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ABSTRACT 

A highly specific molecular interaction of diffusible ligands with their receptors belongs to the key 

processes in cellular signaling. Because an appropriate method to monitor the unitary binding events is 

still missing, most of our present knowledge is based on ensemble signals recorded from a big number 

of receptors, such as ion currents or fluorescence changes of suitably labeled receptors, and reasoning 

from these data to the binding process itself. To study the binding process itself, appropriately tagged 

ligands are required which fully activate the receptors and report the binding at the same time. Herein, 

we tailored a series of 18 novel fluorescent cyclic nucleotide derivatives by attaching six different dyes 

via different alkyl linkers to the 8-position of the purine ring of cGMP or cAMP. The biological activity 

was determined in inside-out macro-patches containing either homotetrameric (CNGA2), 

heterotetrameric (CNGA2:CNGA4:CNGB1b) or hyperpolarization-activated cyclic nucleotide-

modulated (HCN2) channels. All these novel fluorescent ligands are efficient to activate the channels 

and the potency of most of them significantly exceeded that of the natural cyclic nucleotides cGMP or 

cAMP. Moreover, some of them showed an enhanced brightness when bound to the channels. The best 

of our derivatives bear great potential to systematically analyze the activation mechanism in CNG and 

HCN channels, at both the level of ensemble and single-molecule analyses.  

 

INTRODUCTION 

Cyclic nucleotide–gated (CNG) channels, generating receptor potentials in olfactory sensory neurons 

and photoreceptors (3, 4), are activated by the intracellular binding of the second messengers cyclic 

guanosine-3’,5’-monophosphate (cGMP) or cyclic adenosine-3’,5’-monophosphate (cAMP). CNG 

channels are tetrameric non-specific cation channels and, structurally, they belong to the superfamily of 

six-transmembrane domain voltage-gated channels (5). Native mammalian olfactory CNG channels are 

built of three different but homologue subunits, 2CNGA2, CNGB4 and CNGB1b. Each of these 

subunits binds a cyclic nucleotide and actively contributes to channel activation (6, 7). At heterologous 

expression CNGA2 subunits can also form functional homotetrameric channels (3). Recently, for 

homologue TAX-4 channels of Caenorhabditis elegans, a full channel structure at 3.5 Å resolution has 

been determined (1).  
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Hyperpolarization-activated cyclic nucleotide-modulated (HCN) channels (1, 8-13) are structurally 

related to CNG channels. These channels generate electrical rhythmicity in specialized brain neurons 

and cardiomyocytes (14). In contrast to CNG channels, HCN channels have to be primarily activated by 

sufficiently hyperpolarizing membrane voltage, and cyclic nucleotides only enhance activation.  

Besides the native agonists cGMP and cAMP, also multiple derivatives of them have been synthesized 

and tested on their ability to activate CNG or HCN channels (15-19) or to bind to isolated CNBDs of 

HCN channels (13, 20, 21). Among these compounds were also several that contained a fluorophore at 

the end of the 8-substituent, including fluorescein (17, 20, 22), NBD (18) and DY547 introduced by our 

group (6, 23-25). We recently extended the list of 8-thio-substituted compounds by systematically 

introducing chains of different length and degree of hydrophobicity. Previous studies showed that for a 

bound cyclic nucleotide there is sizeable space at the entrance of the binding pocket (15, 26).  

Despite there has been notable progress in our understanding of CNG and HCN channel activation, 

many questions remain unanswered. It is particularly desirable to study the processes of ligand binding 

and unbinding and their relation to channel activation and deactivation at both faster time scale and also 

at the single-molecule level. For these experimental strategies novel fluorescent cyclic nucleotides with 

advanced properties are required. Such ligands should have a suitable fluorophore emitting bright 

fluorescence when bound to the binding site, while being fully efficient and, at the same time, highly 

potent to activate the channels at reasonably low concentrations, allowing thus to minimize background 

fluorescence. 

Herein, we synthesized a series of novel fluorescent cyclic nucleotide derivatives which combine these 

properties to different degrees and, by employing the patch-clamp technique and confocal patch-clamp 

fluorometry, we quantified channel activation and ligand binding in homotetrameric and 

heterotetrameric channels in detail. Concerning the potency, the cGMP derivatives generated a similar 

pattern for homo- and heterotetrameric channels. The cAMP derivatives also generated a similar pattern 

for homo- and heterotetrameric channels, which was, however, different from that of cGMP. Moreover, 

for six selected cAMP derivatives the activating effect was also quantified on homotetrameric HCN2 

channels. Together, these novel compounds are new tools to study the specific interactions of cyclic 
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nucleotides with CNG and HCN channels, and the best of these compounds bear potential to unravel 

the process of ligand binding by optical approaches, ultimately down to the single-molecule level.  
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Materials and Methods 

Synthesis of the fluorescent cNMP derivatives 

The derivatives 3G and 3A were obtained from BIOLOG (Bremen, Germany). The syntheses of the other 

used compounds are described in detail in Supplemental Methods. The compounds were synthesized 

from the corresponding 8-substituted cNMP derivatives, bearing an amino group as described in (26), 

by standard NHS-ester coupling of the fluorophore. 

