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Binding of 3',5’-cyclic adenosine monophosphate (cAMP) to hyper-
polarization-activated cyclic nucleotide-gated (HCN) ion channels
regulates their gating. cCAMP binds to a conserved intracellular
cyclic nucleotide-binding domain (CNBD) in the channel, increasing
the rate and extent of activation of the channel and shifting acti-
vation to less hyperpolarized voltages. The structural mechanism
underlying this regulation, however, is unknown. We used dou-
ble electron—electron resonance (DEER) spectroscopy to directly
map the conformational ensembles of the CNBD in the absence
and presence of cAMP. Site-directed, double-cysteine mutants in
a soluble CNBD fragment were spin-labeled, and interspin label dis-
tance distributions were determined using DEER. We found motions
of up to 10 A induced by the binding of cAMP. In addition, the
distributions were narrower in the presence of cAMP. Continuous-
wave electron paramagnetic resonance studies revealed changes in
mobility associated with cAMP binding, indicating less conforma-
tional heterogeneity in the cAMP-bound state. From the measured
DEER distributions, we constructed a coarse-grained elastic-net-
work structural model of the cAMP-induced conformational tran-
sition. We find that binding of cCAMP triggers a reorientation of
several helices within the CNBD, including the C-helix closest to
the cAMP-binding site. These results provide a basis for under-
standing how the binding of cAMP is coupled to channel opening
in HCN and related channels.

hyperpolarization-activated ion channels | allosteric regulation

on channels are allosteric membrane proteins that open se-

lective pores in response to various physiological stimuli,
including binding of ligands and changes in transmembrane
voltage (1). They are important for diverse physiological func-
tions ranging from neurotransmission to muscle contraction.
One such channel, the hyperpolarization-activated cyclic nucle-
otide-gated (HCN) ion channel, underlies the current (termed
Iy, Iy, or Iy) produced in response to hyperpolarization of cardiac
pacemaker cells and neurons (2). In the heart, HCN channels are
responsible for pace-making activity and may have a role in the
autonomic regulation of the heart rate (3-5). In the brain, HCN
channels are involved in repetitive firing of neurons and dendritic
integration (6-8). Despite the important physiological roles of
HCN channels, the structure of the channels and molecular mech-
anism of their function are not completely understood.

HCN channels are part of the voltage-gated K* channel super-
family (9). Like other members of this family, they are tetramers,
with each subunit having a voltage-sensor domain of four trans-
membrane helices (S1-S4) and a pore-lining domain consisting
of two transmembrane helices separated by a reentrant loop (S5-P-
S6; Fig. 14). However, HCN channels contain two key special-
izations that make them unique among the voltage-gated ion
channels: (i) They are activated by membrane hyperpolarization
instead of depolarization, and (i) they are regulated by the direct
binding of cyclic nucleotides, like the ubiquitous second messenger
cAMP, to a cytoplasmic domain in the carboxyl-terminal region
of the channel. The direct binding of the agonist cAMP to HCN
channels increases the rate and extent of activation and shifts the
voltage dependence of activation to more depolarizing voltages.

9816-9821 | PNAS | July 8,2014 | vol. 111 | no.27

The crystal structure of the carboxyl-terminal region bound to
cAMP has been solved for several HCN channels (10-14). The
nearly identical structures consist of fourfold symmetrical tet-
ramers predicted to connect directly to the S6 segments that form
the ion-conducting pore (Fig. 14). Each of the subunits contains
two domains: the cyclic nucleotide-binding domain (CNBD) and
the C-linker domain. The CNBD exhibits strong structural simi-
larity to the CNBDs of other cyclic nucleotide-binding proteins,
including cAMP-dependent protein kinase (PKA), the guanine
nucleotide exchange factor Epac, and the Escherichia coli
catabolite gene activator protein (CAP) (15-19). The CNBD
consists of an eight-stranded antiparallel B-roll, followed by
two a-helices (B-helix and C-helix). cAMP binds in the anti-
conformation between the p-roll and the C-helix. The C-linker is
a unique domain found only in HCN channels and their close
homologs, cyclic nucleotide-gated (CNG) channels, and KCNH
family K* channels (14, 20, 21). It is situated between the CNBD
and membrane-spanning domains of the channel, and is the site
of virtually all intersubunit interactions in the structure (Fig. 14).
The C-linker has been found to play a key role in coupling
conformational changes in the CNBD to opening of the pore
(9, 22, 23).

