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By opening and closing the permeation pathway (gating) in re-
sponse to cGMP binding, cyclic nucleotide-gated (CNG) channels
serve key roles in the transduction of visual and olfactory signals.
Compiling evidence suggests that the activation gate in CNG
channels is not located at the intracellular end of pore, as it has
been established for voltage-activated potassium (KV) channels.
Here, we show that ion permeation in CNG channels is tightly
regulated at the selectivity filter. By scanning the entire selectivity
filter using small cysteine reagents, like cadmium and silver, we
observed a state-dependent accessibility pattern consistent with
gated access at the middle of the selectivity filter, likely at the
corresponding position known to regulate structural changes in
KcsA channels in response to low concentrations of permeant ions.

cGMP � ion channel � signal transduction

Cyclic nucleotide-gated (CNG) channels sense variations in
the intracellular concentration of cyclic nucleotides that

occur in response to visual or olfactory stimuli, therefore playing
essential roles in the transduction of visual and olfactory infor-
mation (1, 2). In many ways, CNG channels are similar to
voltage-activated potassium (KV) channels. They coassemble as
tetramers of homologous subunits (3–6), each containing six
transmembrane segments (TM), a positively charged TM4 and a
reentry P region between TM5 and TM6, suggesting that CNG
channels belong to the same superfamily of voltage-activated
cation channels (7). The main difference is that CNG channels
are only weakly voltage-dependent. Instead, they open and close
the pore in response to changes in the intracellular concentra-
tions of cGMP or cAMP, a property conferred by the presence
of a cyclic nucleotide binding domain at the C terminus of each
subunit (8, 9).

Our understanding of how CNG channels open and close their
pore in response to cyclic nucleotide binding is much less refined
than our understanding of how KV channels gate in response to
voltage. A large body of evidence, using a variety of approaches,
has established that KV channels open and close their perme-
ation pathway at the intracellular end of the pore (10–17).
Attempts to extend those ideas to CNG channels have encoun-
tered some resistance. For example, studies using intracellularly
applied molecules that block the permeation pathway of CNG
channels, such as divalent ions (18), tetracaine (19, 20), or
quaternary ammonium ions (21), have shown that blockade is
not state-dependent, as if these molecules can access the pore in
both open and closed channels, which is in stark contrast with the
blockade properties observed in KV channels (10, 11, 14, 22–24).
In addition, experiments examining the state dependence of
cysteine modification by intracellular application of methaneth-
iosulfonate (MTS) reagents have failed to show dramatic dif-
ferences between open and closed states in the inner-vestibule
region (21, 25, 26), results that are inconsistent with an intra-
cellular gate in TM6, as shown in KV channels (12, 15).

Several studies indicate that the pore region of CNG channels
plays a role in gating. For example, accessibility of cysteine
reagents applied from the intracellular (27, 28) and the extra-
cellular (27–29) side of the channel to cysteines substituted along
the entire P region have shown that modification of some

residues in this region perturbed normal gating by cGMP.
Interestingly, by measuring modification rates in different states
of the channel, Liu and Siegelbaum (29) were able to show that
the pore helix undergoes conformational changes associated
with gating. The pore helix, however, does not line the perme-
ation pathway (13, 30, 31). Hence, the location of the gate
remains to be determined.

Recently, the crystal structure of a bacterial nonselective
cation channel has been solved (31) and the structure of the P
region of this channel has been proposed to be equivalent to that
of CNG channels. Using this structure as a model, we introduced
cysteines along the selectivity filter as targets for chemical
modification with small cysteine reagents like Cd2� and Ag�

applied from the intracellular side of the channel. We observe
that along the selectivity filter there is a state-dependent pattern
consistent with the idea that CNG channels gate at this region,
where some positions were readily accessible in the open and
closed states, whereas others were accessible in the open state
with much slower modification rates in the closed state, similar
to observations along the intracellular end of TM6 in KV
channels (12, 15).

