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ABSTRACT Cyclic nucleotide—gated channels are key components in the transduction of visual and olfactory sig-
nals where their role is to respond to changes in the intracellular concentration of cyclic nucleotides. Although
these channels poorly select between physiologically relevant monovalent cations, the gating by cyclic nucleotide
is different in the presence of Na* or K* ions. This property was investigated using rod cyclic nucleotide-gated
channels formed by expressing the subunit 1 (or a) in HEK293 cells. In the presence of K* as the permeant ion,
the affinity for cGMP is higher than the affinity measured in the presence of Na*. At the single channel level, sub-
saturating concentrations of cGMP show that the main effect of the permeant K* ions is to prolong the time chan-
nels remain open without major changes in the shut time distribution. In addition, the maximal open probability
was higher when K* was the permeant ion (0.99 for K* vs. 0.95 for Na*) due to an increase in the apparent mean
open time. Similarly, in the presence of saturating concentrations of cAMP, known to bind but unable to effi-
ciently open the channel, permeant K* ions also prolong the time channels visit the open state. Together, these
results suggest that permeant ions alter the stability of the open conformation by influencing of the O—C transi-

tion.
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CNG channels serve important roles in the transduction
of visual and olfactory signals (Stryer, 1986, 1988; Yau
and Baylor, 1989; Lagnado and Baylor, 1992; Zufall et al.,
1994; Menini, 1995; Zimmerman, 1995). Their function
is to sense changes in the intracellular concentration of
cyclic nucleotide that occur in response to either visual
or olfactory stimuli. In the visual signal cascade, light ab-
sorption by the photoreceptor results in a decrease of
cGMP, which closes CNG channels present in the outer
segment of the photoreceptor, leading to a hyperpolar-
ization and a subsequent decrease in transmitter release
(Stryer, 1986, 1988; Yau and Baylor, 1989; Lagnado and
Baylor, 1992). In the olfactory signal cascade, odorant
molecules produce an increase of cAMP, which opens
CNG channels, depolarizes the olfactory neuron, and
eventually triggers an action potential (Zufall et al.,
1994; Menini, 1995; Zimmerman, 1995).

Although CNG channels are typically studied as ho-
motetramers in expression systems (Gordon and Za-
gotta, 1995; Liu et al., 1996), in native cells they are
thought to be formed by a mixture of different sub-
units (Chen et al., 1993; Bonigk et al., 1999; Pages et
al., 2000). Each subunit contains six transmembrane
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segments (TMs),* including a positively charge TM4, a
P region between TM5 and TM6, and a cyclic nucle-
otide binding domain at the intracellular COOH-termi-
nal. The membrane topology of CNG channels is very
similar to that of voltage-activated K*, Na*, and Ca?*
channels, which suggest that all these channels belong
to the same superfamily (Jan and Jan, 1990). Although
CNG channels are weakly voltage dependent (Karpen
et al., 1988; Haynes and Yau, 1990; Taylor and Baylor,
1995; Benndorf et al., 1999), voltage is not the primary
stimulus that opens them. Instead, molecules of cyclic
nucleotide are required to gate these channels, which
categorize them functionally as ligand-gated channels.
Dose-response curves for activation of CNG channels
are best fitted with Hill coefficients greater than one,
which suggest that more than one molecule of cyclic
nucleotide is required for channel activation (Fesenko
et al., 1985; Zimmerman and Baylor, 1986; Karpen et
al., 1988; Gordon and Zagotta, 1995; Liu et al., 1996;
Ruiz and Karpen, 1997; Ruiz et al., 1999).

The permeation properties of CNG channels have
been extensively studied, both in native and heterolo-
gous systems. The channel allows both mono and diva-
lent cations to permeate (Fesenko et al., 1985; Haynes

* Abbreviations used in this paper: BP, ball peptide; If, fractional current
remained after blockade; I,,,,, current amplitude at saturating con-
centrations of cGMP; K, /o, apparent affinity for cGMP; KpTet, appar-
ent affinity for tetracaine; KpBP, apparent affinity for ball peptide;
TM, transmembrane segment.

