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Electrical activity in the brain and heart depends on rhythmic generation of action
potentials by pacemaker ion channels (HCN) whose activity is regulated by cAMP
binding'. Previous work has uncovered evidence for both positive and negative

cooperativity in cAMP binding??, but such bulk measurements suffer from limited
parameter resolution. Efforts to eliminate this ambiguity using single-molecule
techniques have been hampered by the inability to directly monitor binding of
individual ligand molecules to membrane receptors at physiological concentrations.
Here we overcome these challenges using nanophotonic zero-mode waveguides* to
directly resolve binding dynamics of individual ligands to multimeric HCN1and HCN2
ion channels. We show that cAMP binds independently to all four subunits when the
poreisclosed, despite a subsequent conformational isomerization to a flip state at
eachsite. The different dynamics in binding and isomerization are likely to underlie
physiologically distinct responses of each isoform to cAMP® and provide direct
validation of the ligand-induced flip-state model®®. This approach for observing
stepwise binding in multimeric proteins at physiologically relevant concentrations
candirectly probe binding allostery at single-molecule resolution in other intact
membrane proteins and receptors.

Ligand binding to allosteric sites of transmembrane receptors such as
ionchannels and G-protein-coupled receptors underpins many signal-
ling pathways. The hyperpolarization-activated, cyclic-nucleotide
gated HCN ion channels are one receptor class that contributes to
re-initiation of action potentials, amechanism critical for cardiac pace-
making and rhythmic neuronal activity"'®. During the ‘fight or flight’
response”, cAMP binding to HCN modulates its activity and thereby
regulates heart rate. Each HCN channel, which is a tetramer, can bind
up to four cAMP molecules via its cyclic-nucleotide-binding domains
(CNBDs) but the mechanism of binding and modulation remains con-
troversial. The Hill coefficient for HCN2 exceeds unity and the channel
activity reaches its maximum at 60% ligand occupancy, suggesting
cooperative gating'. Ligand-binding studies using patch clamp fluo-
rometry (PCF) and isothermal titration calorimetry have led to unusual
and complex models positing both positive and negative cooperativ-
ity, depending on the ligation state>>", As with any multi-parameter
binding schemes based on ensemble data, these models suffer from
the problem of parameter identifiability™.

The definitive approach for obtaining binding kinetics and equilib-
ria of each ligation state is to directly monitor ligand binding at the
single-molecule level. Specifically, direct resolution of ligand bind-
ingis needed to track reaction pathways, as ligand occupancy is the
principal reaction coordinate for binding and gating transitions 5,
Intramolecular single-molecule Forster resonance energy transfer

(smFRET) is a powerful technique for quantifying ligand-induced
structural dyamics'2*. However, direct measurement of cooperative
ligand binding in multimeric proteins at the single-molecule level®%,
including dynamics, remains an immense challenge. One key part of
this challenge is performing physiologically relevant measurements
above the concentration barrier of diffraction-limited light, where sig-
nal decays precipitously relative to background®. Evenintermolecular
smFRET, which can resolve single fluorescent ligands at nanomolar
concentrations in the low hundreds??, has not been demonstrated at
the micromolar concentrations required for mostion channel modula-
tors suchas c AMP*, Overcoming this concentration barrier is critical
for understanding the mechanism of ligand gating in multimericion
channels and receptors.

Nanophotonic zero-mode waveguides (ZMWs) offer unique access to
high concentrations*. ZMWs possess sub-diffraction-limit observation
volumes that canresolve single binding events at micromolar®>*and
even millimolar® concentrations. ZMWs facilitate long observations
times needed to adequately sample ligand binding to each multimer
subunit and provide the high signal to background needed to discern
stacked binding events with increasing shot noise*®.

In this Article, we reveal the mechanism of cAMP association with
purified HCN1and HCN2 channels at the single-molecule level by using
ZMWs to monitor binding of a fluorescent cAMP (fcAMP) and quanti-
fying the transient occupation of all intermediate bound states (fully
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Fig.1|fcAMPbinding tointact HCN channelsinZMWs. a, Representative
scanningelectron microscopy (SEM) image of ZMWs. AIlZMW chips used
(n=7)were confirmed by SEM. b, Cartoon (not to scale) of ZMW with deposited
eGFP-tagged HCN for fcAMP binding experiments (eGFP, Protein Data Bank
(PDB) 2Y0G; HCN1, PDB 6UQG). c-f, Representative fluorescence-time

unboundto fully bound). We find that fcAMP bindingisindependent for
bothisoforms when the poreis closed, and that each subunit indepen-
dently isomerizesinto alonger-lived bound conformation. We observe
differencesinisomerizationkinetics between the two isoforms that may
underlie the physiologically distinct effects of CAMP on their activation.
Overall, our approach provides a detailed view of early binding transi-
tions in a multimeric ion channel and can be applied broadly to unam-
biguously quantify binding cooperativity in other membranereceptors.

Binding of individual ligands to HCN channels

Full-length HCN1 and HCN2 channels were engineered with an
N-terminal eGFP on each subunit for purification and imaging
(HCN1SM and HCN2SM, respectively) (Methods). Electrophysiological
characterizationrevealed activation upon hyperpolarizationand mod-
ulation by cAMP, consistent with wild-type channels?, including a minor
shiftinmidpoint voltage (V,,,) of activation for HCNISM (+2.1mV) and a
larger shift for HCN2SM (+20.6 mV) under saturating cAMP (Extended
DataFig.1a, b). Both channels were purified from HEK 293T cells into
detergent micelles using affinity and size-exclusion chromatography
(Methods, Extended Data Fig. 1c). Single-molecule photobleaching
analysis confirmed the tetrameric assembly of each purified isoform
under imaging conditions (Methods, Extended Data Fig. 1d).