Results
Cd2� Accessibility to the Selectivity Filter of CNG Channels. To
understand how CNG channels gate, we introduced cysteines
along the selectivity filter (Fig. 1) as targets for chemical
modification with small cysteine reagents like Cd2� and Ag�

(32). Fig. 2A shows the experimental protocol used to monitor
access of Cd2� to the selectivity filter. Inside-out patches con-
taining many CNG channels were held at 0 mV and subjected to
2 second Cd2� applications either in the absence (closed state)
or presence of 2 mM cGMP (open state). The activity of CNG
channels before and after each Cd2� treatment was evaluated by
subtracting the current in response to brief 50-ms depolariza-
tions to �60 mV in the absence of cGMP from those elicited in
the presence of 2 mM cGMP (Fig. 2 A). As an example, Fig. 2B
illustrates leak-subtracted cGMP-activated current traces before
(black) and after five consecutive Cd2� treatments in the open
state to I361C mutant channels (light-brown traces). Cd2�

applied from the intracellular face of the membrane produced a
complete and irreversible current reduction. For positions I361C
(Fig. 2C) and T360C (Fig. 2D), both located at the inward-facing
end of the selectivity filter, Cd2� ions were able to access
cysteines in these mutant channels in both open and closed
states. In both positions, Cd2� modification occurred more
rapidly in the presence of cGMP (open circles) than in the
absence of cGMP (filled circles). The reciprocal of the time
constant obtained by single-exponential fits of the current
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reduction and the [Cd2�] applied were used to estimate the
apparent second order modification rates, which are summarized
in Fig. 2E. The state dependence of Cd2� modification is similar
in these positions, with modification rates between 10 to 50 times
faster in the open state, suggesting that this end of the selectivity
filter experiences conformational changes associated with gat-
ing. The current reduction observed at these positions resulted
from a direct interaction between the introduced cysteines and
Cd2� because similar applications of Cd2� to the background
cysteine-less channels did not produce any irreversible alteration
in the current levels in either open or closed states [supporting
information (SI) Fig. 7]. In contrast, mutant channels containing
cysteines at positions expected to be in the lining of the
outward-facing end of the selectivity filter (E363C; dimer con-
struct, T364C and P365C), were not modified by Cd2� at 0 mV
when the metal was applied from the intracellular side of the
membrane, in either the absence or presence of cGMP. Thus,
there appears to be a barrier to Cd2� permeation extracellularly
to position I361.

Gated Access of Ag� to the Selectivity Filter of CNG Channels. We also
used Ag� to probe accessibility at introduced cysteines in the
selectivity filter. This probe has the advantages that it is a
monovalent cation, like Na� and K�, ions that permeate at high
throughput through CNG channels (33), and it interacts with a
single cysteine by covalently modifying the thiolate group (34)
rather than requiring the coordination of multiple cysteines as in
the case of Cd2�. By using similar experimental protocols (Fig.
3A), Ag� also produced a complete and irreversible current
reduction in T360C and I361C mutant channels (Fig. 3 B and C).
As with Cd2�, Ag� was able to modify these mutant channels
(Fig. 3E) in both open (open circles) and closed states (filled
circles), but with much faster modification rates than those
measured with Cd2�. For position T360C we observed a small
state dependence consistent with the inward-facing end of the
selectivity filter undergoing conformational changes associated
with gating, similar to the observations when Cd2� was used as
a probe. Interestingly, position I361C showed no detectable
difference between modification rates determined in open and
closed channels, suggesting that the gate in CNG channels should
be located more extracellularly than position I361, as suggested
by the Cd2� experiments. Ag� applied in the presence or absence

of cGMP did not alter current levels at position E363C, which is
in agreement with the crystal structure of the nonselective cation
channel (31), where the side chain of this position is facing away
from the ion permeation pathway. Distinctively, Ag� applied
from the intracellular face of the membrane were able to reach
cysteines substituted at position T364C, at the outer end of the
selectivity filter, in the open state but to a much lesser extent in
closed channels. In the experiment shown in Fig. 3D, we first
tested access of Ag� to closed channels. Six consecutive 10-s Ag�

treatments had little effect on the activity of T364C channel
mutants (Fig. 3D, filled circles). However, subsequent 2-s appli-
cations in the same patch to open channels produced a fast
irreversible current reduction (Fig. 3D, open circles). By a single
exponential fit to the open-state modification data (brown solid
line) we were able to estimate the apparent Ag� modification
rate to open T364C mutant channels. In addition, the fit
provided the maximal degree of the modification, a parameter
that was fixed in the fit to the closed-state modification data (Fig.
3D, red solid line). Using this approach, we were able to
determine that modification rates of cysteines at T364C were
�250 times faster in the open than in the closed state (Fig. 3E).
All of these results combined indicate that conformational
changes in this region occur as CNG channels open and close in

Fig. 1. The selectivity filter of CNG channels. (A) Alignment of selectivity
filters from various cation-selective channels. Residues that were substituted
one at a time by cysteine in CNG channels are highlighted in colors. (B) Crystal
structure of the P region from NaK channel (31). This bacterial channel allows
permeation of Na� and K�, and it is blocked by divalent ions, properties shared
by the selectivity filter of CNG channels. Side view of two opposing subunits
is shown. Same color pattern as A.

Fig. 2. Cd2� access to the selectivity filter of CNG channels. (A) Experimental
protocols to assess Cd2� modification in the open and closed states. cGMP-
activated currents were monitored by a 50-ms pulse to �60 mV in the presence
of 2 mM cGMP. Leak currents were subtracted by a similar pulse performed in
the absence of cGMP. Protocols were applied every 15 s. (B) cGMP-activated
current traces before (black trace) and after five consecutive 10 �M Cd2�

treatments (light-brown traces) to I361C mutant channels in the open state. (C
and D) Time courses of the normalized current on Cd2� applications (at arrow)
in the open (open circles) and closed (filled circles) states for positions I361C
and T360C, respectively. Solid lines represent single-exponential fits to the
cumulative modification in the open (light-brown) and closed (red) states. The
concentrations of Cd2� used in each experiment are indicated. The best-fit
slope values were: 11 s for T360C in the open state, 260 s for T360C in the closed
state, 2.5 s for I361C in the open state, and 7 s for I361C in the closed state. (E)
Accessibility pattern along the selectivity filter. Averages of the modification
rates estimated in the open (open circles) and closed (filled circles) states,
respectively. Cysteine mutation at position G362 did not render functional
channels. Cd2� did not alter cGMP-activated currents in E363C dimer, T364C
and P365C mutant channels.
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response to agonist binding, and ions encounter a considerable
energetic barrier for permeation somewhere at the middle of the
selectivity filter.

To verify that the differences in modification rates at T364C
were related to channel gating, we explored how the changes in
reactivity correlate with the changes in relative probability of
channel opening (Po). Fig. 4 shows the modification rates
normalized to the values obtained at maximal Po (2 mM cGMP;
cyan symbols) together with the levels of relative Po (red
symbols) at different concentrations of cGMP ([cGMP]). Fold
changes in modification rates and relative Po correlate along the
entire range of [cGMP], consistent with a simple gated-access
mechanism of intracellular Ag� to the outward-facing end of the
selectivity filter.

Is Ag� Using the Selectivity Filter to Reach T364C as It Permeates
through CNG Channels?. The pattern of open-channel modification
with Ag� supports the suggestion that the structure of the
selectivity filter from the bacterial nonselective cation channel is
a reasonable model of the selectivity filter of CNG channels (31).
Crystal structures determined in the presence of divalent ions
show unambiguously that divalent ions bind at the external
mouth of the selectivity filter (31), which has been functionally
reported in CNG channels (35–38). If intracellularly applied Ag�

is using the selectivity filter to access position T364C, we should
expect that external divalent ions would, by electrostatic and/or
steric reasons, interfere with the Ag� reaction. Indeed, we
observed that the presence of 50 �M extracellular Mg2� in the
pipette solution (without divalent chelators) was able to slow the
modification rates by Ag� in both the open and closed states
(Fig. 5 A and B). This effect of external divalent ions is specific
for T364C mutant channels. A similar experiment performed
with T360C mutant channels revealed that 100 �M external
Mg2� did not change the modification rates at the intracellular
end of the selectivity filter (Fig. 5C). These data combined
suggest that indeed Ag� utilizes the selectivity filter to access
position T364C.