 

Molecular Biology  

The subunits CNGA2 (accession No. AF126808), CNGA4 (accession No. U12623) and CNGB1b 

(accession No. AF068572) of rat olfactory channels as well as mouse HCN2 channels (NM008226) 

were subcloned behind the T7 promoter of pGEMHEnew. The corresponding cRNAs were generated 

by using the mMESSAGE mMACHINE T7 Kit (Ambion, Austin, TX). 

 

Functional expression in Xenopus oocytes 

Oocytes of Xenopus laevis were obtained either from Ecocyte (Castrop-Rauxel, Germany) or surgically 

from female adults under anesthesia (0.3 % 3-aminobenzoic acid ethyl ester). The procedures had 

approval from the authorized animal ethical committee of the Friedrich Schiller University Jena. The 

methods were performed according to the approved guidelines.  

The oocytes were incubated for 105 min in Ca2+-free Barth’s solution containing collagenase A 

(3 mg/ml; Roche, Grenzach-Wyhlen, Germany) containing (in mM) 82.5 NaCl, 2 KCl, 1 MgCl2, 5 

Hepes, pH 7.4. Oocytes at stages IV and V were injected with 15 – 35 ng cRNA encoding either 

CNGA2, CNGA2:CNGA4:CNGB1b (2:1:1 ratio) or HCN2 channels either manually or by means of an 

injection robot (RoboInject®, Multi Channel Systems, Reutlingen, Germany). The injected oocytes were 

incubated at 18°C for up to 6 days in Barth’s solution containing (in mM) 84 NaCl, 1 KCl, 2.4 NaHCO3, 

0.82 MgSO4, 0.41 CaCl2, 0.33 Ca(NO3)2, 7.5 TRIS, cefuroxime (4.0 µg×ml-1), and 

penicillin/streptomycin (100 µg/ml), pH 7.4.  
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Electrophysiology 

Macroscopic currents were recorded in inside-out patches of the oocytes expressing the desired channels 

by using standard patch-clamp techniques (27). The patch pipettes were pulled from quartz tubing (P-

2000, Sutter Instrument, Novato, USA) with an outer and inner diameter of 1.0 and 0.7 mm 

(VITROCOM, New Jersey, USA). The corresponding pipette resistance was 0.9 - 2.3 M. The bath 

and pipette solution contained (in mM): 150 KCl, 1 EGTA, 5 Hepes (pH 7.4 with KOH) for CNG 

channel measurements. For HCN channel measurements the bath solution contained 100 mM KCl, 

10 mM EGTA, 10 mM HEPES (pH 7.2) and 120 mM KCl, 10 mM HEPES, and 1.0 mM CaCl2 (pH 7.2) 

in the pipette. All recordings were performed at room temperature by using an Axopatch 200B amplifier 

(Axon Instruments, Foster City, CA). Electrophysiology was controlled by the LIH8+8 data acquisition 

interface and the Patchmaster-software (HEKA Elektronik Dr. Schulze GmbH, Lambrecht, Germany). 

The sampling rate was 5 kHz and the filter implemented in the amplifier (4-pole Bessel) was set to 

2 kHz. Measurements in HCN2 channels were started 3.5 min after patch excision to minimize run-

down phenomena (9, 19, 28). The solutions with the ligand concentrations to be tested were applied via 

a multi-barrel device to the patches with a flow rate of 0.8 to 1.2 ml/min. The concentration of all ligand 

stock solutions were verified by UV spectroscopy. 

 

Confocal patch-clamp fluorometry  

The binding of fluorescent ligands and the ionic current in macropatches were measured simultaneously 

by confocal patch-clamp fluorometry (cPCF) as described (23, 24). The patch pipettes were pulled from 

borosilicate glass tubing with an outer and inner diameter of 2.0 and 1.0 mm (Hilgenberg GmbH, 

Malsfeld, Germany). The pipette resistance was 0.7-1.2 M. The bath and pipette solution contained 

(in mM): 150 KCl, 1 EGTA, 5 Hepes (pH 7.4 with KOH). Recordings were performed with an LSM 

710 confocal microscope equipped with a 40x/1.2 water-immersion objective (Zeiss, Jena, Germany) 

and were triggered by the ISO3 software (MFK, Niedernhausen, Germany). To distinguish the 

fluorescence of the unbound fluorescent ligands from that of the bound fluorescent ligands, a second 

dye, DY647 (Dyomics, Jena, Germany), was added to the bath solution at a concentration of 5 µM. The 

fluorescent ligands and DY647 were excited at 543 nm and 633 nm, respectively and detection bands 
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of 546-635 nm and 637-759 nm were selected. The fluorescence intensity from the reference dye was 

scaled on the fluorescence intensity of the free ligand in the bath and the pipette interior. In the patch 

dome building the difference between both provided the surplus of the green fluorescence which was 

used to quantify the portion of bound ligands (23). The actual relative fluorescence, F, was normalized 

in each patch with respect to the fluorescence Fmax at a saturating concentration of the same fluorescent 

ligand.  