HCN molecules were sparsely deposited into ZMWs, which were
fabricated via electron-beam lithography**® (Fig. 1a, Extended Data
Fig. 2, Methods), to promote single occupancy (Fig. 1b). Binding
activity at various concentrations of DY-547-labelled cAMP (fcAMP)
(Fig.1c-f, Extended Data Figs. 3, 4, Supplementary Table 1) was moni-
tored for at least 300 s at 10 Hz. Transitions between unbound (U) or
multiply bound (B1, B2, B3 and B4) states were determined separately
for each molecule using DISC?*, an unsupervised learning algorithm
(Fig.1c-f, Extended Data Figs. 3, 4, Methods).

fcAMP binds non-cooperatively to HCN isoforms

First, we determined whether the cAMP binding promotes coop-
erativity between different subunits. If binding to each subunit is

No. of bound
fcAMP

l ‘ ' 2

ool Il I 1 1 T (AT 1

L A L i I L1/ 1) BT I{F1V8 Pl LI L 0

oO—=NWw s

o=NWw »

trajectories of fcAMP binding to HCN1ISM and HCN2SM at 250 nM (¢, e) and
750nM(d, f) fcAMP overlaid with idealized fit (black) (120 s of 300-s
trajectories are shown). Additional trajectories are presented Extended Data
Figs.3,4.

non-cooperative, the occupancy of each ligation state obtained
from idealized trajectories should follow a binomial distribution®.
Across all recordings, binomial fits accounted for 94% of observed
state-occupancy distribution of HCN1SM and 93% for HCN2SM, as
measured by root meansquared error, suggesting independent binding
(Fig.2a, b, Supplementary Table 2, Methods).

Next, we extracted transition rates by first optimizing an uncon-
strained sequential model with four binding transitions (Fig. 2c; model
linSupplementary Table 4) and the rates displayed a strong linear cor-
relation between successive steps consistent withindependent binding
(Fig. 2d, e). A simpler model in which binding of individual ligands is
equal,independentandgoverned by commonrate constants® (Fig.2d, e,
dashedlines; model 2in Supplementary Table 4) converges to similar
rates as the unconstrained model. Minor deviations between these
models probably arise from fewer observations of B3 and B4, our finite
collectionrate (10 Hz), and decreased signal-to-noise at higher fcAMP
concentrations, all of which can obscure fast transitions (Supplemen-
taryFig.2). Equilibrium association constants (K,) for each binding step
alsosupportnon-cooperativity for bothisoforms, in stark contrast to
results from PCF reported elsewhere?? (Fig. 2f). The slight weak nega-
tive cooperativity between B3 and B4 arises from increased probabil-
ity of missing B4 transitions and could be reproduced in simulations
(Supplementary Fig. 2).

Together, state occupancies and transition rates unambiguously
demonstrate that fcAMP binds non-cooperatively to intact HCN1ISM
and HCN2SM when the pore is closed and the voltage sensor is in the
resting conformation. Our findings are in stark contrast to the oscillat-
ing behaviour from models fit from PCF data for HCN2 with the volt-
age sensor in either the activated or resting state* and the negative
cooperativity observed inisothermal titration calorimetry studies of
isolated CNBDs®.

Ligand binding is followed by conformation flip

Our previous single-molecule studies on isolated HCN2 CNBDs
revealed a second reversible conformational state following ligand
binding®?*. Combined with structural data, we postulated that this
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Fig.2|fcAMP binds non-cooperatively to both HCNisoforms.

a, b, Normalized state-occupancy distributions for HCN1SM (a) and HCN2SM
(b) at various fcAMP concentrations with total number of molecules (n), data
points (m) and binomial success rate for four subunits (P) indicated (Extended
DataFig.5, Supplementary Table 2). ¢, Sequential ligand-binding model (model 1
inSupplementary Table 4). White squares indicate unbound (U), black squares
indicatebound (B) and L representsligand.d, e, Optimized transition rates
(mean +s.e.m.) for sequential binding (Supplementary Table 5) for HCN1SM (d)

second conformation corresponds to a coordinated rotation of the N-
and C-terminal a-helices about the rigid CNBD B-barrel*?, reminiscent
of a catch-and-hold mechanism of ligand-gated channels®®. A similar
model of ligand docking and CNBD isomerization was suggested by
double electron-electron resonance (DEER) spectroscopy*. It has
previously been hypothesized that this ligand-induced ‘flipped’ state
may allosterically modulate the pore through the C-linker*>*, Whether
these conformational dynamics observed in isolated CNBDs are pre-
served in full-length channels remained an open question.

We first analysed dwell times of singly-liganded states immediately
preceded and followed by unbound states (U>B1->U) as these dwell
times provide the most accurate representation of individual bind-
ing dynamics without truncation from additional binding (Fig. 3a).
Maximume-likelihood estimations of isolated-B1 dwell time distribu-
tions required two exponential components for both HCN1SM and
HCN2SM (Fig. 3b, ¢), withthe monoexponential fit conspicuously failing,
particularly for HCN2SM, at both early and late times (Extended Data
Figs. 6,7, Supplementary Table 3). The contribution of static disorder
to the histogram can also be ruled out (Extended Data Fig. 8). These
analyses suggest an isomerization into a flipped state at each subunit
following ligand binding inintact HCN channels. Critically, as binding is
non-cooperative, this conformational change does notinfluence ligand
association with neighbouring subunits when the channel is closed.