The ligand-induced movement of the C-helix is widely thought
to initiate the conformational changes that lead to opening of the
channel pore, but the structural evidence in support of this hy-
pothesis is equivocal (10, 24-29). The crystal structure of the
HCN2 carboxyl-terminal region in the absence of ligand shows
little difference from the cyclic nucleotide-bound structure (12).
The only significant differences between the two structures are
observed in the F’-helix of the C-linker and in the C-helix. The
proximal half of the C-helix is in the same position in the cAMP-
bound and unbound structures, whereas the distal half is missing
from the apo structure, indicating that it is disordered or can
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Study of conformational changes in HCN2 using DEER. (A, Upper) Putative transmembrane topology of HCN2 channels highlighting the voltage

sensor domain (S1-54) and the pore domain (55-56). Only two subunits are shown. (A, Lower) Crystal structure [Protein Data Bank (PDB) ID code 3ETQ] of the
cysteine-free cytoplasmic carboxyl-terminal domain of HCN2. One subunit of the tetramer is shown in color. (B) Schematic diagram showing the distance
change between two cysteine-attached MTSL spin labels in a protein upon cAMP binding. In this example, the two positions are closer in the presence of
cAMP. (C) Raw DEER time traces for HCN2ys free V537C,A624C labeled with MTSL are shown in black in the absence or presence of cCAMP, as indicated. The
colored curves are distance-distribution fits to the data. The oscillation frequency is higher in the presence of cAMP, indicating that the two positions are

closer together in the ligand-bound form.

access multiple conformations. In contrast, studies on the soluble
carboxyl-terminal fragment using transition metal ion FRET
(tmFRET) demonstrate a relatively large movement (~5 A) at
the proximal end of the C-helix upon binding of cAMP (12). The
tmFRET studies also indicate a smaller movement at the distal
end of the C-helix and increased disorder in the C-helix in the
absence of cyclic nucleotides (12, 26).

In this study, we examined the cAMP-induced conformational
transition in the CNBD of HCN2 using double electron—electron
resonance (DEER) spectroscopy. DEER is a pulse electron para-
magnetic resonance (EPR) method that can determine distances
and resolve distance distributions between pairs of sites within
proteins separated by about 15-80 A (30-33). In a typical DEER
experiment, two sites in a protein are mutated to cysteines and
labeled with small magnetic spin labels (Fig. 1B). DEER mea-
sures the pair’s magnetic through-space coupling via excitation of
one label and probing of the other with a series of short mi-
crowave pulses. This method yields an oscillating signal whose
frequency falls off with the third power of the distance between
the labels (Fig. 1C). Crucially, DEER measures full-distance dis-
tributions, rather than just an average distance, providing quan-
titative information on structural heterogeneity and variability
that is not accessible from X-ray crystal structures or ensemble
FRET experiments. Using DEER, we found that the binding of
cAMP to the isolated C-linker/CNBD of HCN2 causes the
C-helix to move substantially toward the p-roll and decreases
the conformational heterogeneity of the protein. These observa-
tions are the first step in understanding the mechanisms of ligand
gating of HCN channels and the activation of other CNBD-
containing proteins.

