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Effects of permeating ions and ¢cGMP on gating and
conductance of rod-type cyclic nucleotide-gated (CNGA1)

channels

Jana Kusch, Vasilica Nache and Klaus Benndorf

Institut fiir Physiologie II, Friedrich-Schiller-Universitit Jena, 07740 Jena, Germany

Cyclic nucleotide-gated (CNG) channels are tetrameric non-specific cation channels. They
mediate the receptor potentials in photoreceptors and cells of the olfactory epithelium and
they are activated by the binding of cyclic nucleotides such as cGMP and cAMP. Previous
studies in homotetrameric CNGA1 channels, activated with covalently bound c¢cGMP,
presented evidence that partially liganded channels cause partial channel opening
(Ruiz & Karpen, 1997, 1999). Here, homotetrameric CNGA1 channels were expressed
in Xenopus oocytes. Conductance and gating of these channels were studied as a
function of the concentration of freely diffusible cGMP and with different permeating
ions. At saturating cGMP the current levels distributed around a single mean in a
Gaussian fashion and the open times were long. At low cGMP, however, the current
levels were heterogeneous: they were smaller than those at saturating cGMP, equal, or
larger. The open times were short. Ions generating the larger single-channel currents
(Nat > K" > Rb*") concomitantly increased the heterogeneity of current levels and
decreased the open probability and open times. The results suggest that the activation of
CNGAI1 channels by cGMP and ions staying longer in the pore is associated with less extensive

and less frequent conformational fluctuations of the channel pore.
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Cyclic nucleotide-gated (CNG) channels (Kaupp et al.
1989) are non-specific cation channels, which are
important for phototransduction in rod and cone
photoreceptors and chemotransduction in olfactory cells
(for review see Zimmerman, 1995; Finn et al. 1996;
Kaupp & Seifert, 2002). Native CNG channels form
heterotetramers composed of different subunits (Chen
et al. 1993; Korschen et al. 1995; Bonigk et al
1999; Zheng et al. 2002; Weitz et al. 2002; Zhong
et al. 2002). Each subunit of CNG channels contains
six transmembrane-spanning regions (S1-S6), a pore
region between the S5 and S6 segment, and a cyclic
nucleotide-binding domain (¢cNBD) in the C-terminus
that is connected via the C-linker to the S6 segment (for
review see Finn et al. 1996; Kaupp & Seifert, 2002). The
binding of cyclic nucleotides to the ctNBD is thought to
trigger an allosteric change of conformation which leads
to the opening of the pore. In the allosteric transition,
multiple channel regions are involved. These include the
C-linker and also remote areas with respect to the pore,
such as the N-terminus and the S1-S2 region (Gordon &
Zagotta, 1995; Mottig et al. 2001).
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When studying basic functional properties of CNG
channels, homomultimeric channels, expressed in
appropriate heterologous cells, are often used because
they comprise a defined composition. Gamel & Torre
(2000) reported that Na™ and K ions modulate the
channel gating in homomultimeric CNGA1 channels
(for nomenclature see Bradley et al. 2001; Kaupp &
Seifert, 2002). Recently, Holmgren (2003) studied the
effect of permeating Na® and K ions on the gating of
CNGAL channels at the single-channel level: at cGMP
concentrations generating large open probability (P,),
intracellular K™ caused higher P, than intracellular Na™
by prolonging the open channel lifetime. The author
presented evidence that this effect is mediated by the
interaction of the permeating ions with the pore.
This interpretation is consistent with the idea that the
selectivity filter of the CNG channel pore takes part in the
gating (Sun et al. 1996; Bucossi et al. 1997; Becchetti et al.
1999; Liu & Siegelbaum, 2000; Flynn & Zagotta, 2001;
Trankner et al. 2004).

