channel solvatedina
mixture of lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), with
propofolbound at sites1and 2 asobserved 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 ¢ = 390 ns (Extended Data
Fig. 4b). Propofol pocket dwell time seems relatively independent of
lipid composition; simulationsin a pure 1-palmitoyl-2-oleoyl-glycero-3
-phosphocholine (POPC) bilayer yielded similar results in which binding
site 1 retained 10 out of 12 propofol molecules whereas all molecules
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(I..y) measured at +50 mV. The currentresponse at -85 mV is highlighted inred.
Boltzmann parameters for WT (apo: V;,,=-58.2+3.4mV,k=9.3+1.7mV,n=22;
pfl: V},=-89.1+5.5mV,k=9.5+1.0 mV,n=24,P<0.0001), T384F (apo: V,,=
-65.6+£5.5mV,k=74+1.3mV,n=15; pfl: V,,=-79.0£3.5mV,k=8.2£ 0.7 mV,
n=11,P<0.0001) and M305E (apo: V;,,=-72.5+0.5mV,k=10.1+3.4 mV,n=3;
pfl: V,,=-83.8+£1.9mV,k=8.1+0.7mV,n=3,P=0.7909). Pvalues were
determined by two-way analysis of variance (ANOVA) using a Tukey post hoc
testbetween apo and propofol V, ,, with significance defined as P < 0.05. Error
barsrepresent mean +s.d.and ndenotes biological replicates. k, slope factor;
max, maximum.

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 multi-
ple poses within this site (Extended DataFig. 4d,e), correlating with its
low micromolar half-maximum inhibitory concentration (ICs) (ref. 38).
Other docking algorithms designed to detect cavities for pharmacol-
ogy 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 site1,
astate-dependent pocket

Review of site 1in HCN1 detergent closed structures (PDB 5U60 and
5U6P (ref. 9)) and HCN4 detergent closed structures (PDB 7NP4, 6GYO
and 6GYN (refs. 35,39)) reveals asolvent-accessible hydrophobic pocket
that hydrocarbon lipid tails and propofol can occupy (Figs. 1cand 2a,b).
By contrast, in the HCN1 activated crosslinked structure (PDB 6UQF
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(ref.10)) and the HCN4 open structure (PDB 7NMN (ref. 35)), this hydro-
phobic pocketis surface occluded (Fig. 2c,d). Propofol binding to this
state-dependent hydrophobic pocket would thus be expected to inhibit
structural movements associated with S5and Sé rotation outwards for
gate opening. In supportof the potential role of this pocketin channel
gating, a signalling lipid binding along S6, near site 1, can positively
modulate channel opening in SthK, a bacterial homologue of HCN
channels*’. By 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 oocytesin the absence or presence of 30 uM propofol.
As previously observed®, incubation of HCN1 wild-type (WT) chan-
nels with 30 M propofol led to a 30 mV hyperpolarizing shift in the
half-maximal activation voltage (V;,,), as measured from normalized
conductance-voltage (GV) plots (Fig. 2f,g and Extended Data Table 2).
Next, we mutated two residues, Met*® and Thr*®*, that line the binding
site1 pocket, and mutations were chosento prevent propofolinterac-
tion through occlusion of the binding site.

We hypothesized thatintroducing larger sidechains (such as pheny-
lalanine 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 inaleft shiftin V/;,,from WT butalso
reduced sensitivity of these mutant channels to propofol application,
as observed by the decrease in the magnitude of AV, 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 the Methods for algorithms and software used).
Retention of voltage-dependent gating and mitigation, but not elimina-
tion, 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 resultin
shiftsin V,,, (Extended Data Fig. 3d-g and Extended Data Table 2) or
AV, (Extended Data Fig. 3d-g and Extended Data Table 2) and this s,
therefore, not where propofol imparts its inhibitory effect. Overall,
these results suggest that site 2 is a non-inhibitory propofol binding
site and site 1is the inhibitory site in HCNI.