Results

To measure the cAMP-induced conformational changes in HCN2
channels, we performed DEER experiments on an isolated car-
boxyl-terminal fragment containing the C-linker and CNBD. We
introduced pairs of cysteines into an otherwise cysteine-free car-
boxyl-terminal fragment (HCN2y free) previously shown to have
a structure nearly identical to the WT fragment (rmsd = 0.7 A)
(12). Cysteines were placed either at the proximal end of the
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C-helix (A624C) or at the distal end of the C-helix (R635C), as
well as at each of three different positions in the p-roll (V537C,
S563C, and K570C). The introduced cysteines were then modi-
fied with the nitroxide spin label S-(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL).
Fig. 24 shows the locations of the cysteine mutations and
the predicted MTSL side-chain rotamers for each residue
we studied.

DEER was performed to measure the separations of all six
possible combinations of C-helix and p-roll mutations in the
absence and presence of 1 mM cAMP. At this concentration,
HCN is >95% in the cAMP-bound form, based on the protein
concentrations of 30-50 pM and known K, values that range
from about 0.1 pM to a few pM (11, 12, 26, 34). Fig. 1C shows the
DEER time traces for HCN2y . spin-labeled at positions
V537C and A624C. The oscillations were faster in the presence
of cAMP, indicating that cAMP caused these positions to move
closer together. These time traces were then converted into
distance distributions, as detailed in Methods. The corresponding
distance distributions demonstrate that cAMP binding induces
a 9-A movement of the peak of the distance distribution (from 36
A to 27 A) of the spin label at A624C at the proximal end of the
C-helix toward the label at position V537C on the f-roll (Fig.
2B). Similar results were obtained for movements of the spin
label at position A624C relative to other positions on the p-roll
(10-A movement toward S563C and 5-A movement toward
K570C; Fig. 2B and Fig. S14). These data indicate that cAMP
causes a large movement of the proximal end of the C-helix
toward the p-roll.

When a spin label was introduced at position R635C at the
distal end of the C-helix, we observed a smaller change in diso-
tance relative to the position of V537C on the p-roll (about a 3-A
shortening of the dominant distance) and a significant distribu-
tion narrowing upon cAMP binding (Fig. 2C and Fig. S14). We
obtained DEER distributions for constructs with spin labels at
R635C and either S563C or K570C as well. In the absence of
cAMP, we observed that the distance distributions between spin
labels at S563C and R635C and at K570C and R635C had modal
distances of 30 A and 29 A, respectively (Fig. 2C). However, in
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Fig. 2. C-helix moves closer to the p-roll upon binding of cAMP. (A) Structure of HCN2 s free indicating the positions and modeled rotameric distributions of
MTSL spin labels used for DEER measurements. (B) Distance distributions obtained from fits to DEER traces for a spin label at the proximal end of the C-helix
(A624C) relative to p-roll residues in the absence (cyan) and presence (red) of cAMP. (C) Distance distributions obtained from fits to DEER traces for a spin label
at the distal end of the C-helix (R635C) relative to the p-roll residues in the absence and presence of cAMP. Poor fits were obtained for $563C,R635C and
K570C,R635C in the presence of cAMP. (D) Distance distributions obtained from fits to DEER traces of MTSL-labeled V537C,K570C in the presence and absence

of cAMP. In all plots, errors (20) are indicated by the shaded areas.

the presence of cAMP, the data analysis did not provide accurate
distance distributions, as reflected by the large error bars in the
distance distributions and the poor fits to the time traces for
these data (Fig. 2C and Fig. S14). A significant fraction of spin
label rotamers at these positions are predicted from the crystal
structure to be too close (<15 A away) in the presence of cAMP
to produce interpretable traces. Contributions from protein con-
formations with short separations can be underrepresented in
DEER time traces relative to longer separations, complicating
the quantitative analysis of such traces (35). Nevertheless, these
data demonstrate that upon cAMP binding, the distal end of the
C-helix also moves closer to the p-roll.

Although the distance changes we observed are consistent with
movement of the C-helix, it is possible that conformational
changes within the B-roll contributed to the change in distance
distributions. To control for this possibility, we measured the
separation of two residues on the f roll, V537C and K570C, in
the absence and presence of cCAMP. The distance distributions
showed no change, supporting the conclusion that cAMP does
not induce significant conformational changes within the p-roll
but does cause the C-helix to move closer to the p-roll (Fig. 2D).

