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Abstract

Cyclic nucleotide-binding domain (CNBD) ion channels play crucial roles in cellular-signaling
and excitability and are regulated by the direct binding of cyclic adenosine- or guanosine-
monophosphate (CAMP, cGMP). However, the precise allosteric mechanism governing
channel activation upon ligand binding, particularly the energetic changes within domains,
remains poorly understood. The prokaryotic CNBD channel SthK offers a valuable model for
investigating this allosteric mechanism. In this study, we investigated the conformational
dynamics and energetics of the SthK C-terminal region using a combination of steady-state
and time-resolved transition metal ion Forster resonance energy transfer (tmFRET)
experiments. We engineered donor-acceptor pairs at specific sites within a SthK C-terminal
fragment by incorporating a fluorescent noncanonical amino acid donor and metal ion
acceptors. Measuring tmFRET with fluorescence lifetimes, we determined intramolecular
distance distributions in the absence and presence of cAMP or cGMP. The probability
distributions between conformational states without and with ligand were used to calculate
the changes in free energy (AG) and differences in free energy change (AAG) in the context of
a simple four-state model. Our findings reveal that cAMP binding produces large structural
changes, with a very favorable AAG. In contrast to cAMP, cGMP behaved as a partial agonist
and only weakly promoted the active state. Furthermore, we assessed the impact of protein
oligomerization and ionic strength on the structure and energetics of the conformational
states. This study demonstrates the effectiveness of time-resolved tmFRET in determining the
conformational states and the ligand-dependent energetics of the SthK C-terminal region.

Significance Statement

Allosteric regulation is pivotal for the function of most proteins, especially ion channels like
the cyclic nucleotide-binding domain (CNBD) channels. This study examines the allosteric
mechanism of ligand binding in the C-terminal region of the prokaryotic CNBD ion channel
SthK using steady-state and time-resolved tmFRET. We uncovered significant structural and
energetic changes induced by ligand binding with the full-agonist cAMP and the weak partial
agonist cGMP. Our approach also highlights the effectiveness of using fluorescence lifetimes
to reveal conformational heterogeneity and free energy changes in proteins. These findings
deepen our understanding of CNBD channel activation overall and lay the groundwork for a
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more comprehensive characterization of the effects of mutations and pharmacological agents
in these channels.

eLife assessment

This useful study uses fluorescence lifetime imaging (FLIM) and tmFRET to resolve
resting vs. active conformational heterogeneity and free energy differences driven by
cGMP and cAMP in a tetrameric arrangement of isolated CNBDs from a prokaryotic
CNG channel. The data are compelling and the experimental approach features
rigorous new methods and analyses. Limitations include (1) only the cytosolic
fragments of the channel were studied; (2) the results are not adequately discussed
in the context of the extensive prior literature about conformational dynamics and
energetics of CNBD-containing ion channels; (3) ambiguity in the stoichiometry of
labeled:unlabeled subunits; and (4) the lack of a discussion of alternative
interpretations of the data. The study will be of interest to scientists working on the
structural mechanisms of membrane proteins.

https://doi.org/10.7554/eLife.99854.1.sa4

Introduction

CNBD channels, part of the voltage-gated ion channel superfamily, play pivotal roles in sensory
perception, signal transduction and cellular excitability (13). The CNBD family includes cyclic
nucleotide-gated (CNG) channels, which are responsible for visual and olfactory signal
transduction, and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, which
regulate the pacemaker activity of the heart (2(2-4 (3). Despite their diverse physiological roles,
CNBD channels all possess a shared tetrameric structure with four similar or identical subunits
surrounding a central ion-conducting pore. Each subunit contains two regions: a transmembrane
region with a voltage-sensor and pore domain, and a cytosolic carboxy-terminal (C-terminal)
region that consists of a CNBD plus a C-linker connecting the CNBD to the pore (5). These
channels are activated by the binding of cyclic nucleotides (such as cAMP or cGMP) to the CNBD,
which induces conformational changes throughout the protein structure to ultimately open the
pore. This ligand-induced allosteric opening is still poorly understood and questions remain about
the structural and energetic changes that occur during this allosteric regulation. In particular,
what are the energetics of the conformational changes in individual domains, how are these
conformational changes coupled within and between subunits, and how do these processes differ

for full and partial agonists?

SthK is a prokaryotic member of the CNBD family from Spirochaeta thermophila, which has
considerable sequence and structural similarity to eukaryotic CNBD channels and offers a
powerful model for better understanding the allosteric regulation in these channels (6 2). It is
easily expressed in E.coli, has established biochemical purification methods, and its physiological
properties have been studied with ion flux assays and patch-clamp electrophysiology (7 (2, 8 2).
We have also characterized a cysteine-free version of the protein (cfSthK) and found it to behave
nearly identically to wild-type channels, making it amenable to thiol-based site-specific labeling
(7). As previously shown, binding of cAMP to SthK causes robust channel currents in E.coli
spheroplasts (Fig. 1A %) with a high degree of cooperativity (Fig. 1B @3; Hill slope, h: 2.9 + 0.2). In
contrast, cGMP appears to be a poor partial agonist for SthK, and its binding to the same structural
pocket is only weakly coupled to conformational changes that increase channel open probability

(Fig. 1B(2) (7).
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Fig. 1.

SthK as a model protein for characterizing the allosteric regulation in CNBD channels. (A) Representative macroscopic A208V-
cfSthK currents in inside-out patches from bacterial spheroplasts in response to voltage steps shown at the top, in the
absence of cyclic nucleotide (top black trace), in saturating 1 mM cAMP (middle red trace), and in saturating 1 mM cGMP
(bottom green trace). (B) Dose-response relation of A208V-cfSthK to cAMP at +80 mV (red circles, n=6), fit with the Hill
Equation (in red, K;,5: 0.27 £ 0.01 pM, slope: 2.9 + 0.2, + SD). Fractional activation by 1 mM cGMP was 0.002 + 0.003 (+ SD)
(green diamond, n=6). (C) State diagram showing four states (either apo or holo, and either resting or active) of the CNBD
and the associated AG's for the transitions between states. (D) Theoretical fluorescence lifetime decays of a donor
fluorophore in the time-domain showing basis of time-resolved tmFRET. A single exponential donor and mixtures of two
single tmFRET distances (short and long) are shown. (E) Theoretical distance distributions showing two states with average
distances, 7, heterogeneity within each conformational state as standard deviation, g, and heterogeneity between
conformational states as fractional area A, for apo (black) and holo (red) conditions.
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X-ray crystallography and cryo-EM structures of SthK reveal notable ligand-induced structural
changes throughout the protein, particularly in the CNBD (9 2-11 ). These differences include a
rotation of the CNBD’s C-helix towards the B-roll with binding of cyclic nucleotide. This important
conformational change is thought to be coupled to a rearrangement of the C-linker, and ultimately
to the opening of the channel pore. However, structures alone have not been able to fully
characterize the energetic landscape of the allosteric regulation, especially in determining the

structural heterogeneity within conformational states and the energetics between these states.

To link structural information to dynamics, we used a simple four-state model to describe the
conformational states and energetics in the C-terminal of SthK (Fig. 1C ). This framework has
been used previously to describe allosteric proteins generally and the ligand-binding domains of
CNBD channels in particular (122-17%). In this model, the CNBD can exist in either resting or
active conformational states, both of which can be ligand free (apo) or ligand bound (holo).
Whereas in the absence of ligand, the transition from resting to active is unfavorable, the presence
of ligand (either full or partial) makes the active state more favorable. The equilibrium constants,
and therefore energetics, that describe the transitions between states determine the steady-state
fraction of molecules in each given state. Using the four-state energetic model as a framework and
an experimental method for determining the fraction of molecules in each state, we can calculate
the changes in free energy (AG) and differences in energy change (AAG) between the
conformational states of the CNBD upon binding of ligands like cAMP and cGMP.

In this study, we utilized our recently described steady-state and time-resolved tmFRET methods to
characterize the ligand-induced structural changes and energetics in the isolated C-terminal
fragment of SthK (18 @ -20 (2). In tmFRET, a donor fluorophore is paired with a transition metal
ion, such as Cu2*, Fe?*

protein structure at different positions. As in classical FRET with two fluorophores, the efficiency
of energy transferred between the donor fluorophore and acceptor metal ion is steeply distance
dependent and can be used as a molecular ruler to measure distances between sites on a protein
213®@).

,or Ru?*, as an acceptor. Donor-acceptor pairs can then be incorporated in a

In time-resolved tmFRET, changes in fluorescence lifetimes of the donor fluorophore are
quantified to report FRET efficiencies, and therefore molecular distances between the donor and
acceptor. The fluorescence lifetime is the time, in nanoseconds, between excitation of the donor

the time-domain, a histogram of photon latencies for the simplest lifetimes appears as a single
exponential decay (Fig. 1D 2, black line). FRET resulting from a single donor-acceptor distance
also produces lifetimes described by a single exponential decay, but with a time constant that
decreases in proportion to the FRET efficiency (Fig. 1D (%, solid green and red lines). However, in
the case of two donor-acceptor distances, such as from two protein conformations, the intensity
decay will be double exponential, with contributions from both donor-acceptor distances. The
average distance of each component and the fraction among components can be determined by
fitting the decay with a double-exponential decay model. The fractional contribution of each
lifetime represents the prevalence of each distance, and thus conformational state, in the sample
population (Fig. 1D @, green-red dashed lifetime is a mix of 20% solid green and 80% solid red
lifetimes) (21 @). Time-resolved tmFRET, therefore, resolves the structure and relative abundance

of multiple conformational states in a protein sample.