Binding dynamics underlie ligand efficacy

Theexistence of theligand-induced flipped state across all CNBDs was
assessed by testing two models featuring four independent binding
steps either without (model 2in Supplementary Table 4) or with ligand
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and HCN2SM (e) withalinear fit (black solid). Dashed lines indicate expected
rates from constrained and sequential non-cooperative binding model (model 2
inSupplementary Table 4). f, Equilibrium association constants (K,) for each
ligand-binding step (mean +s.e.m.). Dashed lines indicate fits from model 2.
Previously reported K, values for fcAMP binding to HCN2 using PCF of open?
(<130 mV) and closed?® (-30 mV) channels shown for comparison (grey). For d—f,
parameters were fit to all events across all fcAMP concentrations (HCN1SM: 739
molecules, 180,480 events; HCN2SM: 444 molecules, 82,030 events).

inducedisomerization uponbinding (Fig.4a, model 3in Supplementary
Table 4). Both models were validated using representative simulations
toensure reliability (SupplementaryFigs. 1,2, Supplementary Methods).

Transition rates were globally optimized using QuB and ranked by
Bayesian information criterion to optimize goodness of fit and model
complexity**** (Methods). Consistent with studies on isolated mono-
meric CNBDs** and theisolated-B1 dwell times above, the model featur-
ingaconformational flip at each subunit was preferred for both HCNISM
and HCN2SM (Supplementary Table 4). Therefore, the null hypothesis
of purely sequential binding can be rejected in favour of a scheme fea-
turing reversible conformational flips of ligand-occupied subunits.

Optimized transition rates from model 3 provide insights into
mechanistic differences between HCNisoforms (Fig. 4b). Simulations
of optimized rates for each isoform match experimentally observed
fractional occupancy (Fig. 4c) and dwell time distributions of each
liganded state (Extended Data Figs. 9,10). HCN1SM and HCN2SM exhibit
similar unbinding rates, but the ligand-association rate of HCNISM is
nearly twice as fast. Each isoform exhibits similar rates of exiting the
flipped state, but HCN1SM spends only 27% of the time in the flipped
state for any bound event, compared to 43% for HCN2SM owing to
its faster entry rate. These results suggest that differences in cAMP
modulation ability of HCN channels derive not only from differencesin
ligand association, butalso from the duration of time spentinasecond
metastable conformation.

Discussion

Here, we directly quantified the transient occupation of each of the
four ligation states of two functionally distinct HCN isoforms at the
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Fig.3|Ligand bindinginduces a conformational change ateachHCN
subunit. a, Representative fcAMP binding trajectory withidentified
isolated-Bldwell times (red). b, ¢, Dwell time distributions of isolated-B1
events for HCN1SM (b) and HCN2SM (c) at 250 nM fcAMP overlaid with
monoexponential (blue dashed) and biexponential (red) fits (Methods). nis
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Abscissavalues correspond to the centre of the histogram bars. Insets show
probability density function (PDF) of each distribution with the ordinateona
log scaleto highlight less-frequent but long-lived bound durations. Error bars
showtheerror ofbinomial distribution for each bin. See Extended DataFigs. 6,
7 forisolated-B1 dwell time distributions and Supplementary Table 3 for all fit
parameters.

single-molecule level usingZMWSs. Our approach overcomes the current
limitations of ensemble measurements and offers several key insights
into the mechanism ofligand activation. First, we find that the binding
of each of the four fcAMPs to functional HCN1SM or HCN2SM channels
occurs independently when the channel pore is closed in absence of
membrane potential. Although previous observations that isolated
CNBDs oligomerize upon cAMP binding suggested cooperativity**,

thereis noevidence thatthisassociationalsooccursinintact channels.
Indeed, single-particle reconstructions of HCN channels do not show
any evidence of cAMP-induced association between CNBDs*¢. However,
we cannot rule out the possibility that ligand binding is cooperative if
the membrane is sufficiently hyperpolarized to open HCN channels.

Second, we resolved asecond, metastable conformational state fol-
lowing ligand binding at each subunit. Using single-channel analysis
on glycine receptors, Sivilotti and colleagues postulated that ligand
bindingis followed by a global and coordinated conformational rear-
rangement to stabilize binding®”. In contrast to the single unique
conformation predicted from these models, our data instead show
that the flip state is an ensemble of conformations with independent
conformational changes at each subunit. Our revised flip-state model
closely matchesstructural data fromisolated CNBDs***® and full-length
channels*. Whether these previously identified structural transitions
correspond to the kinetic intermediates observed here remains to be
determined.

Finally, we uncover subtle but important differences in the dynam-
icsbetween the twoisoforms. Despite similar fcAMP unbinding rates,
HCN2SMssubunits enter the flip state faster, leading to increased bound
durations. This suggests that prolonged duration in the stabilizing
flip conformation may underlie the stronger effect of cCAMP on pore
modulation in HCN2 than HCNI. Our data therefore contradict the
notion that HCN1 channels exists primarily in a high-affinity confor-
mation (pre-activated state model) leading to unresponsiveness to
cAMP binding®.
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Fig.4|Arevised flip-state model. a, Non-cooperative binding model with a
reversible conformational flip at each subunit following binding of ligand (L).
Alternative binding patternsare outlined in the dashed box. b, Optimized
transitions rates of binding states showninafor HCN1SM and HCN2SM. Data
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concentrations overlaid with predictions froma (mean +s.d.). Numbers of
molecules for each fcAMP concentration are provided in Supplementary
Tablel.d, Schematic showing conversion efficiency between unbound (U),
bound (B) and flipped (B*) states for HCN1SM and HCN2SM.