61  J. Gen.Paysion. ¢ Volume 121 January 2003 61-72
http:/ /www.jgp.org/cgi/doi/10.1085/jgp.20028722



et al., 1986; Stern et al., 1987; Kaupp et al., 1989; Fur-
man and Tanaka, 1990; Menini, 1990; Colamartino et
al., 1991; Picones and Korenbrot, 1992; Zimmerman
and Baylor, 1992; Goulding et al., 1993; Nizzari et al.,
1993; Haynes, 1995a,b; Picones and Korenbrot, 1995).
The permeation of monovalent cations is blocked by di-
valent cations (Colamartino et al., 1991; Picones and
Korenbrot, 1992; Zimmerman and Baylor, 1992; Root
and MacKinnon, 1993; Tanaka and Furman, 1993; Zu-
fall and Firestein, 1993; Eismann et al., 1994; Root and
MacKinnon, 1994; Nasi and del Pilar Gomez, 1999; Sei-
fert etal., 1999) and some of the permeation properties
can be best described by multiion occupancy (Furman
and Tanaka, 1990; Sesti et al., 1995; Qu et al., 2001).

It has long been known that the presence of per-
meant ions in the pore of membrane channels can in-
fluence channel gating. For example, in acetylcholine
receptors from Aplysia, the average time the channel
stays open depends on the type of permeant ions
present (Ascher et al., 1978). In voltage-activated potas-
sium channels, closing becomes slower when external
permeant ions are present, suggesting that somewhere
in the permeation pathway a permeant ion impedes
the channel from closing (Swenson and Armstrong,
1981; Matteson and Swenson, 1986; Spruce et al., 1989;
Sala and Matteson, 1991). Permeant ions also influence
gating in Ca-activated potassium channels (Demo and
Yellen, 1992), inward rectifier potassium channels
(Choe et al., 1998; Lu et al., 2001), sodium chan-
nels (Oxford and Yeh, 1985; Townsend et al., 1997;
Townsend and Horn, 1997), and calcium channels
(Shuba et al., 1991). The extreme case of this rather
general occurrence is that the ion itself might consti-
tute the gating particle as suggested for chloride chan-
nels (Richard and Miller, 1990; Pusch et al., 1995; Chen
and Miller, 1996). In CNG channels, a linkage between
selectivity for divalent cations and gating has also been
described (Cervetto et al., 1988; Hackos and Koren-
brot, 1999). Perhaps because CNG channels discrimi-
nate poorly among physiologically relevant monovalent
cations (i.e., Na* and K*), the interactions between the
permeation of these ions and gating have been largely
ignored. Recently, however, Gamel and Torre (2000)
have studied a very interesting effect of K* ions on per-
meation and gating of CNGA1 channels mutated at the
first proline within the P region (P365T). In this mu-
tant, K* ions have a dual effect of blocking permeation
and holding the channels open, which is indicative of
some interaction between permeant ions and gating.

The present study examines the effect of monovalent
cations on gating by cyclic nucleotide in wild-type
CNGALI channels. First, the apparent affinity for cGMP
is increased if K* ions, instead of Na* ions, are perme-
ating through the channel. Second, in the presence of
subsaturating concentrations of cGMP, the main effect

of permeant K" ions is to increase the apparent time
constant of the main component of the open dwell-
time distribution without substantial changes in the
shut time distribution, consistent with a stabilization of
the open conformation. Third, in the presence of satu-
rating concentrations of cGMP, the maximal probabil-
ity of opening increased from 0.95 (for permeant Na*
ions) to 0.99 (for permeant K* ions) as a result of an in-
crease of the apparent dwell time for the open confor-
mation. Fourth, when saturating concentrations of
cAMP is used as the agonist, channels that visit the
open state tend to stay open longer when K* ions are
permeating through the pore. These results are consis-
tent with the idea that permeant ions influence the exit
of the channel from the open conformation rather
than the cGMP binding steps. Finally, blockers known
to interact with the pore of CNGA1 channels respond
differently to the presence of Na* or K* ions, suggest-
ing that these blockers are able to sense the differences
of the pore due to the presence of different ions. Col-
lectively, these results suggest that ions within the pore
of CNGALI channels influence the response to cGMP by
changing the stability of the open conformation.