At ¢cGMP concentrations generating low P, and with
Na't as permeating ion, native CNG channels produce
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sublevel openings (Hanke ef al. 1988; Ildéfonse & Bennett,
1991; Taylor & Baylor, 1995). These results suggest that
partial liganding at low cGMP promotes partial channel
gating whereas full liganding at saturating cGMP promotes
gating to the fully open channel. Further support for
this hypothesis comes from results in homomultimeric
CNGA1 channels locked in different ligand-bound states:
with Na™ as permeating ion, two sublevels were observed
and their amplitude was attributed to the number of
c¢GMP molecules bound to the channel (Ruiz & Karpen,
1997, 1999). These authors also presented evidence that
low concentrations of freely diffusible cGMP generate
respective sublevels. In contrast, with KT as permeating
ion and freely diffusible cGMP the fully open level prevails
at both saturating and low cGMP (Benndorf et al. 1999).
These results show that the incidence of sublevels does not
strictly depend on the cGMP concentration but also on
the type of permeating ion. Hence, the permeating ions
modulate P, not only by altering the lifetime in the fully
open state but also by affecting the channel conductance.

In this study, we have examined systematically the
influence of ¢cGMP and permeating ions on CNGALI
channel gating and conductance. We show that saturating
cGMP generates long openings with a single current
level, whereas low cGMP generates short openings with
multiple current levels, including sublevels, the level
observed at saturating cGMP, and superlevels. Ions that
stay in the pore longer (Rb* > K* > Na') prolong the
open times and decrease the multiplicity of current levels
compared to ions staying in the pore for shorter times.
The results suggest that at low cGMP the pore
conformation fluctuates rapidly between multiple states
of which some are open, whereas at saturating cGMP, the
frequency and extent of the conformational fluctuations
are strongly reduced. Permeating ions modulate these
conformational fluctuations.

Methods
Oocyte preparation and cRNA injection

Ovarian lobes from female Xenopus laevis were resected
under anaesthesia (0.3% 3-aminobenzoic acid ethyl ester)
and transferred to a Petri dish containing Barth’s medium
(mM: 84 NaCl, 1 KCI, 2.4 NaHCO;, 0.82 MgSOy,
0.33 Ca(NOs),, 0.41 CaCly, 7.5 Tris, pH = 7.4 with HCI).
The individual donor animals were used four or five times.
The condition of the animals was monitored between
the ovarian lobe resections and care was taken to avoid
distress or infection. The procedures had approval from
the authorized animal ethical committee of the Friedrich
Schiller University Jena. The animals were finally killed by
decapitation under anaesthesia. The oocytes were treated
for 60-90 min with 1.2mgml™" collagenase (Type I,
Sigma, St Louis, USA) and manually dissected. They were
injected with 40-70 nl of a solution containing cRNA
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specific for CNGA1 channels (accession number X51604).
The oocytes were incubated at 18°C in Barth’s medium
until experimental use within 6 days after injection.

Recording technique

The oocytes were positioned in the experimental
chamber (volume 0.2ml) mounted on the stage of
an inverted microscope. Currents were recorded in
inside-out patches with a patch-clamp technique. CNGA1
channels were activated with either 1.3, 10, 30, 100
or 700 um cGMP. The concentration of 700 um cGMP
was used to maximally activate the channels (saturating
c¢GMP). FEach excised patch was first exposed to
zero ¢cGMP, to test for possible background channel
activity, and then to saturating cGMP, to determine the
maximum current. Patches with background channel
activity were discarded. Three solutions were used:
K* solution (mm: 150 KCl, 1 EGTA, 5 Hepes, pH = 7.4 with
KOH), Na* solution (mm: 150 NaCl, 1 EGTA, 5 Hepes,
pH = 7.4 with NaOH), and Rb* solution (mm: 150 RbCl,
1 EGTA, 5 Hepes, pH = 7.4 with RbOH).

The patch pipettes were pulled from either borosilicate
glass tubing (outer diameter 2.0 mm, inner diameter
0.48 mm) or quartz tubing (outer diameter 1.2 mm,
inner diameter 0.4 mm) on a laser puller (P-2000, Sutter
Instrument Co., USA). The pipette resistances were
5-25 M and 10-25 M€, respectively. The borosilicate
glass pipettes were coated with Sylgard 184 (Dow Corning
Corp., Midland, MI, USA) and fire-polished after coating.