Previous analytical ultracentrifugation experiments on WT
protein indicate that our carboxyl-terminal HCN2 constructs are
monomeric at the concentrations used for our experiments (<50
pM) (14). A multimeric assembly of subunits would introduce
intermolecular as well as intramolecular interactions between
spin labels and complicate our interpretation of the results. To
control for the possibility of tetramerization or nonspecific ag-
gregation, we measured DEER traces for constructs containing
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only one cysteine per monomer. The DEER time traces for these
mutants showed slow, quasilinear signal decays in both the
absence and presence of cAMP, consistent with a monodisperse
solution of HCN monomers (Fig. S1B).

For each of the DEER experiments with A624C, there is
a detectable peak in the distributions in the absence of cAMP at
the position of the primary peak in the presence of cAMP. These
data suggest that even in the absence of cAMP, the channel
samples the conformation of the cAMP-bound state. In addition,
several of the distance distributions obtained from our DEER
measurements were broader in the absence of cAMP, indicating
increased structural heterogeneity near one or both sites to
which MTSL was attached (Fig. 2 B and C). This is most obvious
for Ehe V537C,A624C pair, where t}%e FWHM decreased from
7.5 A in the absence of cAMP to 5.0 A in the presence of cCAMP.
Similarly, the distance distribution of the V537C,R635C pair
spreads out over a wider distance range in the absence than in
the presence of cAMP. These results indicate that in the absence
of cAMP, the position of the C-helix relative to the f-roll is
heterogeneous, and the binding of cAMP restricts the confor-
mational space of the C-helix closer to the p-roll.

Because DEER determines the distance between the two spin
labels, changes in spin-label mobility at a single position cannot
be inferred from DEER data. To determine which locations
undergo mobility changes, we measured the room temperature
continuous wave (CW) EPR spectra for each of the single-cys-
teine mutants labeled with MTSL in the absence and presence of
cAMP. CW spectra broaden as the rotational correlation time of
the spin label attached to the protein increases and the spin label
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becomes less mobile. No significant agonist-induced changes in
the mobility of the spin label were observed at sites other than
R635C (Fig. 3). The CW spectrum of R635C broadened in the
presence of cAMP, indicating a decrease in mobility upon cAMP
binding. The broadening corresponded to an increase in the
rotational correlation time for the spin label from 0.8 ns in the
absence of cAMP to 1.3 ns in the presence of cAMP. Changes
in the width of the HCN2y frec R635C CW EPR spectrum in
the presence of cAMP could reflect either a shift in the pop-
ulation of MTSL rotamers or a change in the mobility of the
protein backbone. These results suggest that the distal end of
the C-helix is more flexible in the absence than in the presence
of cAMP.

Discussion
The cAMP-bound structure of the HCN carboxyl-terminal re-
gion has been solved for several HCN channels (10-14) and is
similar to the agonist-bound structures of many other CNBD-
containing proteins (15-19). However, the agonist-free structure
of this protein is still controversial. Crystal structures of HCN2
in the absence of cCAMP are almost identical to cAMP-bound
structures, but other experiments suggest large conformational
changes accompany ligand binding (12, 24-26). To resolve this
controversy, we studied changes in structure associated with ligand
binding using DEER and CW EPR. In our DEER experiments,
we observed a large movement of the C-helix toward the B-roll
and decreased heterogeneity of the C-helix upon cAMP binding.
In the CW EPR spectra, we observed a decrease in the mobility
of R635C at the distal end of the C-helix upon ligand binding.
We used the distance distributions derived from our DEER
data to construct a model of the conformational change in the
CNBD induced by binding cAMP. The peaks of the distance
distributions were used as constraints in an elastic network
model to predict the structure of the HCN2 carboxyl-terminal
region in the absence and presence of cAMP. The rmsd fitting
errors for the two models were about 2.1 A (apo form) and 0.9 A
(bound form). Comparison of the two structural models shows
that cAMP binding induces a large movement of the C-helix toward

‘B'S_"_ai‘l.—\/\/\__,,.

