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Ion channels gated by cyclic nucleotides have crucial roles in
neuronal excitability and signal transduction of sensory neurons.
Here, we studied ligand binding of a cyclic nucleotide-activated
Kþ channel from Mesorhizobium loti and its isolated cyclic
nucleotide-binding domain. The channel and the binding domain
alone bind cyclic AMP with similar affinity in a non-cooperative
manner. The cAMP sensitivities of binding and activation
coincide. Thus, each subunit in the tetrameric channel acts
independently of the others. The binding and gating properties of
the bacterial channel are distinctively different from those of
eukaryotic cyclic nucleotide-gated channels.
Keywords: cyclic nucleotides; fluorescence assay; ion channels;
ITC; signalling
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INTRODUCTION
Ion channels activated by cyclic nucleotides fall into two
subfamilies: cyclic nucleotide-gated (CNG) channels, and hyper-
polarization-activated and cyclic nucleotide-gated (HCN)
channels, (for reviews, see Kaupp & Seifert, 2001, 2002; Robinson
& Siegelbaum, 2003; Craven & Zagotta, 2006). Both types of
channel carry a carboxy-terminal cyclic nucleotide-binding
domain (CNBD). However, two notable differences distinguish
CNG and HCN channels from each other. CNG channels require
cyclic nucleotides to open, whereas HCN channels activate on
hyperpolarization and their activity is modulated by cyclic
nucleotides. Furthermore, HCN channels are cAMP-selective
and are sensitive to cAMP concentrations in the nanomolar range,
whereas CNG channels are cGMP-selective and activate at
micromolar concentrations of cGMP. The molecular interactions
that tune affinity and selectivity of cyclic nucleotide binding are

not fully understood because ligand affinity has not been
measured directly for any CNG or HCN channel. Instead, binding
affinities of CNG channels have been inferred from electro-
physiological studies (Gordon & Zagotta, 1995a, b; Varnum et al,
1995). As binding and gating are intimately coupled, it is difficult
to separate one from the other (Colquhoun, 1998).

Here, we studied ligand binding of a bacterial cyclic
nucleotide-activated Kþ channel from Mesorhizobium loti
(mlCNG; Clayton et al, 2004; Nimigean et al, 2004) and its
isolated CNBD by using isothermal titration calorimetry and
fluorescence techniques.

RESULTS
Preparation of a cAMP-free CNBD
The CNBD was expressed and purified as a glutathione-S-
transferase (GST)-fusion protein (Fig 1A). In size-exclusion
chromatography, the CNBD was eluted in a single peak (at
approximately 20 kDa) close to the expected molecular mass (Mw)
of the monomer (15 kDa; Fig 1B). The purified CNBD contains
tightly bound cAMP that cannot be removed by size-exclusion
chromatography or extensive dialysis (Clayton et al, 2004). To
remove cAMP, we denatured and refolded the CNBD protein. The
cAMP content was analysed by reversed-phase high-performance
liquid chromatography (RP-HPLC; see supplementary Fig 1
online). The mean cAMP content was 84.2712.4% (n¼ 25)
before denaturation and below the detection limit after refolding.

The circular dichroism (CD) spectra of the cAMP-bound form
and the cAMP-free form were significantly different (Fig 1C),
suggesting that a conformational change occurs on cAMP binding.
A similar change in CD spectra was reported for protein kinase A
and G (Johnson & Wong, 1989; Landgraf et al, 1990). Fig 1D
shows CD spectra of the refolded protein at various cAMP
concentrations. The spectra reflect the transition from the cAMP-
free to the cAMP-bound conformation. At saturating cAMP
concentrations, the CD spectrum of the refolded protein becomes
almost identical to that of the protein before unfolding (Fig 1C).
We also compared the CD spectra of the refolded CNBD with a
mutant (R348A) that has a lower cAMP affinity and can therefore
be prepared in a cAMP-free form without denaturation/refolding
(Clayton et al, 2004). The CD spectra of the R348A mutant and the
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refolded, cAMP-free CNBD were almost identical (Fig 1C),
suggesting that both CNBDs adopt the same conformation. We
analysed the CD spectra to estimate the changes in secondary
structure that occur on ligand binding (supplementary Fig 2, and
supplementary Tables 1 and 2 online). The helical content adopts
slightly higher values in the ligand-bound form compared with the
ligand-free form. The differences were most pronounced when we
compared the helical content of the refolded CNBD in the
presence of saturating cAMP (45.5%) with that of the R348A
mutant (40%). The overall helical content derived from the crystal
structures of the wild-type CNBD and the R348A CNBD is lower
(36% and 30 %, respectively; supplementary Table 3 online) than
predicted from the CD spectra; however, the difference in the
helical content of the two proteins is in a similar range.