Under physiological conditions, donor-acceptor distances in proteins will typically be
heterogeneous and fluorescence lifetime data will reflect this heterogeneity. Thus, we have fit
lifetime data with a FRET model that assumes Gaussian distributions of donor-acceptor distances.
This heterogeneity can arise from both: 1) backbone and rotameric variations within a given state
(the width of each peak, Fig. 1E @) and 2) differences between conformational states (relative
fraction of the resting, black, and active, red, peaks, Fig. 1E ). Heterogeneity between
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conformational states reflects the proportion of molecules in the resting and active states of the
protein, which can then be used to calculate the free energy difference between the states (AG). In
this study, we used various donor-acceptor pairs in the CNBD of SthK to measure distance
distributions of the C-helix relative to the B-roll in the absence and presence of ligand. Distance
distributions were used to determine the energetics for the transitions between conformational
states of the four-state model described above. These results provide a more complete
understanding of the structural and energetic changes in the CNBD with ligand binding.

Results

We engineered three donor sites for tmFRET experiments into a C-terminal fragment of SthK

we introduced the unnatural amino acid acrydon-2-ylalanine (Acd) as a donor fluorophore using
amber codon suppression with a previously described tyrosyl tRNA synthetase (20 (%, 22 (%).
Incorporation of Acd into stop-codon containing SthKc ey, constructs occurred only in the
presence of both the amino-acyl tRNA synthetase/tRNA plasmid (RS/tRNA) and the Acd amino acid.
SDS-PAGE followed by in-gel fluorescence imaging (SthK¢._erm-S361-TAG) indicated that Acd was
site-specifically incorporated into our SthKc_ierm Constructs and the incorporated product was

readily purified for use in tmFRET experiments (Fig. 2A®).

We introduced metal ion acceptor binding sites for tmFRET using cysteine mutations in SthK¢_¢arm
for modification with cysteine-reactive metal chelators (TETAC and phenanthroline maleimide
(phenM)) bound to different transition metals (Cu®*, Fe?*, and Ru*). The three different metal ion-
acceptor complexes used in this study, [Cu(TETAC)]%*, [Fe(phenM)3]2+, and [Ru(bpy)zphenM]Z+, are
shown in Figure 2B(Z. The distance dependence of energy transfer between donor and acceptor is
described by the Forster equation and is dependent on the overlap between the absorbance
spectrum of the acceptor and the emission spectrum of the donor, among other factors 212,

energy transfer (Ry) at 15.6 A, 41.8 &, 43.5 A for [CU(TETAC)]**, [Fe(phenM)3]%*, and
[Ru(bpy),phenM]?", respectively. Thus, with Acd as a donor, these acceptors allowed us to measure

The SthK(_term fragment tetramerizes in solution at higher protein concentrations, even though
the transmembrane domains are absent. Although the tetrameric structure is the physiologically
relevant state for the channel, tetramerization introduces challenges in minimizing the
contribution of inter-subunit FRET measurements where only intra-subunit donor-acceptor pairs
are desired. Using tmFRET, which is sensitive to relatively short distances, mitigates but does not
eliminate this concern. To avoid potential contributions from inter-subunit FRET, Acd-labeled
protein was tetramerized with an excess (>3:1) of wild-type SthK¢ e, protein (WT; Fig. 2C(2). WT
protein had neither Acd incorporation nor cysteine mutations. This approach ensured that, on
average, only one (or fewer) Acd-cysteine-containing subunit was present in each tetramer, and
our FRET efficiency measurements would be almost exclusively from donor-acceptor pairs within
the same subunit.

Tetrameric SthK¢ oy Was efficiently separated from monomeric protein using size exclusion
chromatography (SEC), where tetrameric protein eluted primarily as a single monodispersed peak
at 14 mL, as observed by both absorbance at 280 nm and Acd fluorescence (Fig. 2D 2, closed
triangle). We confirmed this large SEC peak was tetrameric SthK¢ ey, Using mass photometry,
which reported a mass of ~105 kDa, compared to a predicted mass of 101 kDa (Fig. 2E2).
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Fig. 2.

Expression, purification, and tetrameric analysis of SthK¢_term. (A) In-gel protein fluorescence showing selective Acd
incorporation into SthKc_tem in the absence and presence of S361Acd TAG site, Acd aminoacyl tRNA synthetase/tRNA
(RS/tRNA), and unnatural amino acid Acd. (B) Structures of cysteine modified by acceptor compounds [Cu(TETAC)]% (cyan),
[Fe(phenM)g,]2+ (magenta), and [Ru(bpy)zphenM]2+ (orange) along with their corresponding Forster curves of FRET efficiency
as a function of distance from Acd, and their Ry values specified and marked with dashed lines. (C) SthKc_term cartoon as
tetramer and monomer showing WT subunits in gray and cysteine-containing Acd-labeled subunits in orange. (D) SEC traces
(absorbance at 280 nm in black and 425 nm fluorescence emission for Acd in blue) of isolated WT-Acd-heterotetrameric
protein (closed triangle) vs monomeric WT protein (open triangle). (E) Mass photometry histogram data showing primarily
tetramers, with single Gaussian fits (blue, 29 kDa + 7.3 and 104.5 kDa + 16.8, + SD).
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Steady-State tmFRET for Determining
Weighted-Average Distance Changes

To resolve the structural changes in tetrameric SthK¢_¢orm, We characterized steady-state tmFRET
using SthKc_term-S361Acd-V416C, with a long-distance donor-acceptor pair (Fig. 3A%), and SthKc_
term-Q364Acd-R417C, with a shorter distance pair (Fig. 3C). We used the metal ion acceptors
[Fe(phenM)5]%* and [Ru(bpy),phenM]?* for the long-distance pair and [Cu(TETAC)]?* for the short-
distance pair. We measured time courses of Acd fluorescence intensity of the cysteine-containing
construct, upon addition of the acceptor, relative to protein without the cysteine mutation,
measured separately as a negative control. We plotted the ratio of the normalized fluorescence
intensity for the two protein samples as Fcy/Fyq cys- The addition of metal acceptor produced
pronounced quenching specifically in the cysteine-containing constructs (Fig. 3A,B 2,C). This
fluorescence decrease is indicative of FRET-based quenching of the donor by the metal acceptor,
with the FRET efficiency given by E = 1-F¢y/Fyq cys- The addition of a saturating concentration of
CAMP (160 pM) further increased quenching, indicating a greater FRET efficiency in the presence
of agonist compared to the apo state. The increased FRET is consistent with a cAMP-induced
decrease in donor-acceptor distance as the C-helix moves towards the B-roll. The dependence of
the apparent FRET efficiency change on the cAMP concentration was measured for each donor-
acceptor pair, then normalized for comparison and fit with the Hill equation (Fig. 3D @). The Hill
fits obtained from different sites and acceptor metals are in close agreement with one another,
suggesting similar binding affinities and that our previous measurements were obtained at
saturating concentrations. Additionally, the three Hill fits with slopes, h, ~1 suggest that the
cooperativity observed in intact channel electrophysiology is not observed in the isolated C-
terminal fragment. These steady-state tmFRET results across different donor-acceptor sites and
acceptor complexes underscore the large conformational change of the C-helix induced by cAMP.

In addition to measuring the conformational rearrangement with the full agonist cAMP, we also
used the partial agonist cGMP. Like cAMP, cGMP increased quenching by our transition metal
labels (i.e., increased FRET); however, the increase was much smaller than that produced by cAMP.
As discussed above, cGMP is a poor partial agonist of SthK which elicits only a small fraction of the
channel current elicited by cAMP (Fig. 1A@). The cGMP-induced increase in FRET we observed
provides further evidence that cGMP indeed binds to SthK and that cGMP binding causes a
conformational change that moves the C-helix closer to the B-roll. These data do not, however,
distinguish between 1) cGMP producing a smaller movement relative to cAMP (a distinct state),
and 2) cGMP producing the same size movement but with a lower fraction in the active state
(different energetics).

At lower protein concentrations, monomeric SthKc oy, Protein can be separated from tetrameric
protein on SEC. Interestingly, for multiple donor-acceptor sites, steady-state tmFRET
measurements consistently revealed higher FRET efficiencies (shorter distances) for monomers
than for tetramers, particularly in the apo state (SI Appendix, Fig. S1). These experiments suggest
that tetramerization destabilizes the resting-to-active transition of the SthKc (¢, protein. For our
remaining experiments, we focused on the conformational changes in the tetrameric state of the
protein, which is more physiologically relevant.

Predicted In-Silico Distance Distributions

To validate the accuracy of tmFRET in determining donor-acceptor distances and ligand-
dependent changes in distances, we compared our data to predictions based on structural models.
For each donor-acceptor pair, we modelled the donor and acceptor labels on the resting and active
static structures of SthK¢. ey (PDB: 7RSH and 4D7T, respectively) to obtain in-silico weighted
rotameric ensembles utilizing a previously described python package, chiLife (Fig. 4A (%) (9 2,

acceptor rotamer for both the resting and the active structures within subunits (intra-subunit) and
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Fig. 3.