MATERIALS AND METHODS

DNA Expression

cDNA of the subunit 1 from rod photoreceptor (Kaupp et al,,
1989) was provided by Dr. William Zagotta. We subcloned the
channel in the GW1-CMV vector (British Biotechnology) for ex-
pression in HEK293 cells (American Type Culture Collection).
The CNGALI channel expression plasmid (25 pg) was cotrans-
fected with 1 pg plasmid wH3-CD8 encoding for the human CD8
lymphocyte antigen. Transfected cells were identified visually by
assessing the decoration with beads coated with antibodies for
CD8 (Dynal) (Jurman et al., 1994). For single channel experi-
ments, channel DNA was lowered to 10-15 pg. Cells were trans-
fected by electroporation (Gene Pulser II; Biorad).

Solutions and Electrophysiological Recordings

The solutions contained (in mM): 160 NaCl or KCI, 1 EGTA, 1
EDTA, 10 HEPES, pH 7.4 adjusted with NaOH or KOH, accord-
ingly. Salts (puriss, p.a. Grades) were purchased from Fluka, diva-
lent chelators were obtained from Sigma-Aldrich, and HEPES
was acquired from American Bioanalytical. cGMP (free acid
form), cAMP (free acid form), and tetracaine were purchased
from Sigma-Aldrich. E12K, D13K ball peptide is a double muta-
tion of the Shaker ball peptide: MAAVAGLYGLGKKRQHRKKQ
(Zagotta et al., 1990; Murrell-Lagnado and Aldrich, 1993a,b) that
was provided by Dr. Gary Yellen.

Currents from inside-out excised patches (Hamill et al., 1981)
were recorded between 1-2 d after transfection, using an Axo-
patch 200B amplifier (Axon Instruments, Inc.). Records in the
absence of cGMP were subtracted to isolate macroscopic cGMP-
dependent currents. Macroscopic data analysis was performed
with pClamp 8.1 (Axon Instruments, Inc.) and Origin 6.1 (Mi-
crocal Software, Inc.) software. Single channel currents were ana-
lyzed with software provided by Dr. Brad Rothberg and Karl Ma-
gleby. Macroscopic currents were sampled at 5-10 kHz and low-
pass filtered between 1 and 2 kHz. Single channel recordings
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were sampled at 20 kHz, filtered at 5 kHz (8-pole Bessel filter;
Frequency Devices) and subsequently filtered digitally at 1-2 kHz
before analysis. Borosilicate glass pipettes between 1.5-2.5 MQ)
were pulled for macroscopic currents and quartz pipettes be-
tween 7-15 M{ were used for single channel recordings. Solu-
tions were changed by manual switch.

RESULTS

Permeant lon Dependence of Apparent Affinity for cGMP

Bovine rod CNGALI channels were studied by expressing
cDNA for the subunit 1 (or o) in HEK293 cells. Inside-
out patches were excised and superfused with a variety
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FIGURE 1.

of solutions. To isolate the cGMP-dependent currents,
records obtained with voltage steps to the same ampli-
tude but without cGMP were subtracted. Fig. 1 A shows
current traces in response to a voltage step from 0 to
150 mV, while the patch was superfused with Na-solu-
tion containing 1, 10, 30, 100, or 1,000 uM cGMP. A sim-
ilar test was performed in the same patch, while super-
fusing the inner face with K-solutions, as shown in Fig. 1
B. Two differences can be clearly detected. First, the cur-
rent amplitude at saturating concentrations of cGMP
(Iay) 1s larger in Na-solution (1,350 pA) than in K-solu-
tion (950 pA). The origin of this difference will be ad-
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Permeant ions influence gating by cGMP. (A) Subtracted current traces obtained from an inside-out patch in response to a volt-