Non-cooperative cyclic nucleotide binding of CNBD
The binding of cyclic nucleotides to the CNBD was studied by
isothermal titration calorimetry (ITC; Wiseman et al, 1989). After

injection of cAMP into a sample cell, the CNBD–ligand
interaction was recorded as a change in heat (Fig 2A), from
which the dose–response relationship was derived (Fig 2B).
A similar dose–response relationship was obtained for cGMP
(Fig 2C,D). Analysis of the data using a single binding-site model
yielded a mean KD of 107711 nM for cAMP (n¼ 4) and of
499769 nM (n¼ 3) for cGMP. We also determined the KD values
for several 8-substituted analogues of cyclic nucleotides (Table 1).
These analogues activate mammalian CNG channels at signifi-
cantly lower concentrations than either cAMP or cGMP (Kaupp &
Seifert, 2002). All cyclic nucleotide analogues bind to the CNBD;
notably, 8-CPT-cAMP binds with higher affinity than cAMP,
whereas 8-CPT-cGMP has a lower affinity than cGMP (Table 1).
Thus, the binding cavity of CNBD is distinctively different from the
site in mammalian CNG channels. The stoichiometry of binding to
the CNBD for all cyclic nucleotides tested was 0.9570.11
(n¼ 22), showing that all CNBD molecules participate in binding
and that the fraction of misfolded CNBD is negligible.

We used the fluorescent analogue 8-NBD-cAMP as an
independent measure of ligand binding (Fig 3A). The fluorescence
of the NBD group is enhanced on binding to a protein (Fig 3A,
inset; Kraemer et al, 2001). The dose-dependent increase of
8-NBD-cAMP fluorescence was well described using a simple
binding model (see equations (1–3), supplementary information
online). The KD value was 22.0710.9 nM (n¼ 11), in agreement
with the KD value obtained using ITC (Table 1). The KD values for
binding of cAMP and cGMP were derived from competition
experiments using equations (4–7), (supplementary information
online; Fig 3B). The KD values were 67.878.7 nM (n¼ 7) for
cAMP and 300.4715.4 nM (n¼ 7) for cGMP, again in agreement
with the ITC measurements (Table 1).

The CNBD carries a single tryptophan (Trp) residue in the aA0

helix of the short C-linker region preceding the binding domain.
When cAMP was added to the ligand-free CNBD, the lifetime of
Trp fluorescence was considerably shortened (Fig 3C) and the
intensity of Trp fluorescence was markedly reduced (Fig 3C, inset).
cAMP did not shift the emission spectrum, arguing that
fluorescence is quenched by a nearby phenylalanine (Lackowicz,
1999; sequence in one letter code: 223FVRNW227). The aA0 helix
becomes bent in the cAMP-bound form (Clayton et al, 2004),
which is consistent with the idea that the distance between Trp
and Phe shortens, resulting in enhanced quenching. We deter-
mined the lifetime of Trp fluorescence at various concentrations of
cAMP (Fig 3D). Fitting of equation (3) (see supplementary
information online) to the dose–response relationship yielded a
KD value of 80 nM for cAMP, which is in agreement with the KD

values obtained by ITC and fluorescence spectroscopy.