Steady-state tmFRET data from tetrameric SthKc_term- (A) Left: structure of one subunit of SthK¢_ierm-S361Acd with

upon addition of [Fe(phenM)g]2+ and then cAMP or cGMP (apo, n=8; cCAMP n=6: and cGMP, n=2). Right: summary of the FRET
efficiencies from individual experiments, with mean values as horizontal lines. (B) Left: Average fluorescence time course for
same site upon addition of [Ru(bpy),phenM]?* acceptor and then cAMP or cGMP (apo, n=8; cAMP, n=4; and cGMP, n=4).
Right: summary of FRET efficiencies, with mean values as horizontal lines. (C) Left: structure of one subunit of SthKc_term-
Q364Acd-417C with [Cu(TETAC)]2+ acceptor incorporated at R417C. Middle: averaged fluorescence time course upon addition
of [Cu(TETAC)]2+ then cAMP or cGMP (apo, n= 8; cAMP, n=5; and cAMP, n=3). Right: summary of FRET efficiencies, with mean
values as horizontal lines. (D) Dose response relations of FRET efficiency change as a function of cCAMP concentration
normalized for comparison and fit with Hill equations (K;,: 0.25 + 0.01 pM, 0.14 £ 0.01 uM, 0.21 + 0.02 pM, and h:1.2 £ 0.07, 1,
and 1 for [Fe(phenM)3]%*, magenta; [Ru(bpy),phenM]?*, orange; and [Cu(TETAC)]%*, cyan respectively, + SD).
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between all other subunits (inter-subunit) (Fig. 4B(@). The inter-subunit distances predicted by
chiLife for these sites were longer than 50 A, contributing less than 15% FRET efficiency to the
intra-subunit FRET in either the resting or active states. This inter-subunit FRET is predicted to be
negligible in our experiments with added WT SthK¢_¢arm-

We compared the intra-subunit chiLife distributions with our measured weighted-average
distances predicted from steady-state tmFRET experiments. We calculated the distances from our
steady-state FRET experiments using the Forster equation (23 ™) and superimposed them on the
distributions from chiLife (Fig. 4B 2, vertical solid black and red lines). Whereas the distance
changes based on our tmFRET measurements were generally similar to the structural predictions,
the absolute distances differed by as much as 5 A. Steady-state tmFRET measurements combine
several sources of heterogeneity from the protein into a single weighted average, including the
presence of mixed populations of resting and active states. An additional source of uncertainty is
the labeling efficiency. If, for example, we assume that 10% of the protein sample in steady-state
experiments was not labeled with acceptor (e.g., due to cysteine oxidation), the adjusted weighted-
average distances from our experimental data become more similar to predicted peak values
(vertical dashed black and red lines). Although overall these average distances are close to the
expected distances predicted by the structures, a method for measuring the distance distributions
would be desirable.

Time-Resolved tmFRET for Determining Distance Distributions

While steady-state tmFRET shows an average FRET efficiency (and weighted-average distance) for
all the molecules in the sample, time-resolved measurements of fluorescence lifetimes can be used
to measure distance distributions in the sample. This approach can account for the two forms of
heterogeneity in the protein mentioned earlier (within state and between state heterogeneity), as
well as protein not labeled with acceptor. Here, we measured fluorescence lifetimes in the
frequency-domain, which can obtain distance distributions utilizing the same principles discussed
above for time-domain lifetime measurements (Fig. 1D @). Instead of measuring donor emission
photons in response to an impulse of excitation light, lifetimes in the frequency-domain quantify
the phase shift (phase delay) and decrease in amplitude of response (modulation ratio) of the
donor emission as functions of the modulation frequency of a sinusoidally-varying excitation light
202).

We first measured the fluorescence lifetime of SthKc_ter,-S361Acd-V416C in the absence of
acceptor. The phase delay and modulation ratio as a function of the modulation frequency of the
excitation light are shown as gray symbols in the Weber plot of Figure 5A@ . We fit these data
with a model for a single exponential lifetime with a time constant of 17.2 + 0.01 ns (n=8, Fig.

5A @, grey curves), comparable but a little longer than values seen previously for Acd (~16 ns)
lifetime decreased, illustrated by a shift in the phase delay and modulation ratios to higher
frequencies in the Weber plot (Fig. 5A2, black circles). Adding a saturating concentration of cAMP
(1.23 mM), further decreased the average lifetime, indicating increased FRET (Fig. 5A2, red
circles). This change in lifetime is consistent with steady-state measurements and reflects a
decreased distance between the C-helix and the B-roll. In contrast, adding a saturating
concentration of cGMP (1.23 mM) instead of cAMP only moderately decreased the fluorescence
lifetime, with phase delay and modulation ratio curves falling closer to the apo conditions (Fig.

5A %, green circles).

To further validate our lifetime measurements using a different acceptor with a different Ry, we
repeated these experiments using [Ru(bpy)zphenM]2+ as the acceptor instead of [Fe(phenM)3]2+.
[Ru(bpy)zphenM]Z+ also decreased the average fluorescence lifetime in all three conditions (apo,
cAMP and cGMP) relative to the donor-only lifetime (Fig. 5B @). As expected from the longer R
value for Acd-[Ru(bpy),;phenM]** compared to Acd-[Fe(phenM)3]?*, [Ru(bpy),phenM]?* produced
an even greater shift in phase delay and modulation ratio towards higher frequencies compared to
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Distance distribution predictions with chiLife. (A) Structure of resting state (left, PDB:7RSH) (112 ), and cAMP-bound active

and [Cu(TETAC)]?*, cyan). Gray surface indicates location of adjacent WT subunits in tetramer. (B) Distance distributions
predicted by chiLife for SthKc_yerm-5361Acd-V416C-[Fe(phenM)3]%*, SthKc_term-5361Acd-V416C-[Ru(bpy),phenM]* and SthKc.
term-Q364Acd-R417C-[Cu(TETAC)]2+ (intra-subunit distances: resting, black curves; active, red curves; and inter-subunit
distances: resting, grey curves; active, pink curves). Average steady-state tmFRET distance measurements are overlayed as
vertical lines for data from Figure 3@ (apo, solid black, and cAMP, solid red) and adjusted assuming a 10% unlabeled protein
(dashed black and red vertical lines).
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SthKc.term-S361Acd-V416C labeled with [Fe(phenM)g,]2+ (A) and [Ru(bpy)zphenM]2+(B). Fits of the data using the single

Gaussian model are shown with phase delay as solid curves and modulation ratio as dashed curves. (C-D) Spaghetti plots
showing distance distributions from the model fits with apo (thin black curves, n=4), with 1.23 mM cAMP (thin red curves,
n=4) and 1.23 mM cGMP (thin green curves, n=4) for [Fe(phenM)3]2+ (C)and [Ru(bpy)zphenM]2+(D). Distributions predicted
by chiLife are overlayed in dashed curves. (E-F) Summary of Gaussian fit standard deviations, g, versus average distances, 7,

for [Fe(phenM)3]2+ (E) and [Ru(bpy)zphenM]2+ (F), with average values as cross marks.
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[Fe(phenM)3]?* (Fig. 5B 2, 6B). Neither [Fe(phenM)3]?* nor [Ru(bpy),phenM]?* produced a change
in lifetime for SthKc_erm-S361Acd (without the cysteine) used as a negative control (SI Appendix,
Fig. S2). The decreases in lifetimes of SthK¢_torm-S361Acd-V416C with the metal acceptors and
ligands reflect measurable decreases in the donor-acceptor distances (i.e., conformational state)
with the addition of cyclic nucleotide, as seen with the steady-state tmFRET measurements.

To obtain distance distributions and average distances that reflect individual conformational
states, we fit our lifetime data to a previously described model that assumes each ligand condition
(apo, cAMP and cGMP) is described by a single Gaussian distribution of distances (parameters in SI
datasets for each ligand condition were individually fit using this lifetime model (solid and dashed
curves, Fig. 5A and B(2) (182, 20 3). The average distances (7) and standard deviations (o) of the
Gaussian distance distributions from these fits are shown for [Fe(phenM)3]** and for
[Ru(bpy)zphenM]2+ as spaghetti plots experiments in Figures 5C (%, and 5D, respectively.
Overlayed on the spaghetti plots are the distance distributions for the resting and active states
predicted using chiLife (dashed curves). The 7 and o of the lifetime model from individual
experiments for apo, cAMP and cGMP are summarized in Figure 5E and F . Average Gaussian
distances measured from experiments for apo and cAMP using both [Fe(phenM)3]2+ (apo=39.6 A,
cAMP= 29.4 &) and [Ru(bpy),phenM]?* (apo= 40.1 &, cAMP= 29.4 &) agreed remarkably well with
the chiLife predictions and with each other despite the difference in Ry between [Fe(phenM)4]*
and [Ru(bpy)zphenM]2+. Interestingly, the cGMP data had an 7 distance between the apo and cAMP
7 values and had a much wider g, spanning a distance range of the apo and cAMP Gaussians
combined.

While this lifetime model, with a single average distance for each ligand condition, fits the time-
resolved tmFRET data well, it seems likely that there might be more than one conformational state
(resting and active) present for each ligand condition (12(2). As our four-state model suggests,
each liganded condition (apo, cAMP and cGMP) should be comprised of a mixture of resting and
active conformational states at varying proportions. For example, the wide cGMP Gaussian
positioned between those of the apo and cAMP distributions might reflect the sum of two
Gaussians, one with a longer average distance (resting conformation) and one with a shorter
average distance (active conformation). The larger apo state o compared to the chiLife prediction
could also be due to the presence of a small fraction of the active state, even without ligand.
Determining the fractional occupancy among the resting and active states in the apo, cCAMP and
cGMP conditions would provide energetic information about the transition between resting and
active SthKc_erm in the different conditions.

Global Fitting [Fe(PhemM)gl2+ and [Ru(pr)zPhenM]2+for Energetic Information

Our approach to measuring fluorescence lifetimes also provides a model-independent way to
visually estimate the probability distribution among resting and active states using a
representation of the data known as a phasor plot. Phasor plots show the in-phase (D) and out-of-
phase () components that underlie the phase delays and modulation ratios shown in the Weber
plots (26 (3). The location of the data on the phasor plot allows us to view complex lifetimes

without assumptions about the shape of the distance distributions.