Propofol restores voltage-dependent gatingin 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 agree-
ment with previous electrophysiology, modelling and computa-
tional approaches®*, mutation of the Met*® in the propofol-binding
pocket of site 1to a leucine results in a ‘leaky’, voltage-insensitive
channel. However, the mechanism leading to the leaky phenotype
is not known. Strikingly, incubation with 30 pM propofol led to a
restoration of the voltage-dependent gating, and the emergence
of depolarization-induced closing of the channel in the physiologi-
cal range (Fig. 3b,d). Comparable plasma membrane trafficking of
HCN1WT and M305L, together with blockade by extracellular Cs*, an
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 HCN1M305L mutant not only supports
the hypothesis that site 1is 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.
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We next investigated two other mutations, HCN1 D401N and
D401H (D401H is a documented pathogenic mutation in HCN chan-
nels). Both mutations result in HCN1 channels that are easier to open
as compared with WT”3%, 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 stabilizationin HCN
channels****** (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 amore open
phenotype. As previously reported, HCN1D401IN and D401H (ref. 28)
led tolarge shiftsin the V, for channel activation (Fig. 3c,e,f). As with
HCN1M305L, propofol restored hyperpolarized voltage-dependent
gating of both HCN1D401N 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 investi-
gated it structurally. We obtained lipid nanodisc structures of HCN1
M305L inthe presence and absence of propofol (Fig. 3g and Extended
Data Figs. 2c,d and 6). Both structures reveal that HCN1M305L isina
closed conformation, with little difference from the WT channel (Ca
r.m.s.d. =1A). Importantly, the voltage sensor domain is identical to
that of the WT channel (S1-S4 Ca r.m.s.d. of about 0.5 A), strongly
suggestingintact capability for voltage sensing. The M305L mutant dis-
plays asomewhat more dilated pore, although not sufficiently wide to
supportion conduction (Extended DataFig. 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 inbindingsite1(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 isanon-inhibitory
site (Extended Data Fig. 2d). Similar to WT, independent blind dock-
ing of propofol to the M305L structure identified site 1 but not site 2
(Extended DataFig. 4g).

Althoughits 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 theleaky phenotypeinthe mutant HCN channels. Aloss of voltage
dependence can be assigned to a defective voltage sensor and/or aloss
of coupling between the sensor and the channel gate. The structure
of HCN1M305L in alipid environment features an intact voltage sen-
sor domain, identical to that of WT HCN1, suggesting that the leaky
phenotypeis due toloss 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 (VCF).

M305L homology mutant channels have intact voltage
sensor movement but no closing

We took advantage of the well-established system of using spHCN with
VCF to monitor S4 voltage sensor movements in response to voltage
across the membrane'®*4¢, We simultaneously studied the voltage
sensor movement and gate opening of M375L (homologous to M305L
in HCN1) in spHCN channels expressed in Xenopus oocytes using VCF
(Fig. 4a). All spHCN channels used herein have a background R323C
mutation, where Alexa-488 was attached (denoted by an asterisk in
Fig.4a), and will be referred to as WT or the respective mutant.
Similar to the M305L mutant in HCN1 (refs. 5,41), spHCN M375L
mutant channels showed large constitutive currents at both nega-
tive and positive voltages (compare Fig. 4b with Fig. 3b). The currents
from spHCN M375L channels are blocked by the HCN channel blocker
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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 HCNI1 (refs. 5,41). 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 V,,, of the fluorescence-voltage (FV) relation by -15 mV. There-
fore, 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
M30S5L structural experiments. Decoupling the voltage sensor from
the poreyields an S4 helix and S4-S5 linker equivalent to the WT con-
formation at 0 mV, the cryo-EM experimental condition (Fig. 3g and
Extended Data Fig. 6).
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redcircleingis the focused region for the propofol binding site. Subunits arein
grey and slate. The propofol density canaccommodate multiple poses and our
model contains asimilar pose to that uncovered by blind docking (Extended
DataFig. 4).