R348 is responsible for high-affinity ligand binding
HCN channels have an arginine (Arg) residue in the aC-helix of
the CNBD that interacts with cAMP and a nearby glutamic acid
(Glu) residue (Zagotta et al, 2003). The Arg residue is also present
in the M. loti channel (R348), but is lacking in CNG channels. We
compared the binding of 8-NBD-cAMP, cAMP and cGMP to wild
type and the R348A mutant (Fig 3E,F). The binding affinity of the
mutant was significantly lower with KD values in the micromolar
range (8-NBD-cAMP: 7.3 mM; cAMP: 18.574.3 mM (n¼ 7);
cGMP: 22.375.7 mM (n¼ 6)). This finding indicates that the high
cAMP sensitivity is conferred by the interaction of this Arg residue
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Fig 1 | Purification and characterization of the CNBD protein. (A) The

CNBD–GST fusion protein was expressed in Escherichia coli and affinity

purified (lane 1: column input; lane 2: non-bound; lane 3: wash; lanes 4

and 5: elution of the CNBD protein after thrombin cleavage). Upper and

lower arrows indicate the CNBD–GST fusion protein and the cleaved

CNBD protein, respectively. Coomassie blue staining of an SDS–

polyacrylamide gel. (B) Gel-filtration profile of the purified CNBD

protein. Red trace: elution profile of the native CNBD protein; black

trace: profile of the CNBD protein after denaturation and refolding.

Arrows indicate the elution volume of marker proteins. (C) CD spectra

of the purified CNBD protein (8.2 mM) before unfolding (blue), after

refolding in the absence of cAMP (black), after refolding in the presence

of cAMP (15mM, red) and of the R348A mutant in the absence of cAMP

(green). (D) CD spectra of the refolded CNBD protein (11.4 mM) titrated

with cAMP at different concentrations (black, 0mM; red, 5mM; green,

10 mM; orange, 15 mM; blue, 20 mM). CD, circular dichroism; CNBD, cyclic

nucleotide-binding domain; GST, glutathione-S-transferase.
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with the ligand. If this interaction is lacking, the affinity becomes
similar to the K1/2 of activation of CNG channels.

Ligand binding to CNBD and the entire channel is similar
In the crystal structure, the CNBD forms a dimer with significant
areas of contact, and the dimer interface has been proposed to be
involved in channel gating (Clayton et al, 2004). To examine the
importance of this interaction for ligand binding, we determined
ligand affinity for the tetrameric full-length mlCNG. The mlCNG
protein was expressed in Escherichia coli with a C-terminal

hexahistidine tag (Nimigean et al, 2004). In SDS–polyacrylamide
gel electrophoresis, the protein showed an apparent Mw of 32 kDa
(Fig 4A). The mlCNG protein was purified through a Co2þ -affinity
column (Fig 4A). The homogeneity of the purified protein was
tested by size-exclusion chromatography. Most of the mlCNG
protein eluted in a single peak (Fig 4B). A small fraction eluted in
the void volume and probably represents aggregated material.
Similarly to the CNBD, the purified mlCNG protein contained
cAMP (53.3714.1%; n¼ 15). As the denaturation/refolding
procedure is less suitable for membrane proteins, we used
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Fig 2 | Isothermal titration calorimetry of cyclic-nucleotide binding to the CNBD protein. (A) Heat changes during successive injections of 4ml cAMP

(600mM) to the CNBD protein (56.7mM) in a sample cell of 1.4 ml. (B) Binding curve. The peaks in (A) have been integrated, normalized to the cAMP

concentration, and plotted against the molar ratio of cAMP to CNBD protein. The solid line represents a nonlinear least-squares fit to a single-site

binding model. The KD value was 107 nM; the binding stoichiometry was 0.94. (C,D) Similar experiments as in (A,B), but with cGMP as the ligand.

Successive 4 ml injections of cGMP (465mM) to the CNBD protein (36.7mM). The KD value was 495 nM; the binding stoichiometry was 0.89.

CNBD, cyclic nucleotide-binding domain.