Access of Ag� to the Selectivity Filter of CNG Channels Is Voltage-
Dependent. Because intracellular Ag� likely accesses position
T364C through the selectivity filter, we would expect that the
apparent modification rates should be voltage-dependent. Using
protocols similar to those shown previously, we determined the
modification rates of T364C channels in the open (open symbols)
and closed (filled symbols) channels for voltages between �40
and 40 mV (Fig. 6). In open channels, Ag� access from the inside
seemed to obey the same principles as permeant ions moving
through an open pore, where the modification rates at �40 mV
are faster than the corresponding rates at �40 mV. At least two
factors could contribute to these results. First, there is some
intrinsic voltage dependence of gating in CNG channels (39), in
which the relative Po diminishes at negative potentials. Because
our experiments were done under saturating [cGMP], this effect

Fig. 3. Ag� access to the selectivity filter of CNG channels. (A) Experimental
protocols to assess Ag� modification in the open and closed states. cGMP-
activated currents were monitored by a 30-ms pulse to �60 mV in the presence
of 2 mM cGMP and leak-subtracted by a similar pulse performed in the absence
of cGMP. Protocols were applied every 15 s. (B) cGMP-activated current traces
before (black trace) and after three consecutive 75 nM Ag� applications
(light-brown traces) to T360C mutant channels in the open state. (C) Time
courses of the normalized current on Ag� applications (at arrow) in the
presence (open circles) and in the absence of cGMP (filled circles) for position
T360C. Solid lines represent single-exponential fits to the cumulative modifi-
cation in the open (light brown) and closed (red) states. The concentrations of
Ag� used in each experiment are indicated. The best-fit slope values were 2.7 s
in the open state and 5 s in the closed state. (D) Time course of modification
by Ag� in T364C mutant channels. Closed (filled circles) and open (open circles)
state modifications were assessed in the same patch. Treatments of 130 nM
Ag� in the closed state were 10 s long. (E) Accessibility pattern along the
selectivity filter. Averages of the modification rates estimated in the open
(open circles) and closed (filled circles) states, respectively. Ag� did not alter
cGMP-activated currents in E363C dimer and P365C mutant channels.

Fig. 4. Gated access to position T364C. Ag� apparent modification rates
(cyan circles; normalized to the values obtained at 2 mM cGMP) parallel the
relative probability of opening (Po). In each patch (n � 23), the relative Po [red
circles; (I[cGMPtest] � I0cGMP)/(I2mMcGMP � I0cGMP)] was estimated before Ag�

treatments. The solid red line represents a Hill equation fit to the relative Po

data with a slope of 1.6 and a K1/2 of 36 �M.

Fig. 5. External divalent ions slow Ag� modification rates at the external end
of the selectivity filter. (A) External Mg2� slows Ag� modification of open
T364C mutant channels. At arrow, 130 nM Ag� treatments were applied either
in the absence (black open circles) or in the presence of 50 �M external Mg2�

(green open circles). (B) External Mg2� prevents Ag� modification of closed
T364C mutant channels. At arrow, 200 nM Ag� treatments of 15 s each were
applied either in the absence (black circles) or in the presence of 50 �M
external Mg2� (green circles). (C) External Mg2� does not prevent Ag� mod-
ification of closed T360C mutant channels. At arrow, 200 nM Ag� treatments
of 2 s each were applied either in the absence (black circles) or in the presence
of 100 �M external Mg2� (green circles).