Met*” and Phe** are important for closing spHCN
channels

To further test the role of Met®” in spHCN channel gating, we made
further mutations at residue 375 (M375F, M375A, M375C and M375S).
Allmutants showed constitutively open channels at depolarized volt-
ages at which spHCN channels are normally closed, although M375F,
M375A and M375S showed some remaining voltage-dependent cur-
rents 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.7c), suggesting that these mutants do not abolish the voltage sen-
sor 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 hypoth-
esized 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 HCNI1 channels with the gate closed and
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Fig.4|Homologous epilepsy-associated M305L mutant channels are
voltage-independentbut withintact voltage sensor movement.
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hHCN4 channels. Residue R332 (asterisk) was mutated to a cysteine for VCF.
Residuesinvestigated or mentioned in thisstudy arelabelledinred. b, Current
(black) and fluorescence (red) traces from oocytes expressing spHCN WT and
spHCN M375L channelsinresponse to the voltage protocolindicated. Cellsare

the voltage sensor inthe resting up position (PDB 5U60 (ref. 9)), Met*®
on S5 (the equivalent of Met*” inspHCN) is physically close to Phe* on
S6 (the equivalent of Phe*’ in spHCN) (Figs. 3a and 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 muta-
tions do not alter the voltage sensor movement (Extended Data Fig. 7e).
Except for F459V, these mutations also render spHCN channels consti-
tutively open at positive voltages (Extended Data Fig. 7d), suggesting
that Phe®’also plays animportantrole in the voltage-dependent closing
of spHCN channels. F459V mutant showed asimilar GV relationto WT
channels andslightly shifted the V;,, of the GV relation by around 7 mV
(Extended Data Fig. 7d and Extended Data Table 2). Moreover, both
F459W and F459E showed neither detectable currents (asindicated by
GVrelation) nor voltage sensor movements (indicated by FVrelation),
suggesting thatabulkier 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.

Met*”-Phe** interaction holds spHCN channels closed

So far, we have shown that both Met*” (Met*® in HCN1) and Phe*® (Phe®®
inHCNI) are critical for voltage-dependent closing of spHCN channels.
Because these tworesidues are physically in contact with each otherin
the closed state structure of HCN channels, we tested whether the inter-
action between Met*” and Phe** is important for voltage-dependent
gating. We made the double mutant M375F-F459M which would still
maintain asulfur-aromaticinteraction between these two residues as
in WT channels**’. The two single mutants, M375F and F459M, both
show large constitutive currents at positive voltages in which 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 (V,,, shift of only approximately 18 mV and a slope factor
change of approximately 10 mV) with smaller constitutive currents
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thaneither of the single mutants, suggesting that the sulfur-aromatic
interactionis restored and is important for the channels to close at
positive voltages (Extended Data Fig. 7f,g). Asboth residues are highly
conserved in the HCN family (Fig. 4a), this suggests that the Met-Phe
interaction isimportant for the closed state of HCN channels.

Propofol inhibits HCN channels without changing
voltage sensor movement

Theleaky, constitutively open mutantsin the propofol binding site have
intact voltage sensors and voltage-sensor functionality, which elimi-
nated 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 applicationrestores voltage dependence to these
otherwise constitutively open channels, strongly suggesting that faulty
couplingisthe mainreasonfor the leaky phenotype of the mutant chan-
nels. To rule out the effects of propofol on the voltage sensor itself, we
performed VCF and found that although 10 pM propofol reduces the
currents of spHCN WT channels (Fig. 5a,b), it did notlead to changesin
the fluorescence signals (Fig. 5c,d). The propofol-mediated reductionin
currentamplitude seen hereis consistent with previous 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, sug-
gesting 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 (Figs. 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 presentin closed, but notopen, HCN channels.
The propofol moleculeimparts steric hinderance to stabilize the closed
state by preventing the rotation of the S5 and S6 helices required to


https://doi.org/10.2210/pdb5U6O/pdb

a spHCN WT
0 puM propofol

40 mv 40 mV

-160 mV

20pA

10 uM propofol

» OuMpfl
= 10 uM pfl

Normalized G &

-150-100 -50 0 50

0.1s Voltage (mV)
¢ o uM propofol 10 uM propofol d 1.0 . e OuMpfl
w 10 uM pfl
—140 mV —140mV 5
- s g
= 05
1% £
AFTFl— 5
0.1s ‘Z