Overall, we have developed an approach to dynamically monitor
the binding of multiple individual ligands to a membrane recep-
tor at single-molecule resolution, offering a paradigm for studying
ligand-dependent activationin many multimericligand-gatedionchan-
nelsandreceptors (Supplementary Note 1). These measurements can
quantify ligand-induced gating processes and can potentially be com-
bined with smFRET to identify key structural transitions. Our approach
canbe used more widely to study the effect of allosteric modulators and
drugs, including agonists, antagonists and partial and inverse agonists
on ligand binding to clarify their mechanisms of action, bringing us
closer toacomprehensive understanding of ligand-dependent activa-
tionin membrane receptors.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Generation of single-molecule constructs

HCNISM was based off a cryo-electron microscopy study of HCN1*.
We modified the human orthologue of HCN1 by deleting amino acids
636-865 on the C-terminal tail and on the N terminus the construct
was tagged with eGFP and a Twin-strep affinity purification tag. The
eGFP tag was used for both single-molecule localization and tether-
ing to streptavidin-coated surfaces via a biotinylated GFP nanobody
(GFP-TRAP). The mouse orthologue of HCN2 was modified to yield
HCN2SM. Amino acids corresponding to residues 686-860 on the C
terminus were deleted to improve the biochemical behaviour of the
purified protein and the amino acids corresponding to residues1-136
onthe N terminus were replaced by residues 1-98 from the human
HCN1orthologue to overcome the high G/C content. HCN2SM, as with
HCN1SM, was tagged on the N terminus with Twin Strep-tag and eGFP.

Cell culture and electrophysiology

HEK 293T adherent cells (ATCC) were cultured in DMEM (Sigma) with
10% FBS (Gibco). The HEK 293T cells were not experimentally authen-
ticated or tested for mycoplasma contamination. For transient trans-
fection, cells were seeded in 35-mm cell culture dishes. After 16-20 h,
the cells were transiently transfected with 2.5 pg of either HCN1SM
or HCN2SM plasmid DNA using TransIT-293 reagent (MIRUS) as per
manufacturer’s instructions. In case of HCN2SM transfected cells,
10 mM sodium butyrate was added 12 h post transfection to boost the
proteinexpression.48-60 h post transfection, the solutioninthe dish
was exchanged with external solution (130 mM NaCl, 30 mMKCl, 1.8 mM
CaCl,, 5mMHEPES, 0.5 mM MgCl,, pH7.4; 310 mOsm). Recording elec-
trodes (Drummond scientific, OD 1.6 mm) with aresistance of around
2-4MQwere pulled using P-97 puller (Sutter Instrument). Electrodes
were fire polished and filled with the internal solution (130 mM KClI,
10 mM NaCl,1mM EGTA, 0.5mM MgCl, and 5 mM HEPES, 2mM ATP
(ATPsodiumsalt), pH7.2;295 mOsm). Where indicated, internal solu-
tion also contained 500 uM cAMP (cyclic adenosine monophosphate
sodiumsalt). Whole-cell recordings were obtained at room temperature
(23 °C) using an Axopatch 200A amplifier, a Digidata 1550B digitizer
and pCLAMP software (version 10.7, Molecular Devices). Recordings
were low passfiltered at 5kHz and sampled at 20 kHz. Activation curves
were obtained by holding the cell at 0 mV and then hyperpolarizing
to -30 to either =130 mV (for HCN1SM) or =150 mV (for HCN2SM) in
10 mV decrements, followed by a test pulse at =130 mV. All the statisti-
cal analysis was performed using OriginPro 2020b and the data are
presented as mean £ s.e.m. (Extended Data Fig. 1a, b).

Protein expression and purification

cDNA corresponding to HCNISM in the modified pEG BacMam vector*’
was extracted fromlarge volumes of bacterial cultures using Endotoxin
free Plasmid Purificationkits (Qiagen) and transfected into suspension
cultures of Freestyle HEK 293 cells (Thermo Fisher Scientific) using
Trans-IT Pro Transfection reagent (MIRUS) following manufacturer’s
instructions. The Freestyle HEK93 cells were not experimentally authen-
ticated or tested for mycoplasma contamination. Post transfection,
cellswere grown at 12-14 h at 37 °C, following which sodium butyrate
was added tothe cultures toafinal concentration of 10 mMand cultures
were grown at 30 °C for another 48 h. Cells were collected by centrifuga-
tionat 3,000gfor 20 minand washed twice with chilled 150 mM NacCl, 2
OmM Tris, pH 8.0. Cell pellets were subsequently resuspended in lysis
buffer (300 mMNaCl, 40 mM Tris, 10mM DTT, 20% glycerol,1mMEDTA,
1%L-MNG, 2mM cholesterol hemisuccinate (CHS), pH8.0 supplemented
with 1x Halt protease inhibitor cocktail (Thermo Fisher Scientific),

briefly sonicated onice and incubated at 4 °C with gentle agitation for
about 2 h. The detergent extract was spun atabout100,000g for1.5h
and the supernatant was purified using Streptactin affinity resin (IBA
Life Sciences). Protein bound resin was washed with 10 bed volumes
of wash buffer (300 mM NacCl, 20 mM Tris, 10 mM DTT, 5% glycerol,
1mMEDTA, 0.1% digitonin (Calbiochem), pH 8.0) and the protein was
eluted inwash buffer withSmM desthiobiotin. The eluent was concen-
trated using100 MWCO centrifugal filters to about 500 pl and further
purified using size exclusion chromatography (SEC) on the Superose
6 Increase column at 4 °C. The SEC Buffer used was 300 mM NaCl,
20 mM Tris,10mMDTT, 0.lmM GDN, pH 8.0. All single-molecule experi-
ments were performed with the peak fraction of the protein (which
routinely contained 30-100 nM protein) within 2-6 h of the SEC step
(Extended Data Fig. 1c).