3312 � www.pnas.org�cgi�doi�10.1073�pnas.0709809105 Contreras et al.



is expected to be negligible. Second, the ‘‘effective’’ concentra-
tion of Ag� at the side chain of position 364 should be equal to
[Ag�]in � exp(z�VF/RT), where � is the fractional voltage drop
from the intracellular end to the side chain of position 364.
Therefore, chemical modification becomes voltage-dependent
as the ‘‘effective’’ concentration of Ag� at the site of modifica-
tion changes with voltage. This simple voltage dependence of the
apparent modification rates in open channels also suggests that
membrane potential does not influence the fraction of reactive
thiolate groups at T364C in our experimental conditions.

Intriguingly, the voltage dependence of chemical modification
through closed channels did not show the same steepness of the
voltage dependence observed with open channels. This implies
that voltage-dependent local rearrangements must somehow
shape differently the electrostatic potential in the closed state.
These results are reminiscent of the state-dependent changes in
the electrostatic potential of GluR channels (40). These results
further support the notion that Ag� uses the selectivity filter to
access T364C and the suggestion that gated access in CNG
channels occurs at the selectivity filter.

Discussion
Our results indicate that the selectivity filter itself acts as the
primary gate in CNG channels. First, we showed a state-
dependent gated access of intracellularly applied Ag� only to the
external end of the selectivity filter, but not to the internal end,
suggesting that gating does not arise as a collapse of the entire
selectivity filter. Second, the open-to-close ratio for the apparent
modification rates with Ag� is comparable to similar determi-
nations at the intracellular cavity of KV channels (12), where the
gating mechanism has been established to be a tight closure of
the intracellular gate. And third, the apparent modification rates
by Ag� to T364C satisfactorily follow the relative Po of the
channels, which can be interpreted by a simple gated-access
mechanism and not by a more sophisticated kinetic argument as
required for inward rectifier K� channels (41).

Intuitively, if the gate effectively impedes ion permeation we
might have expected a larger open-to-close ratio for Ag� mod-
ification than those observed here. It is unlikely that modifica-
tion at position T364C in the absence of cGMP is due to
contaminant Ag� leaking out through the membrane-glass seal
and reaching substituted cysteines from the extracellular envi-
ronment, because in those experiments the pipette solution
contained 10 mM EDTA, which should be sufficient to rapidly
chelate any Ag� contaminant. Could it be that the Po in the
absence of cGMP is relatively large in T364C mutant channels?

Single-channel experiments, like those shown in SI Fig. 8, show
that the Po of T364C mutant channels at �70 mV and in the
absence of cGMP is �0.001, similar to determinations per-
formed with the close relative olfactory CNG channels (42).
However, the Po in the absence of cGMP is too low to account
for the rates measured in the absence of agonist if modification
would have resulted entirely from the access of Ag� through
open channels. Therefore, these data suggest that the modifi-
cation of T364C mutant channel at 0 mV in the absence of cGMP
arises from Ag� permeating through open and also closed
channels. Permeation through closed channels has been re-
ported in KV channels (12, 43). In fact, Ag� can squeeze through
the intracellular gate in the closed state at apparent rates of �105

M�1 s�1 (12), which are one order of magnitude faster than those
measured at T364C (Fig. 3E).