40 mv

40 mV
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movement. a, Representative current traces from spHCN WT channels from
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Dashed linesindicate no currents. b, GV relations from spHCN channels before
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openthe channel gate.Inaddition, we found that propofol also restores
voltage-dependent closure to an HCN1 channel mutant rendered
voltage-independent by the mutation of a crucial methionine to leu-
cine, associated with EIEE, which also forms part of the propofol binding
pocket. Thisinturnledtothe findingthat the interaction between this
methionine (on S5) and nearby phenylalanine (onS6), both part of the
propofol bindingsite, is required for voltage-dependent closingin HCN
channels and is hence a major contributor to the non-canonical cou-
pling between the voltage sensor and gate. We propose that disruption
ofthisinteractionleadstoa‘leaky’ channel caused by loss of coupling
and that propofol binds to and glues this critical area together, there-
forerestoring voltage-dependent coupling. Insupport of this, the dis-
tance between Met*® and Phe*® isroughly 1.3 A larger in the activated,
hyperpolarized structure'®* compared with the closed structure and
leads to aweaker interaction that favours channel opening (Extended
DataFig. 8).Inthe M305L mutant, the distance between the leucine at
position 305 and Phe** is also larger in the resting closed state (about
1Aby previous molecular dynamics simulations*), leading to decreased
interaction, loss of coupling and thus to the observed leaky phenotype.
Through its aromatic interactions, propofol binding 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’,aregion 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 two-bridge
Met-aromaticinteractions correlate well and are within range of previ-
ously measured coupling energies between the HCN voltage sensor and
pore, estimated to be 3-4.5 kcal mol™ (ref. 48). This is supported with
the fullinhibitory 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 extra energy or an increase of roughly 30 mV
of hyperpolarizing voltages overcomes the two-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

-100 -50 O 50
Voltage (mV)

(right) the application of 10 uM propofol. The amplitude of the fluorescence
signalwas slightly reduced after the application of propofol due to the
photobleaching and/or internalization of labelled channels.d, FV relations
(n=3) fromspHCN channels before (red) and after (blue) the application of
10 pM propofol (pfl). Dataare represented as mean + s.e.m.and all nvalues
represent biologically independentreplicates.

response and voltage sensitivity was regained by perfusion of propofol
to HCN1M3O05L channels, also associated with pathogenic conditions.
Our data also suggest that non-anaesthetic 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 (for example, EIEE) arising from aberrant /h. Routine
genetic testing and cataloguing 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
beidentified to correct specific phenotypes. Changes in treatment of
epileptic cases on the basis of genetic diagnosis have 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 animportant 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 ether-a-go-go (EAG) channels,
are voltage-gated even without a long S4-SS5 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 this non-canonical volt-
age sensor-gate coupling in HCN channels (Fig. 4a)***¢. For example,
Glu**-Asn* interactions in spHCN channels (homologous to Glu*?
and Asn**°inHCN1onS4 and S5; Fig. 4a) are formed to hold the channel
closed*.Inaddition, Arg®° and Asp*** (homologous to Arg*” and Asp**!
in HCNI; Fig. 4a) at the intracellular ends of S5and Sé6 helicesin HCN2
channels have been suggested to form a salt bridge that stabilizes the
closedstate of the channel (Fig. 6)>*°*3, Mutations in these interactions
favour the open state of the HCN channels by destabilizing the closed
state. Here, we show that the interface between the middle portion of
S5and S6 (Met**-Phe*®) is also important for anon-canonical voltage
sensor-to-gate coupling in HCN channels. We propose that the con-
formational changes in the S4 voltage sensor are first transmitted via
S4-to-S5interactions, such as HCN1Glu®*-Asn**, and then further to S6
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Fig. 6| The effect of propofol on WT and M305L channels. a, Cartoon of HCN1
channels with and without propofol (only two subunits shown for simplicity).
Theclosed state with S4 upis stabilized by interactions such asR297-D401
and M305-F389. Downward movement of individual S4sin response to
hyperpolarization breaksinteractions between S4 and S5. Abreakin S4
(refs.17,18) opensacrevice between S4 and S5, allowing S5 to swing outwards,
andSétorotateand openthe 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 upisstabilized by interactions such asR297-D401 and the propofol-
M305L-F389interaction.