Recording was performed with an Axopatch 200A
amplifier (Axon Instruments, USA). The currents were
on-line filtered (4-pole Bessel) at a cut-off frequency
of 5kHz. The currents were measured at the voltage
of +100mV to obtain reasonably large amplitudes
of single-channel currents and to minimize proton
block from the extracellular side, as demonstrated for
structurally related CNGA2 channels (Root & MacKinnon,
1994). All measurements were performed at room
temperature (22-24°C).

Data acquisition

Measurements were controlled and data were collected
with the ISO2 soft- and hardware (12-bit resolution;
MFK Niedernhausen, Germany) in conjunction
with a Pentium PC. All currents were corrected
for capacitive and very small leak components by
subtracting corresponding averaged currents in the
absence of ¢cGMP. The sampling rate was generally
20 kHz.

Data analysis

If not otherwise indicated the recordings were off-line
filtered to 2kHz using a Gaussian algorithm. The
amplitude of the single-channel currents was determined
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by forming all-point amplitude histograms and fitting
the distribution with sums of two Gaussian functions. At
saturating cGMP, patches containing one and only one
channel were used whereas at low cGMP, multichannel
patches were used. Since the amplitude of single-channel
currents at low cGMP varied considerably, the amplitude
was determined from individual openings and only
openings longer than 0.33 ms were included.

The single-channel open time was evaluated by setting
a threshold to the 50% level of the current amplitude.
At saturating cGMP the procedure was standard because
only one level was present. At low cGMP the openings
with different amplitudes were grouped to classes 0of 0.5 pA
width and analysed in these classes. Cumulative open-time
histograms were formed as the number of openings still
open after time ¢ given that all openings started at time
zero. To reduce the variability, the open times of three to
six patches were lumped by normalizing the histograms
of an individual patch j with respect to the total time
interval t,, from which the openings were included, and
summing up these values. The cumulative open-time
histograms for m patches were finally plotted in the
form:

1 i (No. of openings still open at #| open atz = 0);
N & ty

where N is the total number of channels in all j patches. N
was determined for each patch by N = I,/i where I ,; and
i are the amplitudes of the multichannel current (700 pm)
and of the single-channel current at saturating cGMP as
determined from single-channel patches, respectively. The
cumulative open-time histograms were fitted with either
a single exponential

y(1) = Ag exp(—1/Tof) (1a)

or in the case of an additional slow component with the
sum of two exponentials

y(t) = Af EXP(—f/Tof) + As eXP(_Z‘/.’:OS)- (lb)

Topr Tos» Ar and A are the fast and the slow open-time
constants and their relative contributions, respectively.
The open probability, P,, for the events included in each
histogram was obtained by integrating eqns (1a) or (1b)
within the limits 0 and oo yielding

Po = AfTof (28_)

Py = AfTor + ATos. (Zb)

Determining P, in this way includes an estimated value
for the missed brief events.

Because the amplitudes of the single-channel currents
were heterogeneous, the probability that an apparently
single-channel event was composed of the events of
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two channels was considered: the expression level was
chosen such that at each ¢cGMP concentration tested
the fraction of events generated by an obvious overlap
of two events was below 10%. These events, as identified
by the presence of more than one level or a shoulder
in the rising or falling phase, were excluded from the
analysis. We then estimated the probability that an
apparent single-channel event was composed of two over-
lapping smaller events in which both opening transitions
occurred simultaneously and both closing transitions
occurred simultaneously. This probability is the
product of the probabilities of a simultaneous opening
transition, Py,, and of a simultaneous closing transition,
P,.. Two opening or closing transitions were considered
to be non-separable if they occurred within one 10-90%
rise time, t, =0.3321/f. (Benndorf, 1995), where f. is
the cut-off frequency of the filter. With f.=2kHz, t,
was 166 us. The trace duration t4 was 400 ms and the
average number of apparent single-channel events per
400 ms trace, x,,, ranged from 2.0 to 45.0. The probability
of a simultaneous transition of two channels from a closed
to an open state, P,, was estimated by

P, = xntr/td' (3)

With eqns (1) and (2) the probability that two channels
close in the time interval ¢ to t + t,, given that they opened
att=20,is