The phasor plot for SthKc_term-S361Acd-V416C modified by [Fe(pherlM)g]2+ is shown in Figure

6A . Single-exponential fluorescence lifetimes fall on the universal circle in phasor plots, and for
donor-only SthK¢_term-S361Acd-V416C, the lifetime data fell on the universal circle at 17 ns (Fig.
6A 2, grey marked with arrow). When fluorescence lifetimes are multi-exponential or
nonexponential, the decay data fall inside the universal circle. The data from apo, cCAMP, and
cGMP conditions all reside within the circle reflecting their complex mixtures of distances. A
saturating concentration of cGMP (Fig. 6AZ, green) gives data that lay on a line connecting the
apo data (Fig. 6A (2, black) and the cAMP data (Fig. 6A (3, red). This is expected if the cGMP data
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arises from a mixture of the same distributions found in the apo and cAMP conditions. In contrast,
if cGMP were to produce a distinct conformational state with its own donor-acceptor distance, the
data would be predicted to lie off the line connecting apo and saturating cAMP concentrations.
Using subsaturating concentrations of cAMP illustrates this point as these data also lay along the
line connecting apo and saturating cAMP (SI Appendix, Fig. S4). Based on these results, we
conclude that the active state produced by cGMP is structurally similar to that produced by cAMP,
which is consistent with the previous X-ray crystal structures of C-terminal SthK with cAMP and
cGMP (9 @). Although the active state is the same, there must be a higher fraction of protein in the

resting state in the presence of cGMP compared to cAMP.

To quantify the fraction of resting and active state in apo, cCAMP, and cGMP, we next analyzed our
lifetime data by globally fitting them to the lifetime model for Gaussian distributions of distances
(SI Appendix, Fig. S3). The determination of distance distributions from lifetime experiments alone
is an ill-posed problem (21 (?). Using global fits of multiple data sets using three different
conditions (apo, cCAMP, and cGMP) and two different acceptors with different Rys increases our
ability to determine the various free parameters. For our global fitting analysis, we assumed that
the acceptor complexes [Fe(phenM)3]2+ and [Ru(bpy)zphenM]2+ would produce the same
measured distance distribution (both within states and between states) for the same acceptor site.
This is a reasonable assumption given that: 1) the chemical structures of the complexes are very
similar (Fig. 2B(?); 2) chiLife modeling of these two different acceptors produced nearly identical
distance distributions (Fig. 4B 2); and 3) dose-response curves for cAMP measured using steady-
state FRET were comparable for [Fe(phenM)3]2+— and [Ru(bpy)zphenM]2+—modified protein (Fig.
3D (). Parameter identifiability for this lifetime model was observed in graphs of y? minimized
curves as functions of fixed ranges of each parameter, where minima for each parameter were
resolved (SI Appendix, Fig. S5). This global fitting allowed us to determine the fraction of resting
and active components, and therefore the free energy change, in each condition.

We globally fit six data sets (each set included phase delay and modulation ratio data),
representing the conditions of apo, cAMP and cGMP with the two different acceptors
[Fe(phemM)gl2+ and [Ru(bpy)zphenM]2+. We parameterized the distance distribution as the sum of
two Gaussians. Each of the Gaussian parameters 7y, 7'y, 07, and o, were assumed to be the same
across all conditions, and the fraction of each Gaussian (set by parameter A,) was allowed to vary
between conditions. Global fitting of the lifetime model provided an excellent fit to all of the data
(Fig. 6B @) revealing the distance distributions shown in Figure 6C (2. Similar to the chiLife
predictions (Fig. 4 @) and the single Gaussian fits (Fig. 5 @), the global fits gave 7; and 7, values of
40.9 A and 29.5 A in the resting and active states, respectively, with oy and o, values of 4.3 A and
0.84 A in the resting and active states, respectively (Fig. 6C, D). Surprisingly, our fits indicated
that the apo condition is best explained with 12% in the active state (A, = 0.12) and 88% in the
resting state, whereas the saturating cAMP concentration condition was best fit with only the
active state (A, =1) (Fig. 6E ). In contrast, cGMP was fit with an A, of 0.34. Given that the qualities
of these fits are comparable to the single Gaussian fits (with similar )(2 values), and fewer
parameters were used in the global fits than across the sum of comparable data sets with single
Gaussian fits, we find the global fitting approach more parsimonious with the phasor plot data and
previous SthK X-ray crystallography data in cGMP (92).

Using the probabilities of resting and active states in each condition and the Gibbs free energy
equation, we calculated the AG and AAG energetics of the transitions in the four-state diagram (Fig.
1CZ and Table 1 (). In the absence of cyclic nucleotide, the lifetime model fit gave an A, of 0.12,
corresponding to a AGyp,, of 1.2 kcal/mol. The isolated SthKc term, therefore, exhibits considerable
activation even in the apo state. For saturating cAMP, for which the global fit indicated an A, of 1,
we assumed a maximum contribution of the resting state of 0.01, yielding a AGap that is more
favorable than -2.7 kcal/mol and a AAG_pp that is more favorable than -3.9 kcal/mol. With a
AAGgyp 0f -0.82 kecal/mol, cGMP was found here to be a partial agonist, consistent with
electrophysiology and previous experiments (7%, 8 (4, 10(%). Interestingly, our measurements
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Analysis of lifetime data with global fit model allowing sum of two Gaussian distance distributions. (A) Representative phasor
plot of measured lifetimes with [Fe(phenM)3]2+ acceptor, where markers on universal circle indicate single-exponential time
constants (in nanoseconds). Data shown are donor-only (grey), apo (black), cAMP (red) and cGMP (green). (B) Representative
Weber plot showing global fits for [Fe(phenM)3]2+ acceptor data (closed circles) and [Ru(pr)zphenM]Z" acceptor data (open
diamonds) for apo (black), cCAMP (red) and cGMP (green) conditions. (C) Spaghetti plot of distance distributions for each
experiment (n=4) (thin lines). For comparison, chilLife distributions are overlayed (dashed curves). (D) Summary of Gaussian
fit standard deviations, g, versus average distances, 7, for apo and cAMP, with average values as cross marks. Colors
correspond to conditions in (A-C). (E) Fit values and averages for fraction activation (A,) for each condition.
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reporting the conformational change in the isolated CNBD show a greater activation for apo, CAMP
and cGMP, than electrophysiology experiments on full-length channels. These results demonstrate
that time-resolved tmFRET can be utilized to obtain energetic information on the individual
domains during the allosteric activation of SthK.

Changes in Energetics with Salt Concentrations

We were surprised by the high probability of being in the active state for cGMP (A, = 0.34)
indicated by the sum of Gaussian fits (Fig. 6E (%), especially when electrophysiology shows a much
lower open probability with cGMP (Fig. 1A(%). Although this difference might be due to intrinsic
energetic differences between our fragment SthKc (o, construct and the full-length channel, it
could also arise, in part, from the high ionic conditions (500 mM) used in our lifetime experiments
compared with physiological ionic concentrations used in electrophysiology experiments. Known
inter-subunit C-terminal salt bridge interactions could be destabilized by increased ionic strength
and, previously, it was observed that higher ionic strength eliminated tetramerization in HCN1 C-
terminal fragments (7 (2, 27 (2, 28 (2 ). However, we found no difference in elution volume for SEC
experiments performed with SthK¢_¢orm-S361Acd-V416C using 150 mM instead of 500 mM KCI,
indicating that the oligomerization state was the same under both experimental conditions (Fig.
7TAD).

To test whether the high ionic strength of our experiments contributed to the high A, for cGMP, we
repeated the above lifetime experiments with a more physiological salt concentration (150 mM
KCl). We made new time-resolved tmFRET measurements with SthKc_(¢r,-S361Acd-V416C in lower
ionic conditions, for both the [Fe(phenM)g]2+ and [Ru(bpy)zphenM]2+ acceptors across apo, CAMP
and cGMP conditions. Comparison of [Fe(phenM)3]2+ lifetime data in the two different ionic
conditions are shown in the representative Weber plot in Figure 7B . While the apo and cAMP
data appeared to be equivalent between 150 and 500 mM KCl, the cGMP data were different
between the conditions. When an additional 300 mM KCl was added to protein samples in 150 mM
KCl after cGMP application, the phase delay and modulation ratio approached the same lifetimes
as the 500 mM KCl cGMP condition (Fig. 7B(Z, dark green circle), recapitulating the 500 mM KCl
data set. We then globally fit the 150 mM KCl data across [Fe(phenM)3]** and [Ru(bpy),phenM]*
acceptors for apo, cAMP and cGMP conditions with the sum of two Gaussians (Fig. 7C ), and
found that the average distances, 7, and standard deviations, g, were nearly identical to those at
500 mM KCl (Fig. 7D @). The A, from cGMP fits decreased in 150 mM KCl compared to 500 mM KCl
indicating that a decrease in ionic concentration made activation by cGMP less favorable (AAG.gyp
=-0.47 kcal/mol, AAAG Gmp kel = 0-35 kcal/mol). In the absence of ligand, A, was unchanged
between the two ionic concentrations (Fig. 7D (@), indicating that the increased ionic strength
effected only the active conformation in the presence of cGMP. Since activation is already very
favorable in the presence of cAMP, we could not determine if ionic strength also effected AAG5pp-
These results suggest that ionic strength might specifically affect an electrostatic interaction
between CNBD and the cyclic nucleotide during the activation transition.