via S5-to-Sé interactions, such as the here identified HCN1 Met**-Phe®®
interactions, causing voltage-dependent closing (Fig. 6a). In our model
(Fig. 6), propofol inhibits HCN channels by stabilizing the closed state
ofthe gate and strengthening the coupling between the voltage sensor
andthe gate by bindinginagroove between S5and S6 and preventing
S6 helices from moving outwards to open the pore. Propofol is able
to rescue HCN1M305L 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 the
pore domain (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 propo-
fol shows that propofol allosterically strengthens voltage-dependent
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couplingto favour channel closing. A transmembrane Met-Phe interac-
tion 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 chan-
nels can be uniquely exploited towards new precision drugs against
neuropathic pain and epilepsy.
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Methods

Two-electrode voltage clamp

RNA of human HCN1WT or mutants (full-length HCN1in the pGHE
expression plasmid, whichis HCN1,, + additional 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 WT or mutant human HCN1 RNA was injected
into defolliculated X. laevis oocytes (Xenopusl), 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 MQfor current and 1-5 MQ for voltage)
were pulled intwo stages using a vertical puller (Narishige), filled with
3 MKCland used to clamp and measure currents from oocytes perfused
with bath recording solution (107 mMNacCl, 5 mMKCI,1 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, pH 7.4). Addition of 100 uM LaCl, was used to
silence endogenous currents'®, Data were acquired using an 0C-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 two independent oocyte batches and at least three biological
replicates (individual oocytes) were used foreach HCN1WT or mutant
(precise numbers are indicated in the figure legends and in Extended
Data Table 2).

To determine the effect of propofol on HCN1 WT and mutants, oocyte
cells were placed in 20 ml glass scintillation vials containing 15 ml of
recording solution plus carrier dimethylsulfoxide + 30 pM propofol.
After 20 min, cells were transferred to the recording chamber and con-
tinuously perfused with the same solution. Channels were activated by
hyperpolarizing voltage steps ranging from +55 mVto-135 mVat10 mV
intervals, with the holding and tail potential at +50 mV. The amplitudes
ofthetail currents were measured at each test voltage, plotted and the
datapointsfitted toaBoltzmannequation:f(V) =1,,,/(1+ exp(V - V,,,)/k)
where I, is the maximum amplitude, Vis the applied voltage, V,,, is
the activation midpoint and kis the slope factor.

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

Graphpad Prism v.10.2 was used for statistical analysis. A two-way
ANOVA was used to compare apo and mutant with propofol conditions
for V,,and /.. P values were calculated using Tukey multiple com-
parison 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 AV,, of mutants com-
pared with AV,, of WT, as defined by P < 0.05. Pvalues were calculated
using Dunnett post hoc tests.

Protein expression, purification and nanodisc reconstitution

Protein expression and purification were performed as described in
ref. 9, using the pEG BacMam human HCN1;,, construct (gift fromR.
Mackinnon). Briefly, HCN1 WT or M305L was transformed in DH10
Bac competent cells to purify bacmid for transfection into Sf9 cells
(Expression Systems) using CellfectinIl. Three generations of baculo-
virus were amplified and used to transfect 2-4 | of HEK293S GnTi  cells
(ATCC) at adensity of 3.0 x 10 cells per millilitre, cultured at 37 °C, at
a concentration of 10% (v/v) baculovirus. At approximately 12-16 h

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 extra 48 h and subsequently
collected by centrifugation.