age step from 0 to 150 mV and, bathed with Na-solutions containing 1, 10, 30, 100, or 1,000 .M cGMP. (B) Similar set of subtracted current
traces obtained from the same patch but now bathed with K-solutions. (C) Normalized dose response curves for cGMP obtained from the
subtracted current traces in Na-solutions (A, open circles) and in K-solutions (B, filled circles). The values of the average current from the
last 20 ms at 150 mV were used to estimate the apparent affinities for cGMP. Solid lines represent Hill equation fits with a slope of 1.6 and
K, 0of 94 = 6 uM for Na-solutions and 52 * 2 pM for K-solutions. (D and E) Subtracted current traces obtained from the same inside-out
patch in response to a voltage step from 0 to —150 mV and, under the same experimental conditions as those traces shown in A and B. (F)
Normalized dose response curves for cGMP obtained from the subtracted current traces in Na-solutions (D, open circles) and in K-solu-
tions (E, filled circles). The values of the average current from the last 20 ms at —150 mV were used to estimate the values of K, /o for cGMP.
Solid lines represent Hill equation fits with a slope of 1.8 and K, ,; of 109 = 4 uM for Na-solutions and 113 * 3 uM for K-solutions.
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FIGURE 2. Permeation of Na* and K* ions through CNGA1 channels. (A) Single-channel recordings at 70 mV with Na-solutions contain-
ing 100 pM cGMP. (B) Single-channel recordings from the same channel, at the same voltage, but now with K-solutions containing 100
wM cGMP. Dashed lines represent the current present when the channel is closed. (C) Amplitude histogram from 20 s of uninterrupted
recording in Na-solutions. The solid line represents a three-component Gaussian function fit. The best-fit parameter value for the ampli-
tude of the fully open state was 2.24 pA. The total area covered by the fit was 95.7%, from which 52.9% resulted by the sum of the areas for
the subconductance and the open states, corresponding to a P ., of ~0.55. (D) Amplitude histogram from 20 s of uninterrupted record-
ing in K-solutions. The solid line represents a two-component Gaussian function fit. The best-fit parameter value for the amplitude of the
open state was 1.35 pA. The total area covered by the fit was 97.5%, from which 77% is attributed to the open state, corresponding to a
Pgpen of ~0.79. Current records were acquired at 20 kHz, and filtered at 5 kHz. Previous to analysis, the records were digitally filtered at 2
kHz. For presentation purposes, traces shown in A and B were digitally filtered at 1 kHz.

dressed in the next section. Second, the current ampli-
tude at 100 pM cGMP is ~50% of 1,, in Na-solution,
whereas it is ~75% in K-solutions, as if the apparent af-
finity (K;,,) for cGMP is higher in the presence of K*
ions. Fig. 1 C shows the normalized dose-response
curves for cGMP obtained from the current traces
shown in Fig. 1, A and B (open circles, Na-solutions;
filled circles, K-solutions). The estimated values for the
K; o were 94 and 52 pM cGMP for Na- and K-solutions,
respectively. After patch excision, the sensitivity for
c¢GMP can spontaneously change (Gordon et al., 1992;
Molokanova et al., 1997, 1999). This could constitute a
potential source of error in the experiments presented
here. With this in mind, the values of K, for cGMP
were estimated in the same patch at negative potentials
where permeant ions originate from the pipette solu-
tion, which remains unchanged during the experiment
(control condition performed at the same time as the
test condition shown above). Fig. 1, D and E, show cur-
rent traces in response to a voltage step from 0 to —150

mV, and superfused with Na- (Fig. 1 D) or K-solution
(Fig. 1 E) containing 1, 10, 30, 100, or 1,000 uM cGMP.
Clearly, at negative potentials, the values of K, for
cGMP were similar irrespective of the solutions bathing
the intracellular side of the patch (Fig. 1 F). Because
CNGALl channels poorly select between Na* and K*
ions, the reversal potential is close to 0. Therefore, at
positive potentials it is expected that most of the current
will be performed by ions bathing the inside of the
patch (either Na* or K*; Fig. 1, A or B, respectively).
From a set of nine patches, the average values (£SD) of
K, /; for cGMP in Na-solutions and K-solutions were 78 *
15 uM and 47 = 12 uM, respectively. The average ratio
between these values was 1.70 = 0.2. These observed dif-
ferences at positive potentials suggest that, in CNGAIL
channels, permeant ions influence gating by cGMP.