Discussion

In this study, we measured both steady-state and time-resolved tmFRET for a C-terminal fragment
of SthK and interpreted the data using a four-state allosteric model. This approach allowed us to
acquire structural information and energetics of the conformational change of the C-helix under
different ligand and experimental conditions. Our findings reveal a small presence of the active
state in the absence of ligand, while saturating concentrations of cAMP exhibited energetics
consistent with that of a full agonist by strongly shifting occupancy into the active state. In
contrast, saturating concentrations of cGMP demonstrated characteristics of a partial agonist,
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Ligand Ionic Strength
Condition (mM KCI) AG (kcal/mol) | AAG (kcal/mol)
150 1.14+0.03 -
Apo 500 1.2+0.03 --
150 - -
cAMP 500 <2740 <-3.9+0.03
150 0.67 £0.03 -0.47+ 0.04
cGMP 500 0.38 +0.02 -0.82+0.04

Table 1.

Energies are reported in mean kcal/mol £ SEM.

Calculated Energetics of the Four State Model

Pierce Eggan et al., 2024 eLife. https://doi.org/10.7554/eLife.99854.1

16 of 32


https://doi.org/10.7554/eLife.99854.1
https://doi.org/10.7554/eLife.99854.1

>
|
o8]

80 - © a® - 0.8
Bl
o
g 60 | —0.6 3
> 2 g
= (] .
G 0 2
I3 ® )
£ T 40 —0.4 5
Q > =
o - o o
[ [} |
[0} o |
8 (O] |
5 8 20 L 0.2
2 a O 150 mM KClI
@ 150 mM KCI (+ 300mM KClI)
\_ . A 500 mM KCI
T I T I T l T I T I 0 ] T T T T T T T I T 0.0
8 1.2 16 20 24 0 frequency, MHz 100
C elution volume, mL D
6 1.0 5 Laaad 988
=5 . 500 mMKol 0]
~ ° m L
() . a 0.5+ *
= A 150 mM KClI o N —
2 < 0.4
g, 15 *0g0
Y T 0.3
© 2 Lo
g o T 0.2 °
L) o
& 1 2 01 % %
0= T T T T T T ag RS LT «C el
W w W W
28 32 36 40 44 o « O ™o o o o & o 600«\\1\
mean distance (T7), A | |
Apo cGMP cAMP
Fig. 7.

Lifetime measurements in 150 mM KCl versus 500 mM KCI conditions. (A) Normalized SEC traces of SthKc_term in 150 mM KCl
(solid curve) and 500 mM KCI (dashed curve). (B) Representative Weber plot for [Fe(phenM)3]2+ lifetimes in 150 mM (open
circles) and 500 mM KCl (closed triangles), in each ligand condition (apo, black; cGMP, green; cAMP; red). An additional
lifetime trace is shown for an experiment where additional 300 mM KCl was added to the protein sample with 150 mM KCl in
cGMP (closed green circles). (C) Comparison of Gaussian average distance, 7, and standard deviation, g, between ionic
concentrations using model global fitting of [Fe(phenM)3]2+ and [Ru(bpy)zphenM]2+ with the sum of two Gaussians (apo,
black, and cAMP, red, n=4). (D) Fraction of active state in each condition (4,) for 150 mM KCl and 500 mM KCl using the sum of
two Gaussian model fits [apo P=0.2, cGMP *P=0.0001].
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eliciting a lower fraction of the same active conformation observed with cAMP. Furthermore, our
results demonstrate the impact of both oligomerization and ionic strength on the energetics of the
conformational change of isolated SthK¢_tarm-

Our ability to recover structural information in the form of average distance, 7, and standard
deviation of distances, g, from time-resolved tmFRET indicates that this approach is superior to
weighted-average steady-state distance measurements alone. The average distance values
obtained from lifetime measurements closely matched the distances predicted by chiLife,
indicating that the characterized states likely correspond to the observed resting and active states
in existing X-ray and cryo-EM structures. Whereas the active state’s standard deviation (o,) closely
aligned and was slightly narrower than the chiLife predictions, the resting state’s standard
deviation (g;) was larger than chiLife predictions, even with the global fitting approach. This
indicates a broad structural heterogeneity in the resting state that cannot be explained by the
rotamer clouds of the labels alone, such as heterogeneity in the position of the C-helix backbone,
which is consistent with several past experimental observations (102, 292, 30 (3). Overall, time-
resolved tmFRET reliably provides valuable, although sparse, structural insights, especially in
cases of heterogeneity where current structural methods are limited.

In addition to the heterogeneity within a given conformational state, time-resolved tmFRET
allowed us to obtain the heterogeneity between conformational states (A,) and thus energetics of
state transitions in our four-state model. We determined the distribution between these four
conformational states by employing a model comprising the sum of two Gaussian distributions,
and globally fitting data across distinct acceptors and ligand conditions. This analysis allowed us
to quantify the changes in free energy (AG) describing our four-state model. Additionally, we were
able to calculate the AAG for each ligand, which represents the free energy imparted by the ligand
to drive the conformational change of the CNBD at the start of the SthK allosteric transition.
Although we assumed a model with only two stable conformational states, this may not capture all
the stable states in the CNBD. Even if the conformational distributions assumed here are
oversimplified, our time-resolved tmFRET approach still allows for a deeper understanding of the
allostery in SthK.

There are some considerations with our time-resolved tmFRET approach that should be
considered in future applications. 1) Donor and acceptor sites for tmFRET were carefully selected
for solvent accessibility, but it is possible that the introduction of Acd and metal acceptor altered
energetics compared to WT SthK¢_¢orm- 2) The presence of incomplete labeling in our protein
samples introduces a fraction of donor-only molecules, which are not captured in steady-state
measurements but are estimated in our lifetime fits. We have previously shown that there is some
degree of correlation among parameters in our FRET model, particularly between the fraction of
donor-only and the standard deviation of the Gaussians (20(?). As a result, it was important to
ensure a low contribution (<15%) from the donor-only fraction, and this fraction should be
validated by independent methods. 3) Although parameters all reliably converged to )(2 minimized
values in our global fits, some parameters were more identifiable than others (SI Appendix, Fig.
S5). 4) Both the single Gaussian distribution model and the sum of two Gaussian distributions
model yielded minimized )(Zs and excellent fits, however, our results do not conclusively favor one
lifetime model over the other. While the single Gaussian distribution fits contain fewer
assumptions, the sum of two Gaussian global fits contain fewer free parameters across the total
number of acceptors and conditions. We believe that the assumptions in the four-state model and
sum of two Gaussians fitting are reasonable based on both previous experiments and theoretical
considerations. Overall, our findings not only highlight the power of time-resolved tmFRET in
providing structural insights and quantification of energetic landscapes, but also contributes to a
deeper understanding of the energetics of ligand binding in the C-terminal of SthK.
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Materials and Methods

Constructs and Mutagenesis

The C-terminal construct of SthK (SthK¢_¢err,) Was created by replacing the first 224 residues of
with the sequence for MBP followed by a 14 residue asparagine linker and a TEV protease éigg;fage
site, using restriction digestion and T4 ligation. Following the C-terminal end of truncated SthK
sequence (225-430), another TEV cleavage site and a Twin-Strep-tag sequence was incorporated
using Gibson cloning. An amber stop codon (TAG) was introduced at positions 359, 361 or 364 of
To generate constructs with both donor and accept(;f";i.{és, a single cysteine mutation was
introduced into each donor-only construct at sites 416 or 417, to make the three constructs: SthK¢.
term-1359TAG-V417C, SthKc_term-S361TAG-V416C, and SthKc_erm-Q364TAG-V417C.

Expression and Purification of the C-Terminal SthK fragment
The WT SthKc_term, donor-only, and cysteine-containing constructs were each co-transformed with
the AcdA9 aminoacyl tRNA synthetase/tRNA-containing plasmid (pDule2) (32(%) into B-95.AA E.

Cin 50 pg/ml kanamycin and 60 pg/ml spectinomycin to an ODgqo ~1.0 before adding Acd (for a
final concentration of 0.3 mM), and 0.5 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) for
protein induction (25 %, 34 2). The cultures were transferred to 18°C to grow an additional 17-19
hours, cells were harvested by centrifugation, and cell pellets were resuspended in lysis buffer
(150 mM KCL, 50 mM Tris, 2 mM B-mercaptoethanol, and 10% glycerol, pH 7.4 supplemented with
complete mini EDTA-free protease inhibitor cocktail (Pierce, ThermoFisher)). Cell suspensions
were lysed on an Avestin EmulsiFlex-C3 cell disruptor three times at 15,000-20,000 psi, then diluted
with lysis buffer and cleared by centrifugation at 39,000 x g for 30 minutes. Clarified lysate was
loaded onto 0.75 mL of Strep-Tactin Superflow high-capacity beads (iba Biosciences) at 4° C in a
disposable column. The resin was washed with 25 column volumes of KBT solution (150 mM KCl,
50 mM Tris, 10% glycerol, pH 7.9) and eluted with 10 mM d-Desthiobiotin (Sigma) in KBT buffer.
Eluted protein was treated with 10 mM tris(2-carboxyethyl)phosphine (TCEP) to fully reduce
cysteines, flash frozen with liquid nitrogen, and stored at -80° C.