 

Fitting steady-state concentration-activation and concentration-binding relationships 

Concentration-activation relationships were fitted with the Igor software by 

 I/Imax=1/[1+(EC50/[CN])Ha].      (1) 

I is the actual current amplitude and Imax the maximum current amplitude at saturating cGMP (100 µM) 

or cAMP (500 µM) concentration. EC50 is the ligand concentration generating the half maximum current 

and Ha the respective Hill coefficient. [CN] is the actual concentration of the cyclic nucleotide to be 

tested.  

Accordingly, concentration-binding relationships were fitted with the same software by 

 F/Fmax=1/[1+(BC50/[CN])Hb].      (2) 

F is the actual relative fluorescence intensity and Fmax the maximum relative fluorescence intensity at a 

saturating concentration of the same fluorescent ligand. BC50 is the ligand concentration generating half 

maximum binding, Hb the respective Hill coefficient and [CN] the actual concentration of the cyclic 

nucleotide to be tested.  

Errors are given as mean ± s.e.m. 

 

Molecular docking  

The homotetrameric rat CNGA2 structure (UniProt accession ID: Q00195) was generated by homology 

modeling, using the 3.5 Å cryo-EM structure of the cyclic nucleotide-gated cation channel TAX-4 (PDB 

ID: 5H3O) as a template (1). The modeling was carried out by the SWISS-MODEL server (29) based 

on a target-template alignment with a sequence identity of 54.5% and coverage of 69%, and using 
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residues 127-583 of a channel subunit. The quality of the model was validated by the MolProbity server 

(30), yielding an overall MolProbity score of 1.42. 

Molecular docking of 8G to the rat CNGA2 channel CNBD was performed using AutoDockTools 4.2 

(ADT 4.2). Since a correct assignment of the partial atomic charges was not possible with ADT 4.2, the 

point charges were derived using quantum mechanical calculations. First, a gas-phase geometry 

optimization of 8G was carried out at the HF/6-31G(d) level using GAUSSIAN 09, Revision B.01 (31). 

Subsequently, the molecular electrostatic potential (MEP) was computed at the same level of theory 

using the R.E.D. server (32). To obtain the atomic charges that best reproduce the MEP, the RESP 

procedure (33) with two fitting stages (hyperbolic constraint values: 0.0005/0.001) was employed (34, 

35). We obtained different stereoisomers of the dye in the cis (SR, RS) and trans configuration (SS, RR). 

The computation yielded differences in the internal energy of roughly 5 kcal/mol. The favored 

stereoisomer is cis and, therefore, the RS configuration was used for the molecular docking. 

The docking grid in a CNGA2 monomer was defined by superimposition of the cGMP-bound TAX-4 

cryo-EM structure (chain A) onto chain A of the CNGA2 homology model. The coordinates of cGMP 

in the TAX-4 structure were used as coordinates for the center of the docking grid in CNGA2. The 

X,Y,Z dimensions of the box were set to 60x60x60 with a spacing of 0.375 Å. There were no defined 

constraints, rotatable groups, or excluded volumes. Docking was performed using the Lamarckian 

genetic algorithm (36) with a maximum of 25,000,000 energy evaluations and a maximum of 27,000 

generations. 8G was docked in three independent experiments, using 30-50 genetic algorithm runs each 

and identifying 12 poses with comparable native binding poses. Among these the largest cluster 

contained five poses, and the best thereof is shown in Figure 7 with a binding energy of -5.81 kcal/mol.  
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Results 

Effects of fluorescent cGMP and cAMP derivatives on EC50 in CNGA2 and 

CNGA2:CNGA4:CNGB1b channels 

The activating effects of cGMP (1G) and cAMP (1A) and their derivatives were determined by voltage 

pulses to -10 and +10 mV. For determining equilibrium activation at a given concentration, the 

amplitude of the late current at +10 mV, I, was evaluated (Fig. 1A). All current amplitudes I were related 

to the current amplitude at the respective saturating cGMP and cAMP concentration of 100 µM and 500 

µM, yielding the relative current amplitudes I/IcGMP and I/IcAMP. The plots of I/IcGMP or I/IcAMP versus the 

concentration of the actual cyclic nucleotide were fitted with the Hill equation (equation 1; Fig. 1B) 

yielding the respective EC50 and Ha values. Referring to our previous results we introduced different 

hydrophobic alkyl chains to the 8-position of purine ring of the cyclic nucleotides (Otte et al., 2018) and 

coupled to these linkers the dyes DY547, DY547P1, Cy3Me, Cy3B, DY557 and PDI (Fig. 2; 

Supplemental Methods). The resulting fluorescent cyclic nucleotide derivatives exerted characteristic 

and systematic effects on both CNGA2 and CNGA2:CNGA4:CNGB1b channels (Fig. 1C-F; Table S1).  