K* Ions Stabilizes an Open Conformation of CNGA1 Channels

To gain a deeper understanding of the interactions be-
tween ions and gating by cGMP, a series of experiments
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tion of CNGAI1 channels: sub-
saturating ¢cGMP concentra-
tion. (A and B) Open dwell-
time distributions with Na-
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exponential fits. For Na-solu-
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0.23, 79 = 3.2 ms, Ay = 0.77.
For K=solution the bestfit pa-
rameter values were: 7, = 0.3
ms, A; = 0.16, 7 o = 7.9 ms,
Ay = 0.84. (C and D) Closed
time distributions with Na-
and Kssolutions, respectively.
For Na-solution, the solid line
represents a four-exponen-
tial fit. The best-fit parameter
values were: 1, = 0.13 ms,
A, =0.36, 79 = 1.92 ms, Ay, =
0.40, 73 = 5.78 ms, Ay = 0.23,
74 = 40 ms, A, = 0.003. For
K-solution, the solid line rep-
resents a three-exponential
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at the single channel level were performed. Fig. 2, A
and B, show the activity of a single channel in the pres-
ence of 100 puM cGMP at 70 mV in Na- and K-solutions,
respectively. The permeation properties for both ions
are different. Fig. 2, C and D, show the corresponding
current histograms from 20 s of continuous recording
in each condition. Solid lines represent fits to Gaussian
functions. In Na-solution, an accurate estimation of the
amplitude of the fully open state, which was 2.24 pA, re-
quired a Gaussian function with three components
(Fig. 2 C). In K-solution, the current amplitude of the
open state was estimated by a fit to a Gaussian function
with two components. The value obtained was 1.35 pA
(Fig. 2 D), which is ~60% of the value determined in
Na-solution. This difference in single channel ampli-
tude is sufficient to account for the discrepancy of I,
observed in Na- and K-solutions using macroscopic cur-
rents (Fig. 1, A and B).

Additional changes were observed in the kinetic
properties of the currents. The open time distributions
in Na- and K-solutions are shown in Fig. 3, A and B, re-
spectively. A two exponential-function fit revealed that
the main effect of permeant ions in the open time dis-
tributions was to increase the apparent open time con-
stant of the slower component from 3.2 (in Na-solu-
tions) to 7.9 ms (in K-solutions). Fig. 3, C and D, show
the closed time distributions in Na- and K-solutions, re-

65 HoLMGREN

1 10
closed time (ms)

fit. The best-fit parameter val-
ues were: 71 = 0.11 ms, A; =
0.24, 7, = 1.40 ms, A, = 0.59,
T3 = 4.36 ms, Ag = 0.17.

100

spectively. The most noticeable difference between
these distributions is the presence of closed events
longer than 30 ms in Na-solutions. To include these
events, an additional fourth exponential component
was needed. However, this component (7~40 ms) con-
tributed only to 0.3% of the total area (Fig. 3 C). The
parameter values for the remaining three components
in Na-solutions were comparable to the parameter val-
ues obtained from a fit of a three-exponential function
to the closed events observed in K-solutions (Fig. 3 D;
see figure legends for details). Therefore, the main dif-
ference between the kinetics of the channel in the pres-
ence of Na- or K-solutions is that in K-solutions, the ap-
parent mean open time of the main component of the
open time distribution is 3.4 = 0.5 (n = 3) times longer
compared with Na-solutions.

The single channel gating kinetics of CNG channels
are rather complex, with multiple open and closed
states, and fast transitions between them. However, in
order to establish the origin of the observed differ-
ences, a simplified kinetic model for cGMP activation

was used:
cGMP cGMP

C ';; C1oGMP ~ CZcGMP O
In this model, the observed effect of K* ions on the
open time distribution is achieved by slowing the rate
constant of the O—C transition, i.e., K™ ions stabilize
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FIGURE 4. Permeant K* ions stabilize the open conformation of CNGA1 channels: saturating cGMP concentration. (A) Single-channel
recordings at 70 mV with Na-solutions containing 2 mM cGMP. (B) Single channel recordings from the same channel, voltage, and cGMP
concentration, but now with K-solutions. Dashed lines represent the current present when the channel is closed. (C and D) Open dwell-
time distributions with Na- and K-solutions, respectively. The solid lines represent single-exponential fits. The best-fit parameter values for
the time constants were 9.7 ms for Na-solution and 54.3 ms for K-solution. (E and F) Closed time distributions with Na- and K-solutions, re-
spectively. For Na-solution, the solid line represents a two-exponential fit. The best-fit parameter values were: T, = 0.47 ms, A; = 0.99, 7, =
5.7 ms, Ay = 0.01. For K-solution, the solid line represents a single-exponential fit with a time constant of 0.45 ms. Current records were ac-
quired at 20 kHz, and filtered at 5 kHz. Previous to analysis, the records were digitally filtered at 1 kHz.