2

t+;
PZC(l,lthr) = [_ (Affof + As-tos)_1 f y(t) dt} . (4)
t

The total probability that two channels close in the same
time interval ¢ to ¢t 4 ¢, for t > 0.33 ms (openings shorter
than 0.33 ms were excluded), given that they opened at
t =0, is then

o0
P = Z Paciat jr 2 (s (5)

Jj=0

Practically, the sum was calculated until #4/¢,. The
probability to mistake the superimposition of two events
with simultaneous opening and closing as a single event is
then

Pris = Py Py (6)

Curve fits and statistics

Curves were fitted to the data with appropriate non-linear
approximation algorithms using either the ISO2 or
the Origin 6.1 software. Statistical data are given as
mean + s.e.M. For open-time histograms constructed
from the events of all patches, the error of the fits refers to
the 95% confidence interval limit provided by the Origin
6.1 software.
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Results

At saturating cGMP the channels generate
a single current level

Figure 1A shows representative single-channel currents of
CNGAL channels at saturating cGMP with symmetrical
Nat or K* ions. In the presence of either ion,
single-channel currents with one level were observed.
Amplitude histograms show that the single-channel
currents were 1.8 times larger for Nat than for
K* currents (Fig. 1B and Table 1). The fit of the open-time
histograms yielded a fast and a slow time constant, 7.¢
and 7, respectively. Both time constants were significantly
smaller for Na™ than for Kt ions (Fig. 1C and Table 1).
Because P, was similar (Table 1), it follows that the channel
fluctuates more frequently between the closed and the open
state in the presence of Na™ ions. These results confirm
observations by Holmgren (2003).

Figure 1B also shows that the open level distributions
are wider than the closed level distributions. One source
of this open-channel excess noise is conformational
fluctuations of the channel pore, as shown for acetylcholine
receptor currents (Sigworth, 1985). In CNGA2 channels,
a block of the pore by external protons also contributes to
the excess noise (Root & MacKinnon, 1994). In the present
study this block should be only low because the voltage
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was generally set to the very positive value of +100 mV
and the pH was 7.4. We therefore assumed that the
excess noise is essentially generated by differences in the
conformational fluctuations of the pore. The excess noise
of the open channels is described by

12 7)
where 0 and o are the root mean square (RMS) noise
of the xth open level and the closed level, respectively
(Fig. 1B). The excess open-channel noise was larger
for Nat than for KT ions (Table1). However, after
normalization with respect to the single-channel current,
0, was similar for both ions (Table1). This result
suggests that at saturating cGMP the amplitude of the
conformational fluctuations of the open pore does not
depend on the ion species.

Onx = (Odox2 - ch)

At low ¢cGMP the channels generate multiple
current levels

At 10 um cGMP, only a small fraction of current
is activated (K*i/K*,: I/ = 5.7 x 107%; Na¥t;/Na*,:
I/ e = 2.6 X 1073). At this low cGMP concentration
the amplitudes of the single-channel currents were
heterogeneous in the presence of either ion, being either
smaller (sublevels) or larger (superlevels) with respect

700 uM cGMP
A
K" /K, Na" / Na’,
--C
B 20007 | _224pA 1500 ios = 3.53 pA
@ o = 0.23 pA oy = 0.32 pA
S 1500
3 Ony = 0.17 pA 1000+ Oy =0.24 pA Figure 1. Single CNGA1 channel
5 1000 - ) currents at saturating cGMP (700 pM)
g _ 5004 lo :_'0-06 PA with either symmetrical Na* or K+
500 4 o =0.00 pA o, =0.21 pA ions at +100 mV
0, = 0.16 pA JA A, current traces. K+ ions produced
0 AN 0 openings smaller in amplitude, longer in
C - -2 0 o2 4 6 -2 0 2 4 6 duration, and with a less noisy open level
I 0.15 i (PA) 0.15 i (PA) compared to Na* ions. B, amplitude
c histograms. All-point histograms were
§ fitted with the sum of two Gaussian
é 0.10 - T, =17.5ms 0.10 - 1, =2.59 ms functions yielding the indicated values for
= . =61.6ms . =11.0ms the mean (o1, ic) and standard deviation
A A"S - 027 Af’s ~079 (001, 0¢) at the open and closed levels,
£ A°f _0.73 A°f _ 0.21 respectively. oq indicates the extra RMS
g 0.057 s 0.05 1 s noise of the open channel calculated using
g eqgn (7). C, cumulative open-time
£ [:\] i histograms. The histograms were fitted
._\z 0 _ - o) : : \ with egn (1b) yielding the indicated
0 50 100 150 0 50 100 150 parameters. Both open time constants are
Time (ms) Time (ms) shorter for Na* than for K* currents.
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Table 1. Single-channel parameters at saturating cGMP (700 1.M)
for Nat and K* currents at +100 mV