HCN2SM was expressed in suspension cultures of Freestyle HEK
293 cells as described above for HCNISM. Purification of HCN2SM was
modified from that of HCN1SM in the following ways. The lysis buffer
used 1% digitonin (instead of L-MNG/CHS) and 30% glycerol and the
wash/elution buffers for affinity purification included 20% glycerol
(instead of 5%). These modifications improved the polydispersity of
the SEC profile with HCN2SM, although the profile still exhibited sig-
nificant aggregation in the affinity purified material. Only the peak
SEC fraction (containing 30-50 nM protein) was used for our studies
and binding measurements were performed within 2-6 h of the final
protein purification step (Extended Data Fig. 1c).

Although the extraction and affinity steps of HCN1SM and HCN2SM
used different detergents, the final purification step included exchang-
ingboth proteinsinto 0.1 mM GDN during SEC. The only differencein
the final conditions for HCN1ISM and HCN2SM is the glycerol content
whichwas adjusted to enhance monodispersity—awidely used measure
of protein stability—in the SEC profile. Prior to single-molecule imag-
ing, HCN1SM and HCN2SM were extensively washed in glycerol free
GDN containing SEC buffer. All single-molecule data were collected
under identical buffer conditions for HCN1ISM and HCN2SM. We note
that the relative differences in estimated binding affinities of intact
HCN isoforms from single-molecule data match those reported for
the soluble CNBDs*.

ZMW fabrication

ZMWs were fabricated at the Center for Nanophase Materials Sciences
facility at Oak Ridge National Lab using positive-tone electron-beam
lithography*. Cover glasses (Fisher Scientific cat.no.12-548-C,130-170
pmthickness) were cleaned by soakingin 5 parts deionized water, 1 part
30% hydrogen peroxide, 1 part 35% ammonium hydroxide for 15min at
75 °C. Substrates were rinsed, dried with N, gas, and plasma-cleaned
with a Harrick PDC-32G for 10 min to remove any remaining organic
impurities on the surface. The substrates were coated with thermally
evaporated aluminium at a rate of 2 A s using a JEOL dual source
E-beam evaporator to a final thickness of 100 nm. Substrates were
spin-coated with the positive tone electron-beam photoresist ZEP520A
(ZEONREX Electronic Chemicals) for 45 s at 2,000 rpm followed by
baking for2minat180 °C.ZMW features of 150-nm-diameter dots were
patterned using JEOL JBX-9300FS E-beam lithography system with a
base dose of 450 pC cm2,100 kV acceleration voltage, and 2nAbeam
current. Following exposure, substrates were developed in xylenes for
30 s, rinsed with isopropyl alcohol, and dried with N,. One hundred
nanometres of aluminium was dry etched in an Oxford Plasmalab
System 100 Reactive lon Etcher with a mixture of 30 standard cubic
centimeters (sccm) chlorine (Cl,) and 10 sscmboron trichloride (BCI3)
gassesat 50 °Cfor 60 s. Following etching, the substrates were plasma
cleaned withaHarrick PDC-32G for 15 min on a high setting to remove
remaining photoresist. This resulted in arrays of round ZMW wells of
150 nm diameter and 2 pm pitch. Each ZMW chip used in this study
(n=7)was visualized with SEM to confirm fabrication quality, diameter,
and pitch (example in Fig. 1a).
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Imaging chamber preparation

Cover glasses intended for photobleaching experiments via TIRFM and
notZMW fabrication were cleaned by successive sonication for 60 min
in 2% Hellmanex (Hellma), HPLC-grade ethanol (Millipore Sigma) and
1MKOH, with deionized water rinses between solution exchanges. Both
cover glasses and ZMW chips were additionally plasma cleaned for 5min
before surface functionalization. For ZMWs, the Al layer was passivated
by incubation in 2% poly(vinylphonic acid) (PVPA) (Polysciences) for
3 min 90 °C, followed by rinsing with Milli-Q ultrapure water and dry-
ing with Ar gas®. A silicone-gasketed chamber was attached to each
substrate to hold small volumes and reduce evaporation (SecureSeal
Hybridization Chambers, Grace Bio-Labs). Both cover glasses and
ZMW chips were silanized overnight in 2 mg ml™ biotin-PEG-silane
(molecular mass=3,400 g mol™) and 10 mg mI™ mPEG-silane (molecular
mass =2,000 g mol™) (Laysan Bio) in HPLC-grade ethanol (Millipore
Sigma) with 5% glacial acetic acid. Samples were rinsed thoroughly
with HPLC-grade ethanol, Milli-Q ultrapure water, and dried with Ar
gas.Samples were additionally incubated with 10 mg ml™ bovine serum
albumin (BSA) in tris buffered saline (TBS: 300 mM NaCl, 20 mM Tris
HCI, pH 7.9) for 30 min to ensure robust passivation.