the open conformation of the channel. To further
support this conclusion, saturating concentrations of
cGMP were used so that channels will tend to dwell ei-
ther in the fully bound closed or open states. Because
the O—=Cycyp transition is independent of cGMP, the
discrepancy in the open time distributions should per-
sist even at saturating concentrations of cGMP. Fig. 4, A
and B, show single channel recordings in the presence
of 2 mM c¢GMP at 70 mV in Na- and K-solutions, respec-
tively. The corresponding open time distributions are
shown in Fig. 4, C and D. At 2 mM cGMP, these distri-
butions can be fitted with a single-exponential func-
tion. As expected, the apparent mean open time when
the channel was permeating K* ions (54 ms) is longer
that the apparent mean open time when the channel
was permeating Na* jons (10 ms). In K-solutions, the
apparent mean open time of the open time distribu-
tion is 3.9 = 1.6 (n = 2) times longer compared with
Na-solutions. Inspection of the shut time distribution
reveals that the effect of ions on the gating by cGMP is
not exclusively at the O—C transition (Fig. 4, F and G).
Even at saturating concentrations of cGMP, there is an
additional component in the shut time distribution
with a time constant of ~6 ms when the channel was
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permeating Na* ions. However, the contribution of this
component to the total area is relatively small, ~1%.

If the observed differences in open time distribution
are independent of agonist binding then they should
persist with agonists that have very different efficacies.
As shown in Fig. 5, K™ ions produced qualitatively simi-
lar results when cAMP was used as ligand. In a patch
containing ~7-10 channels (determined by activation
with saturated cGMP concentration), activation by 5
mM cAMP never produced open events longer than 3
ms when the currents were performed by Na* ions
(Fig. 5, A and C). However, when K* ions were perme-
ating, open events longer than 3 ms were frequently ob-
served (Fig. 5, B and D; same patch as Fig. 5, A and C).

Together, these results suggest that most of the ef-
fects of permeant ions on gating by cGMP can be ex-
plained by changes in the stability of the open confor-
mation.

Ions in the Pore Might Be Responsible for Changing the Rate
of the O—C Transition

Are these effects on gating the result of ions bound out-
side the pore or are they the consequence of ions inter-

Permeation and Gating in CNGAI Channels
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at 2 kHz. For presentation purposes, traces shown in A and B were digitally filtered at 1 kHz. Similar results were observed in three patches.

acting within the permeation pathway? To help clarify
the nature of the interaction between ions and gating
by ¢cGMP, two different molecules known to interact
with the pore of CNGAI channels were used as probes
for ion-pore occupancy. These molecules are the so-
called ball peptide and the local anesthetic tetracaine;
both have been shown to act from the intracellular side
of the channel (Kramer et al.,, 1994; Fodor et al.,
1997b). If ions in the pore alter the gating by cGMP,
then the blockers, which interact with the pore of
CNGALI channels, might be able to detect these differ-
ences.

When applied internally, the ball peptide preferen-
tially blocks CNGAI channels in the open state (Kra-
mer et al., 1994). Because K* ions stabilize the open
conformation of the channel, the immediate expecta-
tion is that the ball peptide should have a higher appar-
ent affinity in K-solutions. Fig. 6 A shows subtracted
current traces, acquired with Na-solutions, in response
to a voltage step from —90 to 110 mV in control condi-
tions (2 mM cGMP) and with 2.5 uM E12K, D13K syn-
thetic ball peptide added. The equivalent experiment
is shown in Fig. 6 B in the presence of K-solutions. In
Na-solutions, the kinetics of blockade are faster and the
extent of block is larger; this suggests that the apparent
affinity for ball peptide is higher in Na-solutions. This
result is opposite to the prediction based on the as-
sumption that the only interactions between ball pep-
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tide and permeant ions are a consequence of open
state stabilization. Therefore, this result can be inter-
preted as a sign that the ball peptide is able to sense the
differences of the pore when either Na* or K* ions are
present.