K+i/Kto Na*ti/Na*,
i (pA) 2.0+0.13 (10) 3.6 +0.17 (6)
o (pA) 0.20 +£ 0.013 (3) 0.33+0.015(3)
oli 0.100 (3) 0.092 (3)
Po 0.94 £+ 0.024 (4) 0.81 £+ 0.030 (3)
Tof (MS) 17.5 + 1.09 (312)* 2.59 + 0.04 (307)*
Tos (MS) 61.9 £ 0.69 (312)* 11.0 +0.30 (307)*
As 0.27 £ 0.016 (312)* 0.79 £+ 0.015 (307)*
A 0.73 £ 0.026 (312)* 0.21 £ 0.011 (307)*

i, amplitude of the single-channel current; P,, open probability;
on1; RMS noise of the open level determined with eqn (7);
on1/i, RMS noise of the open level normalized with respect to
i; tof. fast open time constant; 7o, slow open time constant;
A¢, amplitude of the fast component of the open time; A,
amplitude of the slow component of the open time. The numbers
in parentheses indicate the number of patches or the number of
individual openings (*) included in the statistics.

to the level observed at saturating cGMP (Fig.2A).
Closer inspection of all traces revealed openings to many
different levels from just detectable sublevels to the largest
superlevels (Fig. 2B).

Because these measurements involved multichannel
patches, we estimated the probability P, to mistake the
superimposition of two distinct events with simultaneous
opening and simultaneous closing as a single event (see
Methods). The values of P,,,;; determined for the individual
patches ranged from 6.9 x 107° to 4.8 x 1074, i.e. in the
worst case, only one out of 2083 openings might have been
identified as false positive. Therefore, all openings, were
considered as originating from a single channel.

Amplitude histograms of the single-channel events were
constructed to evaluate the incidence of current levels.
To obtain maximum resolution, only time intervals were
included when a channel was open, i.e. all closed level and
all transition points were excluded. The distributions (grey
areas in Figs 3 and 4) were fitted with sums of Gaussian
functions providing respective means, i,. Figure 3A shows
amplitude histograms for Na* currents from three patches
at 10 um cGMP. The openings are grouped with respect
to two or three means. The distributions are significantly
different from patch to patch, although the experimental
conditions were identical. In patches 1 and 2, most
of the events were sublevel compared to the current
level observed at saturating cGMP (dotted vertical line),
whereas in patch 3 two large Gaussians were positioned
at both sides of this level. In patches 2 and 3, a noticeable
fraction of events were superlevels.

The histograms also provide the extra noise, o, for
the xth open level calculated by eqn (7). The values of o,
(not shown) were calculated from baseline noise obtained
from time intervals with no channel opening (open areas).
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Most of the o, values were larger than that at saturating
c¢GMP (0.33 £0.015 pA). A wider Gaussian distribution
can be either the result of larger open-channel noise or
a larger heterogeneity of current levels. In the first case,
the conformational fluctuations of the pore that cause this
noise are fast compared to the range of open times, whereas
in the second case the conformational fluctuations of the
pore are slow compared to this time range. The observed
multitude of current levels (Fig. 2B) suggests that slow
conformational fluctuations have caused the larger noise
in the Gaussian components at low cGMP. Although the
reason for the remarkable heterogeneity of the amplitude
distributions among the patchesis presently not clear, these
results show that the individual Gaussian components are

10 uM cGMP

Na* /Na*
1 o

ennt UL
ORI DA F N

25 ms

Figure 2. Single CNGA1 channel currents at low ¢cGMP (10 M)
with either symmetrical Nat or K* ions

The dotted lines indicate the