Consider the effects of the cGMP derivatives on EC50 for both types of channels. For the first three of 

the dyes in Figure 1C,D and DY557 both an ethyl and a hexyl linker were inserted. For PDI only a hexyl 

linker was inserted whereas for Cy3B a hexyl and a decyl linker were inserted to reach comparable 

linker lengths between ligand and fluorophore. In total this resulted in eleven fluorescent derivatives 

(2G-12G) (Table 1). All of these fluorescent cyclic nucleotides were full agonists. The EC50 values 

differed notably among the eleven derivatives (Fig. 1C,D; Table S1A,B). 
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Comparison of the effects of the cGMP derivatives on homotetrameric CNGA2 channels shows that all 

thio-substituted derivatives have a higher apparent affinity than natural cGMP (Fig. 1C). This 

corresponds to previous reports demonstrating that various thio-substitutions in 8-position enhance the 

apparent affinity to CNG channels (17, 37) and matches also our own observations that extension of a 

thio-substituted alkyl chain in 8-position increases the apparent affinity (26). The derivatives 4G and 6G, 

both containing a short linker, were similar to native cGMP. In the case of the conventional cyanine-

like dyes a longer linker enhances the apparent affinity notably (2G-3G, 4G-5G, 6G-7G) whereas in case of 

two other pairs with the same dye and differently long linker the apparent affinity with the longer linker 

Table 1. Overview of fluorescent cyclic-nucleotide derivatives used in the experiments. cNMP is 
either cGMP (XG) or cAMP (XA); 8-AET: 8-((2-aminoethyl)thio)-; 8-AHT: 8-((6-aminohexyl)thio)-; 
8-ADT: 8-((10-aminodecyl)thio)-linker. For dye structures see Figure 2. 
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was either similar (8G-9G) or even lower (10G-11G). This suggests that a longer linker alone does not 

necessarily increase the apparent affinity. Thus, the dye moieties themselves, and eventually the location 

of the amide group, presumably exert additional effects on the binding. Together, the best apparent 

affinity was obtained with 3G which was 18.8 times higher than with cGMP. However, gradually 

increased apparent affinities were also obtained with other derivatives.  

When considering the effects of the same cGMP derivatives (2G-12G) on heterotetrameric 

CNGA2:CNGA4:CNGB1b channels, it is evident that despite the replacement of two CNGA2 subunits 

by one CNGA4 and one CNGB1b subunit the compounds exert a closely similar pattern of effects on 

the channels (Fig. 1D). Because both the CNGA4 and CNGB1b subunit contributes to channel activation 

themselves by binding a ligand (6, 7), it is likely that all tested cGMP derivatives act in a similar manner 

on all three types of subunits. Among all derivatives, the best fluorescent ligand 3G had a 6.2 times 

higher apparent affinity compared to cGMP (1G). The similarity in the degree of increase of the apparent 

affinity is further outlined by plotting the EC50 values for heterotetrameric channels versus the EC50 

values for homotetrameric channels (Fig. 3). Though there is a slightly higher apparent affinity of the 

compounds for homotetrameric channels, all cGMP derivatives group near the dashed line, which 

indicates a theoretical equal effect on both types of channels. 

Next, the effects of ten respective cAMP derivatives (2A-11A) on EC50 are considered (Fig 1E,F). A 

respective compound 12A was not synthesized because of a questionable reversibility of the effects of  

12G in CNG channels. When considering the effects on homotetrameric CNGA2 channels, three 

compounds 4A, 10A, and 11A produced an EC50 value similar to that of cAMP (1A) (EC50 = 52.8 M), 

one compound (2A) even decreased the apparent affinity with respect to cAMP whereas five derivatives 

(3A, 5A, 7A, 8A, 9A) significantly increased the apparent affinity (Fig. 1E). In the case of 8A and 9A the 

gain in apparent affinity with respect to cAMP was 13.2 and 34.1 fold, respectively. Pairs of derivatives 

with the same fluorophore had generally a higher apparent affinity in the case of the hexyl than of the 

ethyl linker with the only exception being the DY557 derivatives (10A-11A) for which the apparent 

affinity was indistinguishable. Because the ethyl linker in 10A has already a length of 12 atoms, it is 
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likely that a further extension to 16 atoms in 11A does not produce additional benefit for binding. Also 

these compounds were full agonists apart from 6A which activated CNGA2 and 

CNGA2:CNGA4:CNGB1b channels at saturating concentrations to only 89% and 82%, respectively 