Tetracaine is a local anesthetic that blocks CNGAI
channels with two important properties: the blockade
is voltage dependent and the blocker binds almost ex-
clusively to the closed state (Fodor et al., 1997b). Fig. 7
A shows subtracted current traces obtained in Na-solu-
tions with 2 mM cGMP. Equivalent set of current traces,
but with 10 pM tetracaine added, are shown in Fig. 7 B.
The voltage protocol consisted of a prepulse to —110
mV to promote unbinding of tetracaine (see Fig. 7 B)
followed by voltage steps to positive potential to assess
blockade by tetracaine. The apparent affinity for tetra-
caine (KpTet) was estimated from the fraction of cur-
rent blocked and assuming that one molecule of tetra-
caine blocks the channel (Fodor et al., 1997b). The val-
ues of KyTet estimated from the current traces shown
in Fig. 7, A and B, are plotted in Fig. 7 E (open circles),
which are consistent with previous observations of tet-
racaine blockade of CNGAI channels expressed in Xe-
nopus oocytes using similar Na-solutions (Fodor et al.,
1997b). The same experiment was repeated, in the
same patch, but now with K-solutions (Fig. 7, C-E,
filled circles). As predicted from the properties of tetra-
caine blockade, the apparent affinity for tetracaine is
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FIGURE 6. Permeant ions interact with intracellular ball peptide:
a pore blocker molecule. (A) Superimposed subtracted current
traces in response to a voltage step from —90 to 110 mV with bath
Na-solutions containing 2 mM cGMP in control conditions and
with 2.5 uM E12K, D13K synthetic ball peptide added. In these ex-
perimental conditions, the apparent affinity for ball peptide
(KpBP) was 0.3 uM. The value of KBP is defined as the concentra-
tion of ball peptide needed to block 50% of the current assuming
a simple model of a single blocker molecule binding to a single
site (Michaelis-Menten model). KyBP = {If [BP]/ (1 — If)} where If
is the fractional current remained after blockade and [BP] is the
concentration of ball peptide used. (B) Superimposed subtracted
current traces in response to the same voltage protocol but now
with bath K-solutions. In these experimental conditions, the Ky, for
ball peptide was 3.4 wM. Similar results were observed in three
patches.

lower in K-solutions. However, if the shift in the C<0O
distribution with different ionic species is the sole de-
terminant for blockade, the KpTet versus voltage rela-
tionship should be linear and parallel for Na- and
K-solutions. As shown in Fig. 7 E, that is not the case.
The values of KyTet obtained in K-solutions showed a
deviation from linearity, which opens the possibility
that tetracaine is not only blocking but may also be per-
meating at positive potentials >60 mV. Again, this re-
sult can be interpreted as a sign that tetracaine is able
to sense the differences of the pore by the presence of
Na* or K* ions, and somehow the presence of K* ions
favors the permeation of tetracaine.

Together, these results suggest that the permeation
properties for Na* and K* ions in CNGA1 channels are
different. These differences in permeation might be re-

lated to the observed differences in gating by cGMP,
which will be consistent with the idea that ions in the
pore of CNGAI1 channels are linked to the conforma-
tional changes responsible for opening and closing of
the pore.

DISCUSSION

Linkage of Permeant Ions and Gating in CNGAI Channels

The properties of permeation or gating have been ex-
tensively studied in CNG channels (see INTRODUCTION
for references). However, little attention has been paid
to the relationship between these properties. Using
heterologous expression of CNGA1 channels from rod
photoreceptor, this study shows that activation by
cGMP is influenced by the nature of the permeant ion.
Using Na* or K* as permeant ions, it was shown that
the apparent affinity for cGMP is higher when CNGA1
channels are permeating K* ions, which suggests that
permeant ions influence gating by cGMP.

Kinetic Origin of the Changes in Apparent Affinity for cGMP
by Permeant Ions

Because electrical currents are being used to estimate
channel activity, changes in sensitivity to cGMP can
originate from changes in the actual binding affinity
for cyclic nucleotide (binding steps) or by changes in
the stability of the open conformation of the channel.
Three lines of evidence support the second possibility.
First, experiments done at subsaturating concentra-
tions of cGMP showed that permeant ions mostly affect
the open dwell time distribution of single channel cur-
rents. When K* ions were carrying the current, the ap-
parent time constant of the main open state is signifi-
cantly longer than the one measured when Na* ions
were permeating. Second, if ions influenced the actual
binding affinity for cGMP, it is expected that the use of
saturating concentrations of cyclic nucleotide would at-
tenuate the differential effect of K- versus Na-contain-
ing intracellular solutions. As shown in Fig. 4, using sat-
urating concentrations of cGMP, the observed differ-
ences in the gating properties of CNGAl channels
when Na* or K* ions were permeating were similar
to those observed at subsaturating concentrations of
cGMP (Fig. 3). At all concentrations of cGMP tested
the main effect of K* ions was to increase the apparent
time constant of the main component of the open
dwell time distribution. Third, permeant K* ions were
also able to produce open events that were consistently
longer than those observed with permeant Na* ions
when saturating concentrations of cAMP were used to
gate the channels, implying that the differences on gat-
ing induced by permeant ions were not affected by the
nature of the agonist. Together, these results strongly
suggest that permeant K* ions influence gating by sta-
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bilizing the open conformation of the channel, i.e., by
reducing the rate constant of exiting the open state.