K570C (loop)

ooty A

R635C (C-helix)

+cAMP
no cAMP

344 345 346 347 348 349 350 351 352
magnetic field (mT)

Fig. 3. cAMP binding decreased the mobility of the distal C-helix. CW EPR
spectra for MTSL attached to positions V537C in the 1 strand, S563C in the
B4 strand, K570C in the p4-p5 loop, A624C in the C-helix, and R635C in the
C-helix in the absence and presence of cAMP. There was significant line
broadening evident in the spectrum for R635C as a result of CAMP binding,
indicating a reduction in mobility of the spin label.
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the p-roll (Fig. 44 and Movie S1). To accommodate the large
movement at the proximal end of the C-helix (5-10 A from our
DEER data), the B-helix must move as well. In the models, there
is also a rotation of the C-helix about the helical axis that brings
residues R632 and 1636 into contact with the purine ring of the
cyclic nucleotide (Movie S1). These contacts have been proposed
to stabilize the ligand-bound conformation and drive the opening
conformational change (36).

The elastic-network structural models agree very well with the
experimental data. The modeled cAMP-bound structure is nearly
identical (rmsd = 0.2 A) to the HCNZ2,q . crystal structure in the
presence of agonist (Fig. 4B). This suggests that the DEER data
in the presence of cAMP are consistent with the crystal structure.
Furthermore, despite the fact that our models do not include
heterogeneity in the protein backbone, the DEER distance dis-
tributions calculated from the models reasonably predict our
experimental distributions (Fig. 4C and Fig. S2). Only the model
prediction for the V537C,R635C DEER distribution in the ab-
sence of cAMP was significantly different from the experimental
data (Fig. S2). We believe this discrepancy reflects the disorder
at position R635C in the absence of cAMP, which was not di-
rectly incorporated into our model. Our coarse-grain model is
also consistent with many electrophysiology studies on HCN and
CNG channels (37), suggesting that the conformational change
we observe in the isolated C-linker/CNBD fragment is similar in
intact functional HCN channels and CNG channels as well.

We have previously used tmFRET to investigate the structural
rearrangements of the C-helix induced by agonist binding (12,
26). Our tmFRET data indicated a large movement at the
proximal end of the C-helix and a smaller movement at the distal
end toward the f-roll subsequent to agonist binding. This is
consistent with the more quantitative results from our DEER
experiments, which show a 5- to 10-A movement at the proximal
end of the C-helix and a smaller movement at the distal end. In
general, the distance changes reported by tmFRET were smaller
in magnitude than those indicated by DEER. This discrepancy
may be due to slightly different sites used for the tmFRET
studies or the tendency of FRET measurements to underreport
changes in distance (38).

Both DEER and CW EPR predict a decrease in the confor-
mational heterogeneity of the C-helix upon binding to cAMP,
particularly at the distal end. This observation is consistent with
previous tmFRET results, which showed that agonist binding
stabilized the secondary structure of the C-helix (12, 26). The
structural heterogeneity predicted by EPR at the distal end of
the C-helix may also explain the lack of electron density at the
end of the C-helix in the apo crystal structure of HCN2 (12).

Other CNBD-containing proteins undergo similar structural
changes subsequent to agonist binding. In particular, the NMR
structures of the CNBD of the prokaryotic K* channel MloK1
in the absence and presence of CAMP demonstrate a similar
movement of the B- and C-helices subsequent to agonist binding
(39, 40). However, the movement of the C-helix is somewhat
larger than reported here. PKA and Epac also undergo similar
conformational changes subsequent to agonist binding, with ag-
onist binding accompanied by movement at a hinge between the
B-roll and B-helix (18). In contrast, the solution NMR structures
of CAP in the absence and presence of cAMP do not demon-
strate any large translation of the B- and C-helices (41). In
the NMR structure of cCAMP-free CAP, the distal C terminus
appears disordered. A lack of order in the C-helix was also ob-
served in several of the cAMP-free crystal structures of the
MloK1 CNBD (42). The heterogeneity that we observed in
DEER studies of the C-helix in the absence of ligand could ex-
plain why the NMR and crystal structures of other CNBDs in
other proteins are not well ordered.