(Table S1C,D). On CNGA2:CNGA4:CNGB1b the best compound was again 9A. The overall pattern of 

Figure 1. Determination of the effects of the cyclic nucleotides and its derivatives on EC50. (A)
Example of a current response generated by CNGA2 channels to cGMP (1G) according to the indicated 
voltage protocol. (B) Equilibrium concentration-activation relationship. The data points were obtained 
from one patch. The curve was determined by fitting equation 1 yielding EC50= 1.9 µM Ha= 2.52. (C)
Box plots of EC50 values for CNGA2 channels and cGMP derivatives. Displayed are the means as a 
horizontal line within each box, the boxes as 25th and 75th percentiles and the whiskers as 10th and 90th

percentiles of the data. The numeric mean values are indicated above each box. The indicated linker
length count from the sulfur to the last linker atom. For structures of the dye moieties see Figure 2. (D-
F) analogue to C. (D) CNGA2:CNGA4:CNGB1b channels and cGMP derivatives. (E) CNGA2 
channels and cAMP derivatives. (F) CNGA2:CNGA4:CNGB1b channels and cAMP derivatives. 
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the compounds differs from that of the cGMP derivatives (compare Fig. 1E with Fig. 1C), reflecting 

specificities arising from the different cyclic nucleotides.  

When comparing the effects of the cAMP derivatives on heterotetrameric CNGA2:CNGA4:CNGB1b 

channels (Fig. 1F) with those on homotetrameric CNGA2 channels (Fig. 1E), the pattern of the effects 

is roughly preserved with a tendency of stronger effects in homo- than in heterotetrameric channels, 

while all absolute EC50 values are significantly smaller in the heteroteterameric channels. The relation 

between the effects on the apparent affinity in homo- and heterotetrameric channels is again illustrated 

by Fig. 3. Similar to the cGMP derivatives there is approximately a direct proportionality for the cAMP 

derivatives concerning their effects on homo- and heterotetrameric channels but, dissimilar to the cGMP 

derivatives, cAMP and its derivatives have a generally higher apparent affinity for hetero- than 

homotetrameric channels. It is noteworthy, however, that 9A is the fluorescent cAMP derivative with 

the highest apparent affinity reported for these channels so far.  

 

Figure 2. Structures of the dyes used in the fluorescent derivatives. The dyes were attached to 
linkers which were coupled to the 8-position of the cyclic nucleotides (c.f. Table 1).  
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Effects of fluorescent cGMP and cAMP derivatives on the Hill coefficient Ha in CNGA2 and 

CNGA2:CNGA4:CNGB1b channels 

Our screening analysis allowed us also to systematically compare the effects of the dyes and linkers on 

the Hill coefficients Ha determined by equation 1. With the natural cGMP (1G) Ha was closely similar in 

CNGA2 and CNGA2:CNGA4:CNGB1b channels (Table S1A,B). For the cGMP derivatives 2G-11G 

with homotetrameric CNGA2 channels, however, Ha ranged from 2.5 to 3.7 whereas the respective 

values with heterotetrameric CNGA2:CNGA4:CNGB1b channels were on average smaller, ranging 

only from 1.5 to 2.6 (c.f. Table S1). If the Hill coefficient is taken as measure for the degree of 

cooperativity this suggests that the dye and linker moieties modulate the interaction of the subunits in 

heterotetrameric channels more than in homotetrameric channels. The derivative 12G is not considered 

here because of its poor reversibility. Notably, there was neither an obvious similarity in the pattern for 

the action of the derivatives in homo- and heterotetrameric channels nor an obvious correlation between 

Ha and EC50. The situation with cAMP (1A) differs from that with cGMP (1G) in two aspects. First,the 

effects of the cAMP derivatives 2A-11A on CNGA2 channels showed a systematic difference: In all pairs 

Figure 3. Potency of the fluorescent cyclic nucleotide derivatives in homo- and heterotetrameric 
CNG channels. Plotted are the EC50 values of heterotetrameric versus those of homotetrameric 
channels. The dashed red line indicates (theoretical) equal potency of the compounds for both types of 
channels. cAMP derivatives are more potent on heterotetrameric channels whereas cGMP derivatives 
are similarly potent on both channel types. 
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with the same dyes (2A-3A, 4A-5A, 6A-7A, 8A-9A, 10A-11A) the shorter linker caused a lower Ha than the 

longer linker (Fig. 4A), suggesting that the shorter linker disturbs to some extent the interaction of the 

subunits. In the case of CNGA2:CNGA4:CNGB1b channels this effect was found also for 2A-3A, 4A-5A 

whereas for the other three derivative pairs such an effect could not be resolved (Fig. 4B).  