Table 1 | Summary of binding constants

CNBD R348A mlCNG

Ligand ITC Stoichiometry 8-NBD-cAMP
fluorescence

Trp fluores-
cence

8-NBD-cAMP
fluorescence

8-NBD-cAMP
fluorescence

Rb+-flux
assay

KD (nM) KD (nM) KD (nM) KD (lM) KD (nM) K1/2 (nM)

cAMP 107711 (4) 0.9870.12 67.878.7 (7) 80 (4) 18.574.3 (7) 81.6717.5 (6) 60–100*,w

8-Br-cAMP 127711 (3) 0.9570.06 — — — —

8-CPT-cAMP 34725 (3) 0.9170.08 — — — —

8-NBD-cAMP 2471.5 (3) 0.8470.10 22.0710.9 (11) — 7.3 (1) 15.972.7 (5)

cGMP 499769 (3) 0.9770.08 300.4715.4 (7) — 22.375.7 (6) 320.7725.5 (6) 600*

8-Br-cGMP 236723 (3) 1.170.06 — — — —

8-CPT-cGMP 2,770770 (3) 0.8870.1 — — — —

CNBD, cyclic nucleotide-binding domain; mlCNG, cyclic nucleotide-gated channel from Mesorhizobium loti; ITC, isothermal titration calorimetry; Trp, tryptophan;
*Nimigean et al, 2004; wClayton et al, 2004
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8-CPT-cGMP to displace cAMP from the channel protein. Owing
to its lower affinity (Table 1), 8-CPT-cGMP can be removed easily
by washing. Thereafter, the mlCNG protein contained virtually no
cAMP or 8-CPT-cGMP (see supplementary Fig 1 online).

At the high concentrations required for ITC, the cAMP-free
mlCNG protein is prone to form aggregates. Therefore, we studied
the binding of cyclic nucleotides by 8-NBD-cAMP fluorescence.
Fig 4C shows the increase of fluorescence on binding of 8-NBD-
cAMP to mlCNG. The mean KD value was 15.972.7 nM (n¼ 5),
which is similar to the value obtained for the isolated CNBD
(Table 1). The KD values for binding of cAMP and cGMP were
determined by a competition assay (Fig 4D). The KD value was
81.6717.5 nM (n¼ 6) for cAMP and 320.7725.5 nM (n¼ 6) for
cGMP. In conclusion, the KD values for binding of cyclic
nucleotides to mlCNG and the CNBD are very similar.

DISCUSSION
We studied ligand binding in a cyclic nucleotide-activated Kþ

channel and its isolated CNBD. The mlCNG channel binds cAMP

with high affinity that is similar to the K1/2 value of channel
activation (Clayton et al, 2004; Nimigean et al, 2004). Further-
more, the cyclic-nucleotide selectivity (cAMP4cGMP) for both
binding and activation is similar (Table 1; Nimigean et al, 2004).
Both binding and activation are non-cooperative, indicating that
the binding event is not affected by intersubunit contact and that
binding sites in the tetrameric channel act independently of each
other. This conclusion is supported by the finding that binding
affinities of the monomeric CNBD and the tetrameric full-length
mlCNG channel are virtually identical. This finding is surprising
for the following reason. In the crystal, the CNBD forms a dimer
with extensive areas of contact in the aA0 helix of the linker region
(Clayton et al, 2004). On ligand binding, the two aA0 helices slide
in opposite directions along the interface, suggesting that the
dimer interface has a crucial role in the gating process. We
reasoned that some of the binding energy would be used for this
gating transition and that the binding affinity of the channel should
therefore be lower than that of the isolated CNBD. However, our
results indicate that the main conformational change for the
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Fig 3 | Ligand binding to the CNBD protein by fluorescence spectroscopy. (A) Increase of 8-NBD-cAMP fluorescence (emission at 550 nm) on binding

to the CNBD protein (0.5mM). 8-NBD-cAMP fluorescence in the absence of the CNBD protein was subtracted. The solid line represents a nonlinear

least-squares fit to DF¼RL � x (equation (3), see supplementary information online). The KD value was 17.6 nM. Inset: emission spectrum of 8-NBD-cAMP

(1 mM) in the absence (black) and presence (red) of CNBD protein (1mM). (B) Competition between cAMP (closed circles) or cGMP (open circles)

and 8-NBD-cAMP (1 mM) for binding to the CNBD (1 mM). Solid lines represent a nonlinear least-squares fit to DF¼RLf � x (equation (7),

see supplementary information online). The KD values were 73.5 nM (cAMP) and 296.9 nM (cGMP). (C) Decay of fluorescence of the tryptophan (Trp)

residue of CNBD (5 mM) in the absence (black) and presence (red) of cAMP. Absolute values of lifetime were as follows: 0 mM cAMP (A1¼ 12,252;

t1¼ 6.778 ns; A2¼ 3,133; t2¼ 2.035 ns; �t¼ 6.357 ns); 10mM cAMP (A1¼ 10,999; t1¼ 6.258 ns; A2¼ 3,889; t2¼ 2.185 ns; �t¼ 5.674 ns). Inset: emission

spectrum of Trp in the absence (black) and presence (red) of cAMP. CNBD concentration was 5 mM. (D) Normalized changes in fluorescence lifetime

of Trp as a function of cAMP concentration. The solid line represents a nonlinear least-squares fit to equation (3) (supplementary information online).