The collected cell pellet was resuspended in 30% glycerol and then
mixed with hypotonic lysis buffer 20 mM KCl, 0.5 mM MgCl,, 2 mM
dithiothreitol, 0.2 mg mI” DNase and 10 mM Tris, pH 8) for 45 min. The
cellmembranes were then collected by centrifugation at 40,000g for
45 min. The membrane proteins were solubilized with 10 mM lauryl
maltose neopentyl glycol, 2 mM cholesteryl hemisuccinate, 300 mM
KCI,2 mM dithiothreitol and 20 mM Tris, pH 8 for 2 h, and solubilized
HCNI1 was recovered by centrifugation at 40,000g for 45 min. The
supernatant was applied to GFP nanobody-coupled Sepharose resin,
whichwas subsequently washed with 10 column volumes of wash buffer
(0.05% glyco-diosgenin, 300 mM KCl, 2 mM dithiothreitoland 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
fromtheresin. The eluted protein was concentrated, filtered through a
Spin-X column andinjected into a Superose 6 Increase column (Cytiva)
equilibrated with SEC buffer (0.05% glyco-diosgenin, 150 mM KCI, 2 mM
dithiothreitol and 20 mM Tris, pH 8). Peak fractions were concentrated
to12 mg mlfor reconstitutioninto nanodiscs. A 27 mM lipid stock of
5:3:2 DOPC:POPE:POPS was prepared and solubilized in 20 mM Tris
and 150 mMKCl, 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 aratio 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 h, transferring to fresh tubes with a fresh 40 mg of BioBeads and
further incubating 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 frac-
tions were collected and concentrated to 6-8 mg ml™. For propofol
structures, 300 pM propofol (Sigma) was supplemented to all buffers,
as described previously®'.

Cryo-EM sample preparation and data collection

Purified HCN1samples had a final concentration of 5-7 mg ml™ nano-
discs,3 mM fluorinated Fos-choline 8 (Anatrace) and, where applicable,
spiked with1 mM propofol (Sigma). For holo M305L (in the absence of
propofol), the final sample was also spiked with1 mM cAMP. A volume
of 3.5 plof the final sample was applied to glow-discharged UltrAuFoil
R1.2/1.3 grids (300 mesh, Quantifoil), incubated for 60 s at 15 °C and
100% humidity, blotted for 2 s with O blot force and plunge-frozen in
liquid ethane using a Vitrobot Mark IV (FEI, ThermoFisher). Datawere
collected on a Talos Arctica microscope or Titan Krios microscope
(FEI, ThermoFisher) operated at 200 kV or 300 kV, respectively, with
aGatanK3 camera. Acquisition parameters are listed in Extended Data
Tablel.

Cryo-EM data processing and model building

Relion3.1beta, 3.1.2,4 betaor4.0.0 (refs. 52-54) were used for cryo-EM
data processing of HCN1 WT and M305L. In general, motion correc-
tion was performed using Motioncorr 2 (ref. 55), binned by 2 and the
contrast transfer function (CTF) estimated. Particles were picked
using two-dimensional (2D) templates using the Relion LoG picker or
crYOLO* and extracted with a256- 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 wereiteratedin C1
symmetry until the resolution converged or no furtherimprovementin
resolution was observed. One to two rounds of focused 3D classification
(without alignment) were performed, C4 symmetry was applied and,
subsequently, 3D refinement, CTF-refinement and Bayesian polishing



were again performed until the resolution converged. All reported
resolutions were estimated by post-processing at the Fourier shell
correlation (FSC) gold standard cut-off of 0.143. Local resolution was
calculated and, for the representation of protein densities, unfiltered
halfmaps and the final mask was used as input for sharpening by Deep-
EMhancer”’. Model building was iteratively performed in Phenix 1.20
(ref. 58), Coot**° and the Isolde pluginin ChimeraX®®2, Pore diagrams
were made using HOLE®* and Cacr.m.s.d. calculations were performed
using ChimeraX. Non-proteinaceous tubular densities that could be
assigned to lipids were modelled with DOPC, as the largest species in
our nanodiscreconstitution. Because lipid identity was not unambigu-
ous, all headgroups were truncated. Specific processing schemes for
eachdatasetare shownin Extended DataFigs.1and 6. Refinement and
model statistics are listed in Extended Data Table 1.