Figure 4. Determination of the effects of cAMP derivatives on Ha in CNG channels. (A) Box plots 
of Ha values for CNGA2 channels. For specification of boxes see Fig. 1. The numeric mean values are 
indicated above each box. (B) Box plots of Ha values for CNGA2:CNGA4:CNGB1b channels. Levels 
of significance: * P<0.1, ** P<0.05, *** P<0.01.  
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Concentration-binding relationships at equilibrium monitored by cPCF 

The fluorescence of the dye moieties in bound derivatives were determined for the four dyes DY547, 

DY547P1, Cy3B and DY557 using 2G, 4G, 8G and 10G, respectively. Cy3Me was not considered 

separately because its structure is closely similar to DY547P1, and PDI was excluded because its effects 

Figure 5. Ligand binding and activation in CNGA2 channels. The data were measured by confocal 
patch-clamp fluorometry (cPCF). (A) Images of an inside-out patch containing CNGA2 channels at three 
concentrations of 8G. Green color shows specific ligand binding (see Materials and Methods) superimposed 
with the transmission micrograph. (B) Parallel recording of ligand binding, measured by the fluorescence 
intensity (green), and current activation, measured by a voltage pulse from 0 to 10 mV (black). (C) 
Concentration-binding relationships at equilibrium for 2G, 4G, 8G and 10G. The data points were fitted with 
equation 2 yielding the parameters half maximum binding, BC50, and Hill coefficient for binding, Hb, 
respectively. 2G: BC50=1.70 µM, Hb=1.25; 4G: BC50=2.24 M, Hb=1.49; 8G: BC50=0.64 M, Hb=1.71; 10G: 
BC50=0.63 M, Hb=1.60. (D) Brightness of four fluorescent derivatives bound to CNGA2 channels, each 
measured in five patches. The fluorescence intensities of 4G, 8G and 10G were normalized with respect to 
that of 2G. *** and ** indicate a significant difference with respect to 2G when using a one-sample t-test 
with P<0.01 and P<0.05, respectively. (E) Comparison of the brightness, indicated by the number of 
photons per pixel for five individual patches at the 10 M, a saturating concentration for all derivatives.
The number of photons per pixel was estimated from arbitrary units by (signal/standard deviation)2 using 
a non-fluctuating sample (Chroma-slides 92001). (F) Plot of BC50 versus EC50 for 2G, 4G, 8G and 10G. The 
dashed line indicates a slope of one.  
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were only poorly reversible. We determined the binding to CNGA2 channels in ensemble currents by 

confocal patch-clamp fluorometry (cPCF) (23, 24). The channels were incorporated in inside-out 

patches and the fluorescence intensity in the patch dome was measured (Fig. 5A,B). The method 

provides the advantage to record ligand binding and channel activation in parallel. Both 8G and 10G 

generated an about ~2.7 fold lower BC50 value for CNGA2 channels with respect to 2G (see legend to 

Fig. 5C).  

 

Brightness of the dye moieties in cGMP derivatives bound to CNGA2 channels  

We next tested the brightness of the four fluorescent ligands 2G, 4G, 8G and 10G when bound to CNGA2 

channels in the excised patches at 10 M which is a saturating concentration for all derivatives. To 

enable comparison at different expression and different patch size, we related the fluorescence of 4G, 8G 

and 10G to that of 2G, the derivative used in our previous studies (23, 25) (Fig. 5D). Notably, 8G and 10G 

if bound to a channel are ~2.0 and ~1.5 times brighter than 2G. Figure 5E shows for the five patches 

used in Fig. 5D the respective individual bar graphs, here for the photons per pixel. Because the signal 

is limited by Poisson noise, this doubling of photons corresponds to an increase of the signal-to-noise 

ratio of √2. When plotting the BC50 versus the EC50 values, there is a positive correlation between the 

two parameters among the four derivatives as expected (Fig 5F). However, the BC50 values increase 

with a slope bigger than unity at larger EC50 values, indicative of a differences in the cooperativity for 

the ligand binding and activation gating. 

 

The novel fluorescent cAMP derivatives also enhance activation of related HCN2 channels 

We previously showed that fcAMP (2A) activates homologue HCN2 channels similar to the 

physiological agonist cAMP (1A) and that the fluorescent derivative can be used to study ligand binding 

and activation gating in these channels in macropatches by using cPCF (24, 38). To test whether our 

new fluorescent 8-substituted cAMP derivatives exert a similar effect on HCN2 channels, we activated 

the channels by a hyperpolarizing voltage pulse (Fig. 6A, top) and, after recording a control current, 

applied the cAMP derivative 3A, 8A, 9A, 10A or 11A at the presumably saturating concentration of 10 M 

(Fig. 6A, bottom). All tested cAMP derivatives enhanced the current amplitude and the speed of 
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activation as typical for the physiological agonist cAMP (Fig. 6B). For 8A full concentration-binding 

relationships were also determined for both closed channels and activated channels at the voltage of -

30 mV and -130 mV, respectively (Fig. 6C). Compared to 2A (2) the relationships at both voltages were 

shifted by a factor of ~2.5 to lower concentrations, suggesting that the higher potency with 8A compared 

to 2A is caused predominantly by an enhanced binding affinity. Together these results show that the 

novel compounds are also efficient fluorescent agonists for HCN2 channels. 