Single-molecule imaging

Single-molecule fluorescence imaging was performed on aninverted
microscope (Olympus, IX-71) with a high NA oil immersion objective
(Olympus, 100X, 1.49 NA) and controlled by Metamorph software
(Molecular Devices). Laser excitation at either 488 nmor 532 nm (Coher-
ent, Sapphire LP) was fed into asingle AOTF (Laser Launch) and guided
into a single-mode fibre (Thorlabs). The beam was collimated with
anachromaticlens (Thorlabs), passed through a quarter-wave plate
(Thorlabs), and focused on the objective’s back aperture with another
achromaticlens (Thorlabs). The power of eachbeaminto the objective
was measured atabout 5.3 mW for 488 nmand 6.7 mW for 532 nm, and
the spotsize at the sample plane was approximately 50 pmin diameter.
Excitation and emission were filtered using two different dichroicand
filter cubes applied separately (Semrock Brightline, LF488-C-000, Cy3/
Cy5-A-OMF for fcAMP) and imaged on a 512 x 512 EMCCD (Andor iXon
Ultra X-888) at 10 Hz. This set-up enabled simultaneous recording of
about1,600 ZMWs at a time in an approximately 80 x 80 pum field of
view (Extended Data Fig. 2a).

All single-molecule experiments were carried out in TBS supple-
mented with 1 mg/ml BSA,100 uM GDN, and 5 mM DTT. Biotinylated
cover glasses and ZMWs were sequentially incubated with 1pM strepta-
vidin (Prospec, cat. no. PRO-791) and 10 nM biotinylated GFP-TRAP
(ChromoTek) for 10 min each. Purchased GFP-TRAP was provided at
1mgml™(molecular mass=13.9 kDa) and diluted to 10 nM in TBS before
use (1:7,200 dilution). GFP tagged HCN1ISM/HCN2SM molecules were
pulled down to the surface by incubation at either 5 pM (cover glasses)
or 250 nM (ZMW) for 10 min then thoroughly rinsed to remove freely
diffusing eGFP-HCN1/2 before imaging. The specificity of the GFP-TRAP
for tethering HCN1SM and HCN2SM was confirmed using a non-specific
binding assay (Extended Data Fig. 2a). The manufacturer reports a
K;=1pM for GFP-TRAP-GFP interaction. We did not observe any notice-
able decrease in single-molecule spots over a typical imaging session
(1-2 h) indicating HCN1SM and HCN2SM remain surface tethered.

For binding experiments, TBS was first purged with argon for
30 min (before BSA, DTT, or GDN addition), and further supple-
mented with2 mM Trolox, 2.5 mM protocatechuic acid (PCA, Millipore
Sigma), and various concentrations of 8-(2-[DY-547]-aminoethylthio)
adenosine-3’,5’-cyclic monophosphate (fcAMP; BioLog cat. no. 109-
001). Prior to 532 nm excitation, an additional 250 nM protocatechuate
3,4-dioxygenase from Pseudomonas sp. (PCD, Millipore Sigma) was
added to complete the oxygen scavenging system. All solutions were
replenished every 30 min to minimize evaporation and ensure the
oxygenscavenging systemwas active. The specicity of fcAMP binding

to surface tethered HCN1SM and HCN2SM was confirmed using a
non-specificbinding assay with1puM fcAMP in the absence of HCN1SM/
HCN2SM and after the addition of 1 mM cAMP (Extended Data Fig. 2c,
d). Proteins were sparsely deposited onto the array to reduce the prob-
ability of having more than one protein per ZMW. On average, 313+ 188
ZMWS were occupied per field of view. Considering Poisson statistics
for single-molecule deposition into ZMWs, the observed deposition
rate (A= 0.22) leads us to only anticipate about 2% of ZMWs per field
of view to contain more than one protein.

Allligand-binding experiments used fcAMP, a fluorescent deriva-
tive of cAMP featuring a DY-547 fluorophore. This analogue activates
HCN2 channels with a similar efficiency to cAMP?*™2, A co-localization
paradigmwas used toidentify ZMWs featuring HCN molecules recep-
tive to fcAMP binding. First, the array was excited with a488 nm pump
toidentify ZMWs containing at least one HCN molecule. Excitation at
488 nm was continued to photobleach the eGFP tags (114 + 87 s). Dif-
fusing fcAMP was then continuously excited at 532 nm for at least 300
swith a100-ms exposure time to monitor binding activity.

Single-molecule analysis

Single-molecule fluorescence time trajectories were extracted from
tiff stacks saved by Metamorph (Molecular Devices) using MATLAB
(Mathworks). Locations of single molecules were identified by eGFP
emission. For each image stack, a binary image mask was created by
averaging the first 100 images, removing background with a top-hat
filter and thresholding. Identified locations with an area greater than
4-pixels and at least 5-pixel separation betweenall neighbouringloca-
tions were considered a region of interest (ROI). ROl locations were
refined using a 2D Gaussian to fit the local intensity height map onthe
averaged image. For co-location experiments of fcAMP binding using
ZMWs, ROIs identified in the 488-nm channel (eGFP photobleaching
steps) were linearly transformed to the 532-nm channel (fcAMP) fol-
lowed by 2D Gaussian refinement. The time-dependent fluorescence
ateach ROl was obtained by projecting the average image intensity in
a7 x7-pixel square centred around the ROI for eachimage of the stack.
The first 50 frames (5 s) of each time series were removed to account
forafluorescence decayinside the ZMW uponinitial illumination (see
raw data in Extended Data Figs. 2d, 3, 4). No baseline, background, or
drift corrections were applied to the trajectories. To assess whether
photobleaching was affecting our estimated kinetic parameters, we
correlated the intensity of each isolated-B1 event with its dwell time
for HCN1SM and HCN2SM across each fcAMP concentration (Extended
DataFigs. 6,7). Although excitationintensity varied across the field of
view, we donot observe a correlation with binding kinetics which sug-
gests photobleaching is not impacting our estimations of the kinetic
parameters.