The DEER studies reported here provide a quantitative per-
spective on the cAMP-induced conformational change in HCN
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Fig. 4. Conformational change in the HCN2 carboxy terminus induced by
cAMP binding. (A) Elastic network models of the CNBD of HCN2 in the ab-
sence (cyan) and presence (red) of CAMP. Models were obtained using the
HCN2ys free Crystal structure (PDB ID code 3ETQ) and experimental con-
straints from DEER. Structures were aligned at the p-rolls (residues 534-607).
(B) Comparison between the modeled cAMP-bound structure (red) and the
crystal structure of HCN2y, ree (gray) bound to cAMP (3ETQ). (C) Distance
distributions obtained from DEER for V537C,A624C in the absence and
presence of CAMP compared with predicted DEER traces (dashed lines) cal-
culated from the modeled structures in A.

channels. Instead of just inferring the conformational change
and heterogeneity from static structures, the distance distribu-
tions provided by DEER allow us to observe the conformational
space occupied in a given state of the channel directly and how it
changes with ligand binding. These experiments lay the foun-
dation for understanding how the conformational change in the
C-helix is propagated to the B-helix, to the C-linker, to the voltage
sensor domain, and to the gate in the ion-conducting pore. By
providing information on the conformational space accessible to
HCN channels, DEER will allow us to probe the relationship be-
tween conformational heterogeneity and allosteric regulation of
HCN channels.

Methods

Protein Expression, Purification, and Spin Labeling. The gene encoding resi-
dues 443-640 of a cysteine-free fragment of the mouse HCN2 ion channel
(HCN2y.free) Was cloned into the pMALC2T vector (New England Biolabs).
The vector contains an N-terminal maltose-binding protein (MBP) tag sep-
arated from the channel gene by a thrombin-cleavable linker. Cysteine
mutations at indicated residues were introduced for EPR studies using
standard PCR-based techniques.

The vector containing the HCN2ys.tree gene was transfected into BL21
(DE3) cells and grown at 37 °C to an ODggo of 0.6-0.8. The cells were then
induced with 1 mM isopropyl p-p-1-thiogalactopyranoside and grown over-
night at 18 °C. Two-liter cultures of cells were pelleted by centrifugation at

9820 | www.pnas.org/cgi/doi/10.1073/pnas.1405371111

4,000 x g at 4 °C for 10 min and resuspended in 150 mL of 150 mM KCl,
30 mM Hepes, and 10% (wt/vol) glycerol (pH 7.2). DNase at a final concen-
tration of 5 ung/mL and two tablets of protease inhibitors (cOmplete EDTA-
free; Roche) were added to the buffer. The resuspended cells were lysed by
an Emulsiflex-C3 homogenizer (Avestin) and clarified by centrifugation at
186,000 x g at 4 °C for 45 min. The lysate was then purified with amylose
affinity chromatography, and MBP was cleaved off by thrombin.

The protein (10-50 pM) was spin-labeled with 100 pM MTSL (Toronto
Research Chemicals) per cysteine mutation for 1 h at room temperature. To
remove MBP and excess spin label, the sample was purified by ion exchange
chromatography. The sample was diluted in buffer containing 10 mM Kcl,
30 mM Hepes, and 10% (wt/vol) glycerol (pH 7.2); loaded on an SP Sepharose
column (HiTrap SP FF; General Electric); and eluted with a continuous gra-
dient between 10 mM and 1 M KCl. Fractions containing protein were
pooled and concentrated to ~50 M using a 30,000 molecular weight cutoff
(MWCO) centrifugal filter (Vivaspin; General Electric).