Acd-labeled protein was mixed with WT SthKc_ter, protein in ratios of >3:1 and were then TEV
cleaved with 1:10 vol/vol TEV protease (1.2 mg/ml) for 18 hours at room temperature to cleave the
N-terminal MBP and C-terminal Twin-Strep-tag. TEV-cleaved protein was then diluted 1:500 in KBT
and then loaded onto a HiTrap Q HP column (GE Healthcare) for ion exchange chromatography
(IEC) to remove TEV protease, and cleavage fragments from SthK¢_ierm. SthKc_term Was eluted with
an increasing concentration ramp of KC1 (10 mM — 1 M) and fractions were collected, with SthK.
term Coming off in a single peak. We used size exclusion chromatography (SEC) on a Superdex 200
10/300 column (GE Healthcare) to evaluate oligomerization state or collect fractions in either KBT
or High-KBT (500 mM KCl, 50 mM Tris, 10% Glycerol, pH 7.9).

Mass Photometry

Mass photometry utilizes light scattering to measure the molecular weight of proteins along with
their relative abundance in a sample, with an analytical range of 40 kDa - 5 MDa (352, 36 (2).
Glass coverslips (24x50 mm) were isopropanol-cleaned and dried with nitrogen gas. We used 10
nM fi-amylase (BAM) to calibrate a TwoMP Mass Photometer instrument (Refeyen Ltd, Oxford,
UK). As a background reference, 10 pl of buffer solution (KBT with 150 mM KCl) was first

measured in sample gasket wells. Collected SEC SthKc ey, fractions were then measured (10 pl
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added for total of 20 pl, ~50 nM) and mass histograms collected via the DiscoverMP analysis
software. The mass histograms were analyzed with single Gaussian fits in IGOR-Pro v.8
(Wavemetrics, Lake Oswego, OR).

Cyclic Nucleotides and Labeling Reagents

Adenosine 3’,5’-cyclic monophosphate sodium salt monohydrate (cCAMP) and guanosine 3’,5’-cyclic
monophosphate sodium salt (cGMP) were purchased from Sigma Aldrich and both prepared at 16
mM in 150 mM KCl, 50 mM Tris and 10% glycerol, pH 7.4. Metal acceptor complexes,
[Fe(phenM)3]%*, [Ru(bpy),phenM]?*, and [Cu(TETAC)]*" for tmFRET were prepared as previously
described (19(%, 20@).

SthKc_term Steady-State Fluorescence Measurements

For steady-state tetramer experiments (Fig. 3 @), fractions from IEC-purified SthKc e, donor-
only or SthK¢_¢erm-Acd-cysteine protein, with excess WT SthKc oy, Were used at high
concentration immediately after elution from the IEC. Protein was confirmed as tetrameric by
analytical SEC and diluted 1:2 to 1:5 into KBT into quartz cuvettes. Acd fluorescence intensity was
measured at 10 second intervals using Jobin Yvon Horiba FluoroMax-3 spectrofluorometer in anti-
photobleaching mode (Edison, NJ) as described previously (182, 19 @). Acceptor molecules at
final concentrations of 6 uM [Fe(phenM)3]%*, 20 uM [Ru(bpy),phenM]?* or 10 uM [Cu(TETAC)]**
were added to the cuvettes followed by 160 uM final concentration of either cAMP or cGMP. For
[Cu(TETAC)]%* experiments, 5 mM TCEP was added after cAMP or cGMP to reverse the tmFRET by
removing the acceptor. All experiments had a ‘no-cysteine’ protein control to correct the FRET
efficiency for intensity changes without bound acceptor, where FRET efficiency E= 1 - (F¢ys/Fyq
cys)- In different experiments, FRET efficiencies at increasing concentrations of cAMP were
normalized to the maximal observed FRET efficiency and experimental averages were fit with the
Hill equation. Fit slopes, 4, were fixed at 1 for the [Ru(bpy),phenM]?* and [Cu(TETAC)]** data but
was allowed to vary for the [Fe(phenM)3]2+, which did not fit with a slope of 1. For steady-state
tmFRET experiments to compare between oligomeric states, monomeric and tetrameric protein
were separated and collected by SEC using a Superdex 75 Increase 10/300 GL column (GE
Healthcare) and then used directly in fluorescence experiments (SI Appendix, Fig. S1).

Measurements of Fluorescence Lifetimes Using FLIM

For lifetime studies, tetrameric SthKc_term-S361Acd-V416C protein, mixed >1:3 with WT SthKc¢_tarm»
was labeled with either [Fe(phenM)3]?* or [Ru(bpy),phenM]?*. For [Fe(phenM)3]?* experiments,
SthKc_term-S361Acd-V416C protein was buffer exchanged using a BioSpin6 Mini column (BioRad)
into KBT (150 mM KCl) or High-KBT (500 mM KCl) then labeled immediately prior to lifetime
measurements. For [Ru(bpy)zphenM]2+ experiments, SthKc tarm-S361Acd-V416C protein was
incubated with 1 mM [Ru(bpy)zphenM]2+ for 30 minutes at room temperature and then buffer
exchanged into KBT or High-KBT to remove the unincorporated label.

The theory of time-resolved FRET and the implementation of the lifetime FRET model in the
frequency domain have been described previously (212, 37 540 (2). Frequency domain
fluorescence lifetime data were obtained using a Q2 laser scanner and A320 FastFLIM system (ISS,
Inc., Champaign, IL, USA) attached to a Nikon TE2000U microscope. Acd was excited using a 375
nm pulsed diode laser (ISS, Inc) driven by FastFLIM at 10 MHz, with a long-pass dichroic mirror
(387 nM) and a band-pass emission filter (451/106 nm). Collected emission was recorded on a
Hamamatsu model H7422P PMT detector. Lifetime measurements were calibrated using Atto 425
in water (with a lifetime of 3.6 ns), using the same optical configuration. Protein samples were
used at full strength by pipetting 11 pl onto an ethanol-cleaned #1.5 glass coverslip for recording
with a Nikon CFI Super Fluor 10x 0.5NA objective. Confocal images (256 x 256 pixels) were
collected with a pinhole of 200 um and a pixel dwell time of 1 ms. Donor-only lifetimes were
obtained from SthKc_orm-S361Acd-V416C in KBT and High-KBT solutions prior to the addition of
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[Fe(phenM)3]2Jr at a final concentration of 76.8 uM. [Ru(bpy)zphenM]2+-labeled protein was
measured following buffer exchange. Either 1 ul of 16 mM cAMP or 16 mM cGMP was added to
acceptor-labeled protein to a final concentration of 1.23 mM. The phase delays and modulation
ratios of the fluorescence signal were obtained using VistaVision software from the sine and
cosine Fourier transform of the phase histogram H(p), subject to the instrument response function
(183@).

Lifetime Distance Distribution Model

The model for obtaining a single Gaussian distribution, or a sum of two Gaussian distributions of
distances from lifetimes has been described previously (18(%, 20 (). Globally fitting lifetime data
across [Fe(phenM)g,]Z+ and [Ru(bpy)zphenM]2+experiments and the conditions of apo, cAMP and
cGMP, used the same model as previously described (SI Appendix, Fig. S3 for parameters), but
parameters were constrained differently. Parameters defining the Gaussian states included: two
unconstrained average distances (7; and 7,), two standard deviations (o; and o,) constrained
between values of 0.5-10 A, and one fraction for the proportions between the two Gaussians (4,)
varied independently for each of conditions, apo, cAMP and cGMP, constrained between 0 and 1.
Other parameters that were varied independently included: the fraction of donor-only in each
respective sample, the fraction of background in each experiment (<5%), and the t; offset for each
experiment. The measured donor-only lifetimes (in KBT and High-KBT) were single exponential,
and the time constant was previously measured and held fixed for the global fitting. The acceptor
[Fe(phenM)3]2+ and [Ru(bpy)zphenM]2+ respectivelylg. For the single Gaussian lifetime fits, the
fraction donor only was held constant within experiments from the same labeled protein samples.

Energetic and Hill Equation Calculations
AG, AAG and AAAG are calculated as follows:

AG:—RT*ln(ﬂ) (]

Presting

AAGoypp = AGeymp — AGgpo (2]

AAAGCGMP Kcl = AAGCGMP 150 mM KCl — AAGCGMP 500 mM KCl [3]

where R is the molar gas constant, T is the absolute temperature (K), and Pyyjye and Pyegying are the
proportion of molecules in the active state and resting respectively, and cNMP is cyclic nucleotide
(either cAMP or cGMP).

Hill fits (Fig. 1B 2 and Fig. 3D @) were obtained using:
Normalized Response = 1/(1 + (Kl/z/[cAMP])h) (4]

where Ky, is the concentration of cAMP producing half-maximal FRET change and h is the Hill
coefficient.

chiLife Predictions

Computational predictions of the possible rotameric positions for the donor and acceptor labels
were made with chiLife using the accessible-volume sampling method as previously described

(PDB: 7RSH, residues 225 to 416) and the X-ray crystallography structure of the cAMP bound SthK
C-terminal fragment (92) (PDB: 4D7T). For each donor-acceptor pair, labels were superimposed at

indicated residue positions and 10,000 possible rotamers were modeled. Rotamers resulting in
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internal clashes (<2 A) were removed and external clashes evaluated as previously described
(24 ). Donor-acceptor distance distributions were calculated between the remaining (~500-2000)
label rotamers for each donor-acceptor pair. Inter-subunit distances were calculated as distances
between one Acd molecule and the modeled acceptor rotamers on each of the other three

subunits.

Electrophysiology

The cysteine-free construct of full-length SthK (cfSthK) was cloned into a pcGFP vector(41 @) (with

were recorded from inside-out spheroplast patches using an Axopatch 200A amplifier with
Patchmaster software (HEKA Elektronik) as previously described (7 @). The pipette and bath

Fractional activation for 1 mM cGMP were obtained by comparing the fractional response to 1 mM
CAMP in the same patch.