lons in the Pore Influence the Stability of the Open
Conformation of CNAI1G Channels

Because the gate that open and closes the channel is
likely to be located within the permeation pathway
(Fodor et al., 1997a; Becchetti and Roncaglia, 2000;
Liu and Siegelbaum, 2000; Flynn and Zagotta, 2001), it
is conceivable that ions, while permeating, could inter-
fere with the process of gating. As a result, the observed
differences of the gating properties of CNGAI1 chan-
nels permeating Na* or K* ions would be a conse-
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FIGURE 7. Permeant ions interact with in-
tracellular tetracaine: a pore blocker mole-
cule. (A and B) Superimposed subtracted
current traces in response to a voltage pro-
tocol that includes a prepulse to —110 mV
followed by voltage jumps to potentials be-
tween 10 and 110 mV. In A the current
traces in bath Na-solution with 2 mM
cGMP are shown, and in B similar traces
but with 10 pM tetracaine added are
shown. (C and D) Superimposed sub-
tracted current traces from the same patch
and in response to the same voltage proto-
col as before, but now with bath K-solu-
tions. In C the current traces with 2 mM
cGMP are shown, and in D similar traces
but with 10 pM tetracaine added are
shown. (E) Voltage dependence of the Ky,
for tetracaine (KpTet) in bath Na-solutions
(open circles) and in bath K-solutions,
(filled circles). The value of KpTet is de-
fined as the concentration of tetracaine
needed to block 50% of the current assum-
ing a simple model of a single blocker mol-
ecule binding to a single site. KpTet = {If
[T]/(1 — If)}, were If is the fractional cur-
rent remained after blockade and [T] is
the concentration of tetracaine used. Simi-
lar results were observed in three patches.

200 pA

quence of the different interactions between each ionic
species and the pore of the channel. The use of pore
blockers indicates that indeed Na* and K* ions might
interact differently. For example, it was found that the
intracellular ball peptide, known to preferentially block
the channel in the open state (Kramer et al., 1994), has
a higher affinity in the presence of Na* as permeant
ions. This is the opposite of what one would predict
from the fact that K* ions stabilize the open state of
CNGAL1 channels, as if the presence of Na* ions in the
pore might create a more favorable environment for
blockade of the ball peptide. Similarly, tetracaine seems
to permeate at positive voltages in the presence of K*



ions but not in the presence of Na* ions. In addition,
the difference of single channel amplitudes when
CNGAL1 channels are permeating either Na* or K* ions
also suggests that each ionic species interacts somehow
differently with the pore of the channel.

All the results presented are consistent with the idea
that monovalent cation permeation and gating are re-
lated processes in CNGAI channels. Progress in under-
standing the molecular mechanisms of ion permeation
in KcsA potassium channels (Doyle et al., 1998; Zhou et
al,, 2001; Zhou and MacKinnon, 2002) provides a basis
for interpreting the results described here. In those
studies, the atomic nature of the interactions between
permeant ions and the pore of KcsA channels, and how
these interactions vary with both the concentration and
species of permeant ion, offer physical insights into
how permeant ions might affect gating in KcsA chan-
nels. For example, high-resolution structures of the se-
lectivity filter in high K* (200 mM) and low K* (3 mM)
revealed significant conformational differences. In low
K*, the carbonyl oxygen of Val 76 is pointing away from
the pore and the a-carbon of Gly 77 is twisted inward,
resulting in a nonconductive selectivity filter where K*
ions can only occupy two of the four possible sites
(Zhou et al., 2001). In addition, the selectivity filter can
make small adjustments to the size of the permeant
ion. If the ion is bigger than K¥, like Cs*, the carbonyl
oxygen slightly rotates to accommodate the bigger ion
(Zhou and MacKinnon, 2002). In light of the fact that
KcsA architecture might well represent a prototype for
ionic membrane channels (Doyle et al., 1998), it is not
hard to imagine that permeant ions will also directly in-
teract with the pore of CNGAI1 channels and these in-
teractions somehow might be coupled to gating by
cGMP.
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