The divisive segmentation and clustering (DISC) algorithm was
applied to each fcAMP binding trajectory for an unbiased detection
of discrete states (number of ligands bound) and transitions®. States
areidentified in DISC using a top-down unsupervised clustering algo-
rithm and transitions are determined using the Viterbi algorithm. All
idealized traces were visually inspected following idealization. Traces
featuring greater than five discrete states and/or low signal to noise
ratios were removed from analysis. Single change-point detection
was applied to truncate traces exhibiting an asynchronous decay of
activity over time, a phenomenon previously observed in both bulk
and single-molecule studies which may be caused by free oxygen radi-
cals modifying CNBDs***%, Minor heterogeneity in event fluorescence
intensitiesis observed, probably deriving from dye photophysics, and
is effectively handled by the DISC algorithm?®. In total, our analysis
includes 2.2 x10°seconds (60 h) of HCN1 activity across 739 molecules
(1.8 x10° events) at fcAMP concentrations between 0.1to 0.9 pM, and
1.26 x10°seconds (35 h) of HCN2 activity across 444 molecules (8.2 x10*
events) at fcAMP concentrations between 0.1to 1.5 uM (Supplementary
Table 1). These results are drawn from different protein preparations



(HCN1SM: n =2, HCN2SM: n =3) and collected across multiple ZMW
chips (HCN1SM: n = 3, HCN2SM: n = 4). All statistical analysis was
performed using MATLAB 2019b unless otherwise stated. Errors are
reported as s.d., s.e.m. or 95% confidence intervals and are indicated
ineach caption. All analyses were additionally repeated after removing
single-frame (100-ms) events to account for missed events, blinking,
diffusion, or noise (Supplementary Methods, Supplementary Table 7).

Maximum likelihood estimations of state occupancy distributions,
photobleaching steps distributions, and dwell time distributions were
all performed using custom scripts in MATLAB. For state occupancy
distributions (Fig. 2a, Extended Data Fig. 5, Supplementary Table 2),
the total number of observed frames spent in each state across allmol-
ecules atgiven fcAMP concentration was treated as binomial distribu-
tion. Here, for 4 identical bindings sites, each with a probability of
ligand binding P, the probability of x binding sites being occupied
simultaneously is
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Distributions of photobleaching steps (Extended Data Fig. 1c, d)
were treated as a zero-truncated binomial distribution to account for
the inability to observe molecules wherein all subunits were pho-
tobleached before excitation. For 4 identical eGFP tags, each with a
probability of being fluorescent P, the probability of observing x pho-
tobleaching stepsis given by

X(1 _ p\y4—x
P = & [P a-p) J

x!(4-x)! 1-@1-pP)*

Dwell time distributions of unbinned isolated-B1 events (Fig. 3,
Extended Data Figs. 6, 7, Supplementary Table 3) were treated as a
mono- or biexponential distribution. The probability of observing a
dwell time of duration x is given by

z
Prx)=Y Ate ™
i1

inwhich zisthe number of exponentials being fit, A is the fitted ampli-
tudewhere Y1, A; =1,and rthe fitted time constants. A log likelihood-
ratio test was performed for each dwell time distribution to compare
the goodness-of-fit of single and double exponential distributions.
The homogeneity of the estimated parameters within the full popula-
tion of molecules was confirmed by an outlier analysis (Extended
Data Fig. 8, Supplementary Methods). Dwell time distributions are
visualized in two ways. First, dwell times are binned and plotted as
histograms where the abscissa values correspond to the centre of the
bars. Second, isolated-B1 dwell times are additionally visualized as
probability density function (PDF) plotted on a log scale to highlight
the long-lived dwell times (see insets of Extended Data Figs. 3, 6, 7).
The PDF values are computed by dividing each bin by the product of
the bin width and the total number of counts. Error bars for each bin
were calculated as the error of binomial distribution, previously
described elsewhere?.

HMM analysis
HMM analysis of idealized data sets for HCN1SM and HCN2SM were
performed with QuB***%. The first and last event of each trajectory

was removed before analysis to avoid interpretation of truncated
events. Models were globally optimized to simultaneously describe
the idealized binding events for all molecules across all fcAMP con-
centrations using maximum idealized point (MIP) likelihood rate esti-
mation. The optimized transition rates returned by QuB are reported
as mean + s.e.m. The goodness of fit of each model was assessed by
Bayesian information criterion**

BIC= kx In(n)—-2xLL

inwhich kis the number of free parameters in the model (Supplemen-
tary Table 4), nisthe total number data points (frames) across all fcAMP
concentrations (Supplementary Table 1), and LL is the log likelihood
by MIP estimation in QuB*2. The model with the lowest Bayesian infor-
mation criterion value was considered the best fit (Supplementary
Table 4). Optimized rates for all models are also in Supplementary
Table 5. The data were additionally resampled to ensure homogeneity
(Supplementary Methods, Supplementary Table 6).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All experimental data are available upon reasonable request. Source
dataare provided with this paper.