Statistics and reproducibility

Data values were expressed as mean + SEM of n independent experiments, unless stated
otherwise, and all error bars are + SEM. Statistical significance (*P<0.05) was determined by using
a two tailed Student’s t-test.
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Reviewer #1 (Public Review):
Summary:

The authors use fluorescence lifetime imaging (FLIM) and tmFRET to resolve resting vs.
active conformational heterogeneity and free energy differences driven by cGMP and cAMP
in a tetrameric arrangement of CNBDs from a prokaryotic CNG channel.

Strengths:

Pierce Eggan et al., 2024 eLife. https://doi.org/10.7554/eLife.99854.1 25 of 32


https://doi.org/10.7554/eLife.99854.1

7 eLife

The excellent data provide detailed measures of the probability of adopting resting vs.
activated conformations with and without bound ligands.

Weaknesses:

Limitations are that only the cytosolic fragments of the channel were studied, and the current
manuscript does not do a good job of placing the results in the context of what is already
known about CNBDs from other methods that yield similar information.

https://doi.org/10.7554/eLife.99854.1.sa3

Reviewer #2 (Public Review):

The authors investigated the conformational dynamics and energetics of the SthK
Clinker/CNBD fragment using both steady-state and time-resolved transition metal ion Forster
resonance energy transfer (tmFRET) experiments. To do so, they engineered donor-acceptor
pairs at specific sites of the CNBD (C-helix and B-roll) by incorporating a fluorescent
noncanonical amino acid donor and metal ion acceptors. In particular, the authors employed
two cysteine-reactive metal chelators (TETAC and phenM). This allowed them to coordinate
three transition metals (Cu2+, Fe2+, and Ru2+) to measure both short (10-20 A, Cu2+) and long
distances (25-50 A, Fe2+, and Ru2+). By measuring tmFRET with fluorescence lifetimes, the
authors determined intramolecular distance distributions in the absence and presence of the
full agonist cCAMP or the partial agonist cGMP. The probability distributions between
conformational states without and with ligands were used to calculate the changes in free
energy (AG) and differences in free energy change (AAG) in the context of a simple four-state
model.

Overall, the work is conducted in a rigorous manner, and it is well-written. I greatly enjoyed
reading it.

Nonetheless, I do not see the novelty that the authors claim.

In terms of methodology, this work provides further support to steady-state and time-
resolved tmFRET approaches previously developed by the authors of the present work to
probe conformational rearrangements by using a fluorescent noncanonical amino acid donor
(Anap) and transition metal ion acceptor (Zagotta et al., eLIfe 2021; Gordon et al., Biophysical
Journal 2024; Zagotta et al., Biophysical Journal 2024).

Regarding cyclic nucleotide-binding domain (CNBD)-containing ion channels, I disagree with
the authors when they state that "the precise allosteric mechanism governing channel
activation upon ligand binding, particularly the energetic changes within domains, remains
poorly understood". On the contrary, I would say that the literature on this subject is rather
vast and based on a significantly large variety of methodologies. This is a not exhaustive list
of papers: Zagotta et al., Nature 2003; Craven et al., GJP, 2004; Craven et al., JBC, 2008; Taraska
et al., Nature Methods, 2009; Puljung et al., JBC, 2013; Saponaro et al., PNAS 2014; Goldschen-
Ohm et al., eLife, 2016; Bankston et al., JBC, 2017; Hummert et al., PLoS Comput Biol., 2018;
Porro et al., eLife, 2019; Ng et al., JGP, 2019; Porro et al., JGP, 2020; Evans et al., PNAS, 2020;
Pfleger et al,, Biophys J. 2021; Saponaro et al., Mol Cell, 2021; Dai et al., Nat Commun. 2021;
Kondapuram et al.,, Commun Biol. 2022. These studies were conducted either on the isolated
Clinker/CNBD fragments or on the entire full-length proteins. As is evident from the above
list, the authors of the present work have significantly contributed to the understanding of
the allosteric mechanism governing the ligand-induced activation of CNBD-containing
channels, including a detailed description of the energetic changes induced by ligand binding.
Particularly relevant are their works based on DEER spectroscopy. In DeBerg et al., JBC 2016,
the authors described, in atomic detail, the conformational changes induced by different
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cyclic nucleotides on the HCN CNBD fragment and derived energetics associated with ligand
binding to the CNBD (AAG). In Collauto et al., Phys Chem Chem Phys. 2017, they further
detailed the ligand-CNBD conformational changes by combining DEER spectroscopy with
microfluidic rapid freeze quench to resolve these processes and obtain both equilibrium
constants and reaction rates, thus demonstrating that DEER can quantitatively resolve both
the thermodynamics and the kinetics of ligand binding and the associated conformational
changes.

Suggestions:

- In light of the above, I suggest the authors better clarify the contribution/novelty that the
present work provides to the state-of-the-art methodology employed (steady-state and time-
resolved tmFRET) and of CNBD-containing ion channels. In particular, it would be nice to
have a comparison with the conformational dynamics and energetics reported in the
previous works of the authors based on DEER spectroscopy (DeBerg et al., JBC 2016, Collauto
et al., Phys Chem Chem Phys. 2017 and Evans et al., PNAS, 2020) and with Goldschen-Ohm et
al, eLife, 2016, where single-molecule events (FRET-based) of cAMP binding to HCN CNBD
were measured and kinetic rate constants were models in the context of a simple four-state
model, reminiscent of the model employed in the present work.

- Even considering the bacterial SthK channel, cryo-EM has significantly advanced the
atomistic understanding of its ligand-dependent regulation (Rheinberger et al., eLife, 2018).
More recently, the authors of the present work have elegantly employed DEER on full-length
SthK protein to reveal ligand-dependent conformational rearrangements in the Clinker
region (Evans et al., PNAS, 2020). In light of the above, what is the contribution/novelty that
the present work provides to the SthK biophysics?

- The authors decided to use the Clinker/CNBD fragment of SthK. On the basis of the above-
cited work (Evans et al., PNAS, 2020) the authors should clarify why they have decided to
work on the isolated Clinker/CNBD fragment and not on the full-length protein. I assume that
the use of the C-licker/CNBD fragment was necessary to isolate tetramers with only one
labelled subunit (fSEC and MP were used to confirm this) to avoid inter-subunit crass-talk.
However, I am not clear if this is correct.

- What is the advantage of using the Clinker/CNBD fragment of a bacterial protein and not one
of HCN channels, as already successfully employed by the authors (see above citations)?

https://doi.org/10.7554/eLife.99854.1.sa2

Reviewer #3 (Public Review):
Summary:

This manuscript aims to provide insights into conformational transitions in the cyclic
nucleotide-binding domain of a cyclic nucleotide-gated (CNG) channel. The authors use
transition metal FRET (tmFRET) which has been pioneered by this lab and previously led to
detailed insights into ion channel conformational changes. Here, the authors not only use
steady-state measurements but also time-resolved, fluorescence lifetime measurements to
gain detailed insights into conformational transitions within a protein construct that contains
the cytosolic C-linker and cyclic nucleotide-binding domain (CNBD) of a bacterial CNG
channel. The use of time-resolved tmFRET is a clear advancement of this technique and a
strength of this manuscript.

In summary, the present work introduced time-resolved tmFRET as a novel tool to study
conformational distributions in proteins. This is a clear technological advance. At this stage,
conclusions made about energetics in CNG channels are overstated. However, it will be
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interesting to see in the future how results compare to similar measurements on full-length
channels, for example, reconstituted into nanodiscs.

Strengths:

The results capture known differences in promoting the open state between different ligands
(cAMP and cGMP) and are consistent across three donor-acceptor FRET pairs. The calculated
distance distributions further are in reasonable agreement with predicted values based on
available structures. The finding that the C-helix is conformationally more mobile in the
closed state as compared to the open state quantitatively increases our understanding of
conformational changes in these channels.

Weaknesses:

While the use of a truncated construct of SthK is justified, it also comes with certain
limitations. The construct is missing the transmembrane part including the pore for ions.
However, the pore is the central part of every ion channel and is crucial to describe
conformational transitions and energetics that lead to ion channel gating. Two observations
in the present study disagree with the results for the full-length channel protein. Here, under
apo conditions, the CNBD can adopt an 'open’' conformation, and second, cooperativity of
channel opening is lost. These differences need to be weighed carefully when judging the
impact of the presented results for understanding allostery in CNG channels. Qualitatively,
the results can describe movements of the C-helix in CNBDs, but detailed energetics as
calculated in this study, need to be limited to the truncated protein construct used. The entire
ion channel is an allosteric system and detailed, energetic conclusions cannot be made for the
full-length channel when working with only the cytosolic domains. Similarly, the statement
"These results demonstrate that time-resolved tmFRET can be utilized to obtain energetic
information on the individual domains during the allosteric activation of SthK." is misleading.
The data only describe movements of the C-helix. Upon ligand binding, the C-helix moves
upwards to coordinate the ligand. Thus, the results are ligand-induced conformational
changes (as the title states). Allosteric regulation usually involves remote locations in the
protein, which is not the case here.

https://doi.org/10.7554/eLife.99854.1.sa1

Author response:

Reviewer #1 (Public Review):
Summary:

The authors use fluorescence lifetime imaging (FLIM) and tmFRET to resolve resting vs.
active conformational heterogeneity and free energy differences driven by cGMP and
CAMP in a tetrameric arrangement of CNBDs from a prokaryotic CNG channel.

Strengths:

The excellent data provide detailed measures of the probability of adopting resting vs.
activated conformations with and without bound ligands.