 

 

 

Discussion 

In a combined approach of chemical syntheses and functional tests we synthesized and tested 18 novel 

fluorescent cyclic nucleotide derivatives capable to activate CNGA2, CNGA2:CNGA4:CNGB1b and 

HCN2 channels and read out at the same time the amount of ligand binding by confocal patch-clamp 

fluorometry. With one exception these derivatives are full agonists and, notably, their potency is either 

similar or significantly enhanced compared to the natural ligands cGMP or cAMP.  

 

Comparison with other fluorescent ligands 

Figure 6. Activation of HCN2 channels by fluorescent cAMP derivatives. (A) Voltage protocol and 
individual current trace in the absence (black) and presence of 8A (red). (B) Enhancement of current 
amplitude (top) and activation speed (bottom) specified by the time interval between hyperpolarizing 
voltage step and half maximum activation (t0.5) by the indicated fluorescent cAMP derivatives. (C) 
Concentration-binding relationship at -30 mV and -130 mV for 8A with respect to 2A as obtained from 
(2). The curves were obtained by fitting equation 2 to the data points, yielding for 8A -30 mV: BC50=0.98 
M and Hb=1.22; 8A -130 mV: BC50=0.25 M and Hb=1.50; 2A -30 mV: BC50=2.46 M and Hb=1.28, 
and 2A -130 mV: BC50=0.63 M and Hb=1.33. 
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In addition to the two DY547 derivatives 2G (23) and 2A (24) introduced by our group earlier, the 

derivative 8G produced approximately double the brightness (Fig. 5D). Although this increase of 

brightness seems to be only moderate, it can lead to significant advantages in measurements, because 

the resolution of the fluorescence signal of the bound ligand is limited by photon-counting (Poisson) 

noise and the standard deviation of the measurement is proportional to the square root of the number of 

photons detected. For example, when studying the kinetics of ligand binding by cPCF, doubling of the 

molecular brightness allows for a two-fold sampling rate or, at the same sampling rate, only half of the 

expression is required to obtain a similar signal-to-noise ratio. Moreover, experiments on the kinetics of 

single-ligand binding would profit from a doubled brightness, because the signal-to-noise ratio is 

improved by the square root of two. 

In the past, two other fluorescent derivatives of cyclic nucleotides have been applied to CNG or HCN 

channels. In HCN2 channels the cAMP derivative 8-NBD-cAMP has been used to relate ligand binding 

to channel activation (18). 8-NBD-cAMP produces significantly more fluorescence in the hydrophobic 

environment of the cyclic nucleotide binding pocket, whereas there is only weak fluorescence in an 

aqueous environment which therefore does not require confocal recording. Compared to NBD-coupled 

cyclic nucleotides our DY547- and Cy3B-coupled cyclic nucleotides are advantageous for three reasons: 

(a) The absorption maximum of Cy3B is at the longer wave length of 559 nm compared to 463 nm for 

NBD. Therefore, proper excitation can be performed with the 543 nm laser line instead of the 458 nm 

laser line for NBD, which decreases disturbing autofluorescence and phototoxicity. (b) The brightness, 

roughly estimated by the product of extinction coefficient and quantum yield, is about ten times higher 

for Cy3B than for NBD. (c) The bleaching of Cy3B and DY547 is only slow compared to NBD.  

Moreover, the fluorescent cGMP derivative 8-Fluo-cGMP, containing fluorescein as fluorophore, has 

been shown already three decades ago to substantially increase the apparent affinity in channels of the 

rod photoreceptor (17). In our hands, however, this compound is not applicable for optical recording 

because its illumination in situ rapidly leads to irreversible channel activation. Together, the new 

compounds tested herein, in particular those with the Cy3B and DY547 dye, are highly appropriate 

fluorescent and fully functional ligands to activate homo- and heterotetrameric CNG channels as well 

as HCN2 channels. 
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Docking of 8G on the CNBD of CNGA2 channels 

It is remarkable that all of our 21 derivatives preserved the activity of the cyclic nucleotide moiety to 

activate CNG or HCN channels and, moreover, that most of them generated an even increased apparent 

affinity. What is the structural basis for these results? To address this question, we performed molecular 

docking for 8G to the CNBD of CNGA2 channels. The CNGA2 structure was obtained by homology 

modeling using the TAX-4 structure as a template (1) (see Materials and Methods; Fig. 7A,B). Our 

computations revealed that the major interactions of the purine system (hydrogen bond with K582) and 

the phosphate with the CNBD are preserved (hydrogen bonds with I524, R538, T539; c.f. Fig. 7B and 

Table S3), which is not unexpected because our derivatives preserve the property of being agonists. One 

surprising difference, however, is that the cGMP derivative was predicted to be in the anti conformation 

whereas cGMP itself was found in both TAX-4 and HCN channels in the syn conformation (1, 12). A 

wide groove beside the binding pocket provides the required space for the linker and dye moiety. 