Confocal microscopy of HCN1-expressing HEK293S GnTI cells
HEK293S GnTI cells cultured inahumidified 37 °C and 5% CO, incubator
were transfected with300 ng of HCN1;,, WT or M305L with 1.8 pl of Lipo-
fectamine 2000 (Invitrogen). The cell medium was changed to fresh
DMEM (Gibco) 6 h post-transfection to remove the Lipofectamine-
DNA complexes and cells were replated 24 h 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 DeepRed
plasma membrane stain (C10045, Invitrogen) for 5to 10 min at 37 °C.
Confocalimaging was performed with a Zeiss LSM 880 microscope
equipped with a 32-element AiryScan detector for super-resolution
imaging and a32-channel GaAsP array for spectralimaging. Datawere
obtained using a Zeiss Plan-Apochromat x63/1.4 Oil DIC M27 objective
with NA 1.4 at magnification x3.0, and an excitation at 488 nm and
an emission filter of 500-570 nm for EGFP; and excitation at 633 nm
and an emission filter of 640-750 nm for CellMask DeepRed. Image]
analysis software®* was used to generate a multichannel plot profile.

Insilico docking of propofol to the HCN1 tetramer and size
estimation of cavities

The detergent structures (PDB 5U60 and 5U6P) and the propofol-HCN1
nanodisc were used as input to CB-Dock?2 (ref. 65). For the propofol-
HCN1WT and M30S5L structures, the propofol molecules were removed
from the input coordinates, leaving only the HCNI1 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 cryo-EM experiments was independently identified in the propo-
fol-HCN1WT 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 Chime-
raX®, using the rotamer with no or the least number of clashes. The
size of propofol (roughly 200 A%) was determined by MoloVol®. Binding
pocket residues were identified using LigPlot®® and Arpeggio®. Multiple
sequence alignment for Extended Data Fig. 8 was generated in Jalview™.

Molecular dynamics simulation

The cryo-EM coordinates of HCN1 with 1 mM propofol were used as
theinitial condition. Nine missing residues in the loop between S1and
S2 helices (M243-A251) and truncated sidechains of other residues
wererebuilt using modeller v.10.4 (ref. 71) and the psfgen tool in VMD
softwarev.1.9.3 (ref. 72). The simulation system was constructed using
the membrane builder tool of the CHARMM-GUI website (http://www.
charmm-gui.org/)”, in which HCN1 with eight propofol molecules
bound at each of sites 1 and 2 of four protomers was embedded in
alipid membrane consisting of around 500 DOPC, POPE and POPS
molecules at a ratio of 5:3:2 (as used in our cryo-EM sample prepara-
tion) or a pure POPC bilayer (as used previously for HCN1 molecular

dynamics simulations™”), solvated with about 75,000 water molecules,
and around 140 K" and around 140 CI” ions were added in the solvent
space tomirror the physiological ionic strength (100 mM). The system
contains about 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 x 150 x 158 A%>. The CHARMM36 force field’”® was
employed for the protein, lipids and ions, and the 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 pK, values calculated by PropKa v.3.1 (ref. 79) 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 v.2022.3 (ref. 80), interfaced
with PLUMED v.2.7 (ref. 81). Long-range electrostatic interactions were
treated with the particle mesh Ewald method®?. The cut-off distances
for the Lennard-Jones and the real space Coulomb interactions 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 proteinand lipid were gradually released duringa100 ns
equilibration run. A wall potential (half-sided harmonic potential), U,
was added toindividual propofol using PLUMED to enhance sampling of
propofol withinits binding site during the equilibration run, as defined
inequations (1) and (2),
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where Nis 4 (and 2) for propofols bound at site 1 (and 2), r;is the dis-
tance between the centre of mass of propofol and the alpha carbon
of each of four residues selected at the binding pocket (M305, M356,
F389 from one protomer, and 1380 from its neighbouring protomer
interfaced at site 1) for propofols at site 1 (=1~ 4), and alpha carbons
of L218 and K219 for propofols at site 2 (i=1~2).r,, was settobe 6.5,
10,10 and 7.5 A for propofols at site 1, and 8.5 and 6.0 A for propofols
atsite 2. Each r,, was chosen to be around 2 A greater than its initial
value in the cryo-EM coordinates. k was set to be 30 kcal mol A for
all Ugr). The wall potentials were removed after equilibration, followed
by a production run for 400 ns. All simulations were performed in
the semi-isotropic isobaric-isothermal (NPT) ensemble at tempera-
ture =300 Kand pressure =1 atm. Propofol was considered unbound
when the r.m.s.d. of propofol from its initial binding pose at t = 0 was
larger than 5 A for longer than 1 ns.