Code availability

The DISCO software package is available at https://github.com/Chan-
daLab/DISC and fully described elsewhere®®. All additional MATLAB
scripts for single-molecule analysis and image processing are available
uponreasonable request.
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Extended DataFig.1|Characterization of HCN1ISM and HCN2SM.

a, Representative electrophysiological recordings (top) of HCN1SM (left) and
HCN2SM (right) with voltage protocol. Tail currents (arrow) were collected at
-130 mV and were used to generate the activation curves. b, Normalized
activation curves of HCN1SM (left) and HCN2SM (right) in the absence or
presence of saturating concentrations (500 pM) of internal CAMP with a
Boltzmannfit (red). Data pointsare mean +s.e.m. (n=>5 patches).V, , values for
are HCNISM -71.2 £ 0.4 mV without cAMP and -69.1+ 0.5 mV with cAMP. V,, values
forare HCN2SM-105.2+ 0.6 mV without cAMP and -84.6 + 0.5 mV with cAMP).

¢, Size exclusion chromatography (SEC) profiles of HCN1SM (grey) and
HCN2SM (orange dashed). Triangles indicate the peak fraction (0.3 ml) used for
single-molecule measurements. d, Example fluorescence vs time trajectory of
photobleaching eGFP-tagged HCN2SM tetramers via TIRFM. e, Distributions
of photobleaching steps overlaid withamaximum likelihood estimate of a
zero-truncated binomial distribution (red) for atetrameric complex witha
probability (P) of observing eGFP (HCN1: P=0.65,95% CI[0.63,0.67],n=752;
HCN1: P=0.67,95% C1[0.65,0.69], n=588).
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Extended DataFig.2|Non-specificbindinginZMWs. a, Bright fieldimageof  thefirst10 frames (1s) and background subtracted for visualization.

ZMW array on single-moleculeimaging set-up featuring a 512 x 512 pixel Brightness and contrast were adjusted for clarity. d, Representative and
EMCCD and a100x objective. Each white dot (about 1,600 per field of view) is a randomly selected fluorescence trajectories of empty (no HCN) and passivated
ZMW.b, ¢, Test of specific binding of eGFP-tagged HCN2SM to ZMWs (b) andof ~ ZMWs with1,000 nM fcAMP fit with DISC (black). The first 50 frames (grey)
fcAMP (c) toHCN2SMin ZMWs. Forband ¢, allimages shownareaveragedover ~ were removed fromanalysis.
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Software and code

Policy information about availability of computer code

Data collection Single-molecule images collected using MetaMorph (version 7.8.10.0, Molecular Devices). Electrophysiology data collected using
pCLAMP (version 10.7, Molecular Devices)

Data analysis Electrophysiology data were analyzed using OriginPro (version 2020b, OriginlLab). Single-molecule were analyzed using custom scripts in
MATLAB (2019b, MathWorks). The DISC software was used for idealization (github.com/Chandalab/DISC). Kinetic modeling was
performed using QuB (qub.mandelics.com). All custom Matlab scripts are available from the corresponding authors upon reasonable
request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Visualization in Fig.1 included publically available PDB 20YG and PDB 6UQC. The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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Life sciences study design
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Sample size Statistical methods were not used to determine sample sizes. Electrophysiology experiments were performed on 5 replicates. Single molecule
experiments provided >100 molecules per imaging condition. Each fcAMP concentration was recorded at least in duplicate on either a
different ZMW array, chip and/or protein preparation to ensure consistent results. Experiments were repeated until s.e.m. values were
sufficiently low for reliable dwell time analysis and comparisons between HCN1SM and HCN2SM.
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Data exclusions  Single-molecule time series were removed from analysis based on pre-established criteria. Traces were not included if: a given ROI featured
more than 4 eGFP photobleaching steps (indicating more than molecule), the data was too noisy (SNR < 1.5) to reliable analysis, or if more
than 5 ligand-bound states were identified.

Replication Data presented are an amalgam of different protein preparations (HCN1SM, n = 2; HCN2SM, n = 3) and collected across multiple ZMW chips
(HCN1SM, n = 3, HCN2SM, n =4). All attempts provided consistent results.

Randomization  The samples were not randomized as the experimental condition is systematic.

Blinding Experimentalists were not blinded to conditions or analysis as the procedure is systematic. Image processing and analysis were largely
automated using predefined criteria described in the Methods of the manuscript.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology g |:| MRI-based neuroimaging
]
]

X

Animals and other organisms

Human research participants

XXX X[

|:| Clinical data

Antibodies

Antibodies used Alpaca anti-GFP VHH, biotinylated (GFP-TRAP) from Chromotek (gtb-250). Purchased GFP-TRAP was provided at 1 mg/mL (MW =
13.9 kDa) and diluted to 10 nM in TBS (300 mM NaCl, 20 mM Tris HCl, pH = 7.9) prior to use (1:7200 dilution).

Validation Specific binding of eGFP-tagged proteins to the glass or ZMW surface were tested in the presence and absence of GFP-TRAP
(Extended Data Fig. 2). Chromotek reports a KD of 1 pM for GFP-TRAP/ GFP interaction and we did not notice any decay in the
number of surface tethered molecules within a typical imaging session (1-2 hours). Full details on GFP-TRAP validation can be
found at https://www.chromotek.com/products/detail/product-detail/gfp-vhh/

Eukaryotic cell lines
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Cell line source(s) Freestyle HEK293-F cell line obtained from Thermofisher Scientific (Cat #R79007)
Authentication Cell line was not authenticated.

Mycoplasma contamination Cells were not tested for cytoplasm contamination




Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)
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