Weaknesses:

Limitations are that only the cytosolic fragments of the channel were studied, and the
current manuscript does not do a good job of placing the results in the context of what is
already known about CNBDs from other methods that yield similar information.
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In the revision, we will put our results into context of the previous work of CNBD channels
where possible.

Reviewer #2 (Public Review):

The authors investigated the conformational dynamics and energetics of the SthK
Clinker/CNBD fragment using both steady-state and time-resolved transition metal ion
Forster resonance energy transfer (tmFRET) experiments. To do so, they engineered
donor-acceptor pairs at specific sites of the CNBD (C-helix and B-roll) by incorporating a
fluorescent noncanonical amino acid donor and metal ion acceptors. In particular, the
authors employed two cysteine-reactive metal chelators (TETAC and phenM). This allowed
them to coordinate three transition metals (Cu2+, Fe2+, and Ru2+) to measure both short
(10-20 A, Cu2+) and long distances (25-50 A, Fe2+, and Ru2+). By measuring tmFRET with
fluorescence lifetimes, the authors determined intramolecular distance distributions in
the absence and presence of the full agonist cAMP or the partial agonist cGMP. The
probability distributions between conformational states without and with ligands were
used to calculate the changes in free energy (AG) and differences in free energy change
(AAG) in the context of a simple four-state model.

Overall, the work is conducted in a rigorous manner, and it is well-written. I greatly
enjoyed reading it.

Nonetheless, I do not see the novelty that the authors claim.
We will try to highlight the novelty in the revision. (See below for examples).

In terms of methodology, this work provides further support to steady-state and time-
resolved tmFRET approaches previously developed by the authors of the present work to
probe conformational rearrangements by using a fluorescent noncanonical amino acid
donor (Anap) and transition metal ion acceptor (Zagotta et al., eLIfe 2021, Gordon et al.,
Biophysical Journal 2024, Zagotta et al., Biophysical Journal 2024).

This work is the first use of the time-resolved tmFRET method to obtain intrinsic DG (of an
apo conformation) and DDG values for different ligands, and the first application of this
approach to a protein other than MBP.

Regarding cyclic nucleotide-binding domain (CNBD)-containing ion channels, I disagree
with the authors when they state that "the precise allosteric mechanism governing
channel activation upon ligand binding, particularly the energetic changes within
domains, remains poorly understood". On the contrary, I would say that the literature on
this subject is rather vast and based on a significantly large variety of methodologies.
This is a not exhaustive list of papers: Zagotta et al., Nature 2003; Craven et al., GJP,
2004; Craven et al., JBC, 2008; Taraska et al., Nature Methods, 2009; Puljung et al., JBC,
2013; Saponaro et al., PNAS 2014; Goldschen-Ohm et al,, elLife, 2016; Bankston et al., JBC,
2017; Hummert et al., PLoS Comput Biol., 2018; Porro et al., eLife, 2019; Ng et al., JGP,
2019; Porro et al., JGP, 2020; Evans et al., PNAS, 2020; Pfleger et al., Biophys J. 2021;
Saponaro et al., Mol Cell, 2021, Dai et al,, Nat Commun. 2021; Kondapuram et al.,
Commun Biol. 2022. These studies were conducted either on the isolated Clinker/CNBD
fragments or on the entire full-length proteins. As is evident from the above list, the
authors of the present work have significantly contributed to the understanding of the
allosteric mechanism governing the ligand-induced activation of CNBD-containing
channels, including a detailed description of the energetic changes induced by ligand
binding. Particularly relevant are their works based on DEER spectroscopy. In DeBerg et
al., JBC 2016, the authors described, in atomic detail, the conformational changes
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induced by different cyclic nucleotides on the HCN CNBD fragment and derived
energetics associated with ligand binding to the CNBD (AAG). In Collauto et al., Phys
Chem Chem Phys. 2017, they further detailed the ligand-CNBD conformational changes
by combining DEER spectroscopy with microfluidic rapid freeze quench to resolve these
processes and obtain both equilibrium constants and reaction rates, thus demonstrating
that DEER can quantitatively resolve both the thermodynamics and the kinetics of ligand
binding and the associated conformational changes.

Despite this vast literature, some of which is our own work, there is no consensus about the
energetics and coupling of domains that underlies the allosteric mechanism in any CNBD
channel. Our approach addresses energetics of the CNBD upon ligand binding, which we aim
to later expand to a more complete assessment of the allosteric mechanism in the intact
channel.

Suggestions:

- In light of the above, I suggest the authors better clarify the contribution/novelty that
the present work provides to the state-of-the-art methodology employed (steady-state
and time-resolved tmFRET) and of CNBD-containing ion channels. In particular, it would
be nice to have a comparison with the conformational dynamics and energetics reported
in the previous works of the authors based on DEER spectroscopy (DeBerg et al., JBC
2016, Collauto et al., Phys Chem Chem Phys. 2017 and Evans et al., PNAS, 2020) and with
Goldschen-Ohm et al., elLife, 2016, where single-molecule events (FRET-based) of cCAMP
binding to HCN CNBD were measured and kinetic rate constants were models in the
context of a simple four-state model, reminiscent of the model employed in the present
work.

In the revision, we will put our results into context of the previous work of CNBD channels
where possible.

- Even considering the bacterial SthK channel, cryo-EM has significantly advanced the
atomistic understanding of its ligand-dependent requlation (Rheinberger et al., elife,
2018). More recently, the authors of the present work have elegantly employed DEER on
full-length SthK protein to reveal ligand-dependent conformational rearrangements in
the Clinker region (Evans et al., PNAS, 2020). In light of the above, what is the
contribution/novelty that the present work provides to the SthK biophysics?

Neither of the papers mentioned above (structure or DEER) reported energetics for SthK. This
work describes an approach that will allow us to get a more complete picture of the
energetics of SthK.

- The authors decided to use the Clinker/CNBD fragment of SthK. On the basis of the
above-cited work (Evans et al., PNAS, 2020) the authors should clarify why they have
decided to work on the isolated Clinker/CNBD fragment and not on the full-length
protein. I assume that the use of the C-licker/CNBD fragment was necessary to isolate
tetramers with only one labelled subunit (fSEC and MP were used to confirm this) to avoid
inter-subunit crass-talk. However, I am not clear if this is correct.

We chose to start on the C-terminal fragment to provide a technically more tractable system
for validating our approach using time-resolved tmFRET before moving to the full-length
membrane protein.

- What is the advantage of using the Clinker/CNBD fragment of a bacterial protein and
not one of HCN channels, as already successfully employed by the authors (see above
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citations)?
SthK is a useful model system that allows us to later express full-length channels in bacteria.

Reviewer #3 (Public Review):
Summary:

This manuscript aims to provide insights into conformational transitions in the cyclic
nucleotide-binding domain of a cyclic nucleotide-gated (CNG) channel. The authors use
transition metal FRET (tmFRET) which has been pioneered by this lab and previously led
to detailed insights into ion channel conformational changes. Here, the authors not only
use steady-state measurements but also time-resolved, fluorescence lifetime
measurements to gain detailed insights into conformational transitions within a protein
construct that contains the cytosolic C-linker and cyclic nucleotide-binding domain
(CNBD) of a bacterial CNG channel. The use of time-resolved tmFRET is a clear
advancement of this technique and a strength of this manuscript.

In summary, the present work introduced time-resolved tmFRET as a novel tool to study
conformational distributions in proteins. This is a clear technological advance. At this
stage, conclusions made about energetics in CNG channels are overstated. However, it
will be interesting to see in the future how results compare to similar measurements on
full-length channels, for example, reconstituted into nanodiscs.

Strengths:

The results capture known differences in promoting the open state between different
ligands (cAMP and cGMP) and are consistent across three donor-acceptor FRET pairs. The
calculated distance distributions further are in reasonable agreement with predicted
values based on available structures. The finding that the C-helix is conformationally
more mobile in the closed state as compared to the open state quantitatively increases
our understanding of conformational changes in these channels.

Weaknesses:

While the use of a truncated construct of SthK is justified, it also comes with certain
limitations. The construct is missing the transmembrane part including the pore for ions.
However, the pore is the central part of every ion channel and is crucial to describe
conformational transitions and energetics that lead to ion channel gating. Two
observations in the present study disagree with the results for the full-length channel
protein. Here, under apo conditions, the CNBD can adopt an 'open’ conformation, and
second, cooperativity of channel opening is lost. These differences need to be weighed
carefully when judging the impact of the presented results for understanding allostery in
CNG channels. Qualitatively, the results can describe movements of the C-helix in CNBDs,
but detailed energetics as calculated in this study, need to be limited to the truncated
protein construct used. The entire ion channel is an allosteric system and detailed,
energetic conclusions cannot be made for the full-length channel when working with only
the cytosolic domains. Similarly, the statement "These results demonstrate that time-
resolved tmFRET can be utilized to obtain energetic information on the individual
domains during the allosteric activation of SthK." is misleading. The data only describe
movements of the C-helix. Upon ligand binding, the C-helix moves upwards to coordinate
the ligand. Thus, the results are ligand-induced conformational changes (as the title
states). Allosteric regulation usually involves remote locations in the protein, which is not
the case here.
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We agree that the full-length channel is more complicated than the C-terminal fragment
studied here, but we disagree that there isn’t relevant energetic information from the
individual domains. For example, the DDG values measured for the C-helix movement in the
isolated fragment should be the same as those of the intact channel. In the future we aim to
make direct comparisons of the energetics between the fragment and the intact channel.

https://doi.org/10.7554/eLife.99854.1.sa0
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