The selectivity filter of K� channels has been shown to be a
dynamic region. For example, C-type inactivation in KV channels
has been shown to be related to conformational changes at the
outer mouth of the selectivity filter (44). Similarly, subconduc-
tance states have been related to molecular rearrangements
within the selectivity filter of KV channels (45, 46). Recently, the
molecular determinants of inactivation in KcsA have been
demonstrated to occur at the selectivity filter (47). In these
channels, however, the activation gate that opens and closes the
permeation pathway in response to voltage or pH has been
established to be at the intracellular end of the last transmem-
brane segment (10–16, 48–50). In stark contrast, our findings
point to the selectivity filter itself acting as the primary gate in
CNG channels, which might be a mechanism occurring in other
cation channels. Accumulating evidence in Ca2�-activated po-
tassium channels and some inward rectifier potassium channels
suggests that the activation gate in these channels is not located
at the intracellular end of the last transmembrane segment
(51–54). In these channels, however, the role of the selectivity
filter in gating remains to be established. Crystal structures of
KcsA determined at low permeant ion concentrations revealed
a selectivity filter incompatible with permeation (55, 56). One of
the conformational changes from a conductive to a nonconduc-
tive selectivity filter involves the rotation of the main chain at
Gly77 to occlude the pore. This dynamic role for Gly77 has been
shown to be related to its surrogated role as a D-amino acid (57,
58). Interestingly, the equivalent position in CNG channels is
G362, a position that cysteine substitution was not permissive,
and the region in which the state-dependent access of Ag�

changed abruptly. Therefore, it is tempting to propose that a
similar mechanism might be governing gating in CNG channels
in response to agonist.

Materials and Methods
Expression and Constructs of CNG Channels. cDNA of the cysteine less CNGA1
channel was kindly provided by William Zagotta (University of Washington,
Seattle). cRNA was synthesized by using a T7 promoter-based in vitro synthesis
(Ambion), it was injected into Xenopus oocytes and recordings were per-
formed 3–5 days after injection. Amino acid substitutions were confirmed by
DNA sequencing.

To avoid spontaneous cross-linking of I361C mutant channels (27), substi-
tution H420Q was added to this construct (59). Adenosine at position �4 was
mutated to guanine to increase expression levels (60), resulting in a K2E
mutation. This mutation does not alter the function of CNG channels. The
dimer construct to study E363C was built by standard PCR techniques and it
contains a linker constituted by QQQQIEGRQQQQA.

Experimental Solutions. In experiments using Cd2�, the pipette and bath
solutions contained (in mM): 120 NaCl, 10 Hepes, and 0.2 mM EDTA (pH 7.4,
adjusted with NaOH). When Cd2� was applied to the channels, EDTA was
removed from the bath solution. In experiments using Ag�, the pipette and
bath solutions contained (in mM): 120 NaNO3, 10 EDTA, 10 Hepes (pH 7.4). A
concentrated stock of AgNO3 in water was prepared freshly for each experi-
ment and protected from the light. The stock was used to prepare bath
solution containing a total of 21, 36.75, or 52.5 �M AgNO3. With 10 mM EDTA,

Fig. 6. Voltage dependence of the apparent modification rates at position
T364C. Ag� apparent modification rates in the open (open circles) and closed
(filled circles) states were estimated by using experimental protocols similar to
those used in Fig. 3. The concentrations of Ag� used in these experiments were
between 75 and 130 nM. The ordinate axis was broken between 4 � 104 and
5 � 105, allowing a 20-fold extension of the scales for both open- and
closed-state modification data.
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the free Ag� concentrations were 75 nM, 130 nM, or 200 nM, respectively. In
experiments performed in the presence of extracellular Mg2�, EDTA was
removed from the pipette solution. Experiments performed with T364C mu-
tant channels, 50 �M TCEP was added to the pipette solution to avoid
spontaneous cross-linking formation (27). Na� Salts and AgNO3 (puriss, p.a.
grades) were purchased from Fluka. EDTA, cGMP (Na� salt), and CdCl2 were
obtained from Sigma–Aldrich, and Hepes was acquired from American Bio-
analytical.

Currents from inside-out excised patches (61) were recorded by using an
Axopatch 200B amplifier (Axon Instruments), sampled at 2.5–10 kHz and
low-pass-filtered at 1 or 2 kHz. Patch electrodes with tip diameter between 8
and 15 �m were made with borosilicate glass pipettes. Macroscopic data

analysis was performed with pClamp 9 (Axon Instruments) and Origin 7
(Microcal Software) software. Solutions were switched by a computer-
controlled rapid solution changer (RSC-200; Biologic Science Instruments).
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