Voltage-clamp fluorometry

The gene coding for the sea urchin (Strongylocentrotus purpuratus)
HCN (spHCN) channel was in the pGEM-HE expression plasmid. All
mutations were introduced using QuikChange site-directed mutagen-
esiskit (Qiagen). InvitrospHCN complementary RNA (cCRNA) was tran-
scribed using mMessage mMachine T7RNA Transcription Kit (Ambion).
cRNA at 1-5 pg pl™ was injected into defolliculated X. laevis oocytes
(Ecocyte). The oocytes wereincubated in ND96 solution (96 mM NaCl,
2 mMKCI, 1 mM MgCl,, 1.8 mM CaCl,, 5 mM HEPES, pH 7.5).

To conduct VCF, we introduced the mutation R332C in the S4 of
spHCN channels. We then labelled these mutant channels with the
fluorophore Alexa-488 C5-maleimide. We have previously shown that
the fluorescence from Alexa-488-labelled spHCN-R332C channels
(referred to as WT in the text) is a good reporter for S4 movement in
spHCN channels™®*,
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After2-3 d of incubation, oocytes were labelled with100 pM Alexa-
488 C5-maleimide (Molecular Probes) for 30 min at 4 °C. Following
labelling, the oocytes were kept on ice to prevent the internalization
of labelled channels. Oocytes were recorded in ND96 solution with
100 pM LaCl; toblock endogenous currents induced by hyperpolarized
voltages*®. Whole-cellionic currents were measured with the TEVC tech-
nique using an Axon Geneclamp 500B amplifier (Axon Instruments).
Data were filtered at 1 kHz, digitized at 5 kHz (Axon Digidata 1322 A),
and monitored and collected using pClamp software (Axon Instru-
ments). 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 mVto-160 mV (in—20 mV steps) were applied
to activate the S4 movement and current of the channel followed by
atail 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 signalupon
activation at different voltages. ZD7288 (Tocris Bioscience) and propo-
fol (Sigma) were added to the bath solution to block spHCN channels.

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 Boltz-
mann equation: G(V) = A, + (Anax — Amin)/ A+ exp((V - Vy)/k)), where
Anax and Ay, are the maximum and minimum, respectively, V;, is the
voltage at which 50% of the maximal conductance levelis reached and
kisthe slope factor. Data were normalized between the A,,,,, and A,,;,
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. FV curves were obtained
by plotting the normalized steady-state fluorescence signal versus dif-
ferent test pulses. The FV curves were fitted with a single Boltzmann
equation. All experiments were repeated more than three times from
at least two batches of oocytes. Data are presented as mean * s.e.m.
and nrepresents the number of experiments.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Themapsfor HCN1WT and M305L in nanodiscs in complex with propo-
fol (accession codes: EMD-42116, EMD-44425) and without propofol
(accession codes: EMD-42117, EMD-44426) have been deposited in the
Electron Microscopy Data Bank (EMDB). Atomic coordinates for the
HCN1WT and M305L structuresin nanodiscs with propofol (accession
codes: 8UC7,9BC6) and without propofol (accession codes: 8UCS,
9BC7) have been deposited in the Protein Data Bank (PDB). Figures 2-5
and Extended Data Figs. 3-5and 7 have raw data associated with them.
Raw electrophysiology and fluorescence traces are available fromthe
corresponding authors uponrequest. The atomic coordinates of one
replicaof the free molecular dynamics simulation of DOPC:POPE:POPS
lipid-solvated HCN1 channel with propofol bound at sites1and 2 at
t=0and 400 ns and the topology and force field files of all system
components including propofol are available at Zenodo (https://
doi.org/10.5281/zenodo.11528212)3*. Source data are provided with
this paper.
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with30 pM propofol for 10 min. To verify inward HCN1 currents, recording
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highlightedinred. Empty and filled symbols witherror barsrepresent mean +s.d.
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represents 10 pm. For microscopy source data, see Supplementary Fig. 2.
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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
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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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