EPR Sample Preparation. For both CW EPR and DEER experiments, the protein
was buffer-exchanged into D,O with 150 mM KCl, 30 mM Hepes, and 10%
(wt/vol) glycerol using a PD-10 column that also removes all traces of
remaining unbound spin label. The protein in deuterated buffer was di-
vided, and 1 mM cAMP was added to half. Protein in the absence and
presence of cAMP was further concentrated using a 30,000 MWCO centrif-
ugal filter. The final concentration of the protein was 30-50 pM. For CW EPR,
protein was loaded into 1-mm outer diameter quartz capillaries (Q100-50-
7.5; Sutter). For DEER, 200 pL of each protein sample was inserted into a 4-mm
outer diameter quartz tube (707-SQ-100M; Wilmad) and flash-frozen in
liquid nitrogen. The variation in modulation depths observed in our sam-
ples is likely due to different degrees of labeling.

EPR Data Acquisition. CW EPR spectra were recorded on a Bruker EMX
spectrometer with an X-band (9.78 GHz) microwave source at room tem-
perature. A dielectric resonator with a Q-factor of 2,000-4,000 was used
(ER4123D; Bruker). Spectra were recorded with incident power of 0.2 mW,
modulation amplitude of 2 G, and modulation frequency of 100 kHz.

DEER data were acquired on a Bruker EleXsys E580 spectrometer at X-band
(9.5 GHz) with an MD4 dielectric resonator (Bruker). Experiments were
performed at 60 K using a cryostat and liquid helium cooling system
(Oxford). The four-pulse, dead-time free DEER sequence [(n/2)prope — T1 —
(Mprobe — T1 + t = (Mpump — (12 — 1) — (Wprobe — 72l Was used with a 10-ns
n/2 probe pulse and a 20-ns = pump pulse (30, 32). The pump frequency
matched the nitroxide spectral maximum. The probe frequency was cen-
tered in the resonator dip and was 70 MHz higher than the pump frequency.
Pulses were positioned using 120 ns for 7, and 1,800 ns for t,, and t was
varied from —60 ns to 1,800 ns in increments of 10 ns. An eight-step phase-
cycling protocol was used to collect data. The measurement time for each
sample was 10-16 h.

Data Analysis. DEER distance distributions were obtained using the Deer-
Analysis2013 software (43). Background subtraction was performed by
assuming a homogeneous 3D background. Distance distributions were
generated from the time traces using Tikhonov regularization, a model-
free least-squares approach. The regularization parameter was opti-
mized separately for each dataset according to the L-curve criterion.
Rotational correlation times for R635C CW EPR spectra were extracted
from the experimental data using the stochastic Liouville equation solver
as implemented in EasySpin (44).

Elastic Network Modeling. Rotameric distributions of the MTSL-labeled cys-
teine residues were modeled using a library approach with the MMM
software (45). Elastic network modeling implemented in MMM was used to
create CAMP-bound and unbound models of HCN using the DEER distance
constraints and the cAMP-bound HCN crystal structure (Protein Data Bank
ID code 3ETQ) as a starting structure. The algorithm used for modeling was
a modification of the anisotropic elastic network model developed by
Zheng and Brooks (46). The model is based on harmonic oscillator poten-
tials for the elastic interactions of all pairs of alpha-carbon atoms within
a specified cutoff distance (10 A in the implementation we used). The
MMM implementation modifies the original algorithm by increasing the
force constants for the nearest and next-nearest neighboring alpha-
carbons by a factor of 10,000 relative to force constants between more
distant atoms. It also varies the force constants according to the inverse
sixth power of the separation of the alpha-carbons (33). Comparisons of
experimental data with predictions based on the models were generated
by modeling rotameric distributions of the MTSL-labeled cysteine residues
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and predicting DEER results in MMM. MMM provides noise-free pre-
dictions and does not take into account background and noise effects. We
added background and Gaussian noise with a standard deviation equiv-
alent to that observed in our experimental data to the noise-free MMM-
predicted DEER time traces. Distance distributions were generated from
these predicted time traces using DEERAnNalysis (43).
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