The KD value was 80 nM. (E) Increase of fluorescence of 8-NBD-cAMP (0.5mM) on binding to increasing concentrations of the mutant CNBD (R348A).

The KD value was 7.3mM. (F) Competition between cAMP or cGMP and 8-NBD-cAMP for binding to mutant CNBD (R348A, 3mM). The KD values

were 22.9 mM (cAMP) and 27.7mM (cGMP). CNBD, cyclic nucleotide-binding domain.
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closed–open transition occurs in the CNBD and the linker
themselves, and that the gating step involving the rearrangement
of adjacent linker regions and the subsequent movement of S6 are
energetically less demanding.

In this respect, activation of bacterial and mammalian CNG
channels seems to be completely different. Mammalian CNG
channels activate cooperatively, a process that requires allosteric
coupling between binding and gating, and involves inter- and
intrasubunit contact sites. In fact, many mutations outside the
CNBD—for example, in the amino terminus, the pore region and
the C-linker—profoundly affect ligand sensitivity and selectivity
(for reviews, see Kaupp & Seifert, 2002; Craven & Zagotta, 2006).
Complex allosteric models, including the Monod–Wyman–
Changeux model (Goulding et al, 1994) and the coupled dimer
model (Liu et al, 1998), have been used to account for the
cooperative behaviour (for a review, see Li et al, 1997). These
models assume that all binding sites are equivalent and that the
ligand affinity is higher in the open state than in the closed state by

an allosteric factor f (Li et al, 1997; however, see Li & Lester,
1999). The differences among CNG channels in ligand sensitivity
and selectivity have been largely attributed to gating rather than
binding (Li et al, 1997). While this manuscript was being revised,
Biskup et al (2007) showed that binding sites are not equivalent,
and that both positive and negative cooperativity exist between A2
subunits of the olfactory CNG channel (also see Nache et al,
2005). In particular, these authors conclude that the binding of the
second ligand almost entirely promotes the closed–open transition
(Biskup et al, 2007), whereas the third and fourth ligands drive the
channel away from the second binding event, thereby stabilizing
the open state. Our observation, that activation of the mlCNG
channel closely follows ligand binding, raises the intriguing
possibility that the mlCNG channel might be fully opened on
binding of a single cAMP molecule. Thus, the difference between
mammalian and bacterial CNG channels might be in the
cooperativity of binding. The mlCNG channel is resistant to
functional expression in eukaryotic cells (W.B. & R.S., unpub-
lished data), which has impeded its characterization. If this
obstacle can be overcome, the above hypothesis can be rigorously
tested experimentally.

For the same reason, we have been unable to confirm whether
mlCNG is a genuine CNG channel. In fact, two features suggest
that mlCNG is more similar to HCN than CNG channels. First,
modulation of HCN channel activity by cAMP is essentially non-
cooperative (Gauss et al, 1998). Second, the cAMP affinity of
mlCNG is of the same order as that of the HCN2 channel
(F. Winkhaus & R.S., unpublished data), but it is approximately
100-fold higher than the cyclic-nucleotide affinity of CNG channels
inferred from electrophysiological studies (Varnum et al, 1995;
Gordon & Zagotta, 1995a,b). Residue R348 in the aC helix of the
mlCNG-CNBD is conserved in HCN, but not in CNG channels.
Exchange of R348 by a neutral residue lowers the cAMP affinity by
200- to 400-fold, but does not abolish cAMP binding completely.
In fact, the binding affinities of the R348A mutant for cyclic
nucleotides are similar to the K1/2 value of activation of CNG
channels (Kaupp & Seifert, 2002). Thus, R348 is a crucial residue
that sets apart high- and low-affinity binding cavities by providing
a site of contact with cAMP in addition to those sites shared by
HCN and CNG channels, including the phosphate-binding
cassette (Zagotta et al, 2003; Clayton et al, 2004).