According to our previous results, also in fluorescent derivatives the hexyl linker might contribute to 

increased affinity compared to the ethyl linker in that the loss of configurational entropy upon binding 

is smaller for the hexyl linker (26). Note, however, that fluorophores are bulky substituents, which 

already might reduce the amount of configurational entropy of the unbound ligand. Therefore, the 

previously observed complex enthalpy-entropy compensation would be less pronounced for short 

linkers, which may explain why the apparent higher affinities of ligands with pure short linkers 

compared to those with longer linkers were not achieved here. Yet, for some of the derivatives with 

longer linkers, the effect was preserved (e.g., for heterotetramers: 0.23 µM for (Ac)AHT-cGMP versus 

0.21 µM for 3G; 0.47 µM for (Ac)ADT-cAMP versus 0.51 µM for 9A (26)). Another reason may be that 

the fluorophores interact differently with the protein depending on the linker length, as suggested by the 

correlation between the Hill coefficient and the linker-length in Figure 4A. 

 

Structural overlay of the CNGA2 and HCN2 CNBDs 

In order to understand why the derivatives studied herein are still effective in both CNG and HCN 

channels, we superimposed the structures of the CNBDs of CNGA2 and HCN2. As expected, the 
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structures are largely similar (Fig. 7C). But nevertheless we could not reach the high apparent affinities 

of cAMP (28.8 nM) or even (Ac)ADT-cAMP (14.6 nM) on HCN2 channels (26). Notably, there are 

also three other proteins with similarly structured CNBDs but entirely different function: protein kinase 

A, exchange protein directly activated by cAMP (Epac) and the prokaryotic cAMP receptor CAP (39, 

40). The effects of cyclic nucleotides on these proteins have been intensively studied previously (41-

45). It seems to be an attractive idea to test our set of fluorescent cyclic nucleotide derivatives also on 

these proteins to learn more about the biophysics of the binding process there.  

Furthermore, a test strategy using different dyes and linkers could be beneficial also for other ligand-

activated receptors to find and characterize optimal fluorescent compounds. 

 

Differences between cGMP and cAMP derivatives in the apparent affinity with CNG channels 

Figure 7. Docking of 8G to the CNBD in rat CNGA2 channels. (A) Surface representation (grey). 
Dark grey: α-helices and β-sheets. Atoms in 8G: blue: carbon; red: oxygen; dark blue: nitrogen; yellow: 
sulfur; orange: phosphorous. The cyclic nucleotide moiety of 8G is located in its usual position in the 
CNBD. The Cy3B moiety and the connecting linker are directed to the outside, thereby filling a groove 
of the channel structure where they have enough space. (B) Interaction map. Hydrogen bonds and 
distances are indicated by black dashed lines and numbers [Å], respectively. The phosphate moiety of 
cGMP interacts with the CNBD in a similar manner as described for TAX-4 channels (1) while the 
Cy3B moiety nestles up to the outer surface of the channel. (C) Superimposition of the CNBDs of rat 
CNGA2 (grey) and mouse HCN2 (orange; PDB ID 1Q3E) with cGMP. The structures are very similar.
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The cGMP derivatives are more potent with homotetrameric CNGA2 than with natural heterotetrameric 

CNGA2:CNGA4:CNGB1b channels (Fig. 3). These findings are in contrast to the cAMP derivatives 

which show a higher affinity to heterotetrameric channels. Note again that cAMP is the endogenous 

ligand for these channels. For understanding the function of the whole channel more thoroughly, it is 

desirable to follow the gating mechanism of each single subunit in the context of its interaction with the 

other subunits. With the novel fluorescent cAMP derivatives we provide promising tools to also 

investigate in a better manner the binding of the less affine CNGA2 subunits in heterotetrameric 

channels, e.g. by disabling the binding sites of the CNGA4 and CNGB1b subunit with appropriate 

mutations.  

 

Outlook 

The derivatives with the highest affinity (lowest EC50; c.f. Fig. 1) for the specific channel and reasonable 

brightness bear potential to relating ligand binding to the activation in single channels by combining 

optical with electrical recording (46). Such measurements will open a new window to learn how the 

binding and unbinding events are related to the activation and deactivation gating of single functional 

channels. 
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