METHODS
Materials. Cyclic nucleotides were obtained from Biolog (Bremen,
Germany) and Sigma-Aldrich (München, Germany). N-decyl-
b-D-maltopyranoside (DM) was obtained from Calbiochem
(Schwalbach, Germany).
Protein expression and purification. The DNA encoding a
mlCNG was cloned from genomic DNA. The gene was modified
at the 30-end to encode a hexahistidine (His)6 tag. For expression
in E. coli (BL21 (DE3) pLysE), the gene was subcloned into the
pET-11a vector (Novagen, Schwalbach, Germany). Expression
was induced at A600B0.4 with 0.6 mM isopropyl-b-D-thiogalac-
topyranoside (IPTG) for 4 h at 20 1C. Cells were lysed by
sonification in lysis buffer I (in mM): 295 NaCl, 50 Naþ

phosphate, 5 KCl, 2 MgCl2, pH 8.0 containing DNaseI (25 mg/
ml) and a protease inhibitor cocktail (Complete, Roche, Man-
nheim, Germany). After centrifugation (93,000g, 20 min at 4 1C),
the pellet was solubilized for 2 h at 4 1C in lysis buffer II (in mM):
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Fig 4 | Ligand binding of the full-length mlCNG protein. (A) mlCNG

detected by Coomassie blue staining (arrow) in bacterial lysates (lane 1:

no induction; lane 2: IPTG induction). mlCNG protein purified by

Co2þ -affinity chromatography (lane 3). (B) Size-exclusion chromatography

of the purified mlCNG protein. Most of the mlCNG protein eluted at

58.3 ml. (C) Normalized increase of fluorescence of 8-NBD-cAMP on

binding to mlCNG protein (5mM). 8-NBD-cAMP fluorescence in the

absence of the mlCNG protein was subtracted. The solid line represents

a non-linear least-squares fit to DF¼RL � x (equation (3), see

supplementary information online). The KD value was 17.3 nM.

(D) Competition between 8-NBD-cAMP (0.5mM) and cAMP (closed circles)

or cGMP (open circles) for binding to the mlCNG protein (0.3mM). The

solid lines represent a nonlinear least-squares fit to DF¼RLf � x (equation

(7), see supplementary information online). The KD values were 71.3 nM

(cAMP) and 363.9 nM (cGMP). IPTG, isopropyl-b-D-thiogalactopyranoside;

mlCNG, Mesorhizobium loti cyclic nucleotide-gated channel; 8-NBD-

cAMP, 8-[[2-[(7-Nitro-4-benzofurazanyl)amino]ethyl]thio]

adenosine–30,50-cyclic monophosphate.
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295 NaCl, 20 Naþ phosphate, 5 KCl, 2 MgCl2, 5 imidazole, 20
DM, 20% (v/v) glycerol, pH 8.0 and DNaseI (25 mg/ml). The
solubilized protein was purified using Co2þ -affinity chroma-
tography (HiTrap and HisTrap, GE Healthcare, Freiburg, Ger-
many). The protein was eluted with a buffer containing (in mM)
295 NaCl, 20 Naþ phosphate, 5 KCl, 5 DM, 20% (v/v) glycerol
and 5-500 imidazole, pH 8.0. Gel filtration was carried out using
a Superdex-200 column (Prepgrade 16/60 Hiload, GE Healthcare)
in a buffer containing (in mM) 100 KCl, 20 Naþ phosphate and
5 DM, pH 8.0. The protein concentration was determined with
Bradford (Bio-Rad, München, Germany).

The CNBD was expressed and purified as a GST-fusion protein
(Clayton et al, 2004). The coding region for residues 216–355 of
the mlCNG protein was cloned into pGEX-2T (GE Healthcare). For
expression, the DNA was transformed into BL21-(DE3)pLysE cells.
Overnight expression (20 1C) was induced at A600B0.4 with
0.6 mM IPTG.

Cells were lysed in PBS buffer, and the soluble and insoluble
fractions were separated by centrifugation. The supernatant was
passed over a glutathione-Sepharose 4B column, followed by
incubation with thrombin for cleavage of the CNBD domain from
the GST tag overnight. Cleaved protein was eluted and further
purified by size-exclusion chromatography on a Superdex 75
column (Prepgrade 16/60 Hiload, GE Healthcare).
Removal of cAMP from the CNBD and mlCNG protein. To
remove residual cAMP from the CNBD, the protein was denatured
on a PD10 column equilibrated with 6 M guanidine hydro-
chloride. The buffer was exchanged several times until cAMP was
completely removed. The denatured cAMP-free CNBD was
refolded by rapid dilution into a solution containing (in mM)
100 NaCl, 10 Naþ phosphate, 5 glutathione (reduced), 0.5
glutathione (oxidized), 0.5 L-arginine and 10 Naþ EDTA, pH 7.0.

To remove residual cAMP from mlCNG, the protein bound to
the Co2þ -affinity column was incubated three times with the low-
affinity ligand 8-CPT-cGMP (1 mM), followed by washing steps
with 20 ml washing buffer (in mM) 295 NaCl, 20 Naþ phosphate,
5 KCl, 10 imidazole and 5 DM, pH 8.0. Subsequently, the column
was washed with 200 ml washing buffer; the protein was eluted
with a solution containing (in mM) 295 NaCl, 20 Naþ phosphate,
5 KCl, 400 imidazole and 5 DM, pH 8.0. The cyclic-nucleotide
content of protein was determined by HPLC, as described in the
supplementary information online.
Binding experiments using fluorescence techniques. The binding
of 8-NBD-cAMP was recorded with a fluorescence spectro-
photometer (QM-4; PTI, Birmingham, NJ, USA) at 2272 1C.
8-NBD-cAMP was excited at 470 nm and the emission spectra
were collected between 480 nm and 650 nm. The cAMP analogue
and the mlCNG were suspended in standard buffer containing (in
mM) 100 KCl, 20 Naþ phosphate and 2.5 DM, pH 8.0. Binding
measurements with the CNBD were carried out in a solution
without detergent containing (in mM) 100 KCl and 10 Naþ

phosphate, pH 7.4. In competition experiments, binding of
8-NBD-cAMP to the mlCNG or CNBD was studied in the presence
of different concentrations of cAMP or cGMP.
Fluorescence lifetime. Time-resolved decay of fluorescence was
measured with a fluorescence spectrophotometer (Fluotime100,
Picoquant, Berlin, Germany) using a pulsed LED (centre wave-
length: 298 nm; pulse width: 550 ps) as an excitation source.
Emission was observed at 340 nm. The fluorescence decay curve

was reconstructed by repetitive measurements of the time
between the excitation pulse and the emitted photon using time-
correlated single-photon counting (Kaneko et al, 2002). The time
resolution was less than 500 ps. Decay curves were analysed with
Fluofit4 (Picoquant, Berlin, Germany) using:

I ¼
X2

i¼1
Ioi

expð�t=tiÞ
where Ioi are the respective intensities and ti the characteristic
lifetimes. The average lifetime �t was calculated as:

�t ¼
P2

i¼1 AitiP2
i¼1 Ai

where Ai is the relative amplitude.
CD spectra. Far-UV spectra were recorded on a Jasco J-810
spectropolarimeter at 2272 1C (0.2 cm path-length cuvette) in
20 mM Naþ phosphate buffer at pH 7.4. The CD spectra were
analysed for secondary structure elements as described in the
supplementary information online.
Isothermal titration calorimetry. Measurements were carried out
at 25 1C using a VP-ITC microcalorimeter (MicroCal, North-
ampton, MA, USA; volume of sample cell 1.4 ml). The reference
cell contained water. The cyclic nucleotides and the CNBD
protein were suspended in PBS. The CNBD protein (36–85 mM)
was titrated with cAMP (400–1,200 mM) and cGMP (250–987 mM)
using injections of 4–5 ml. Calorimetric data were analysed with
the Origin Software (MicroCal; version 5.0) using equations
described previously (Wiseman et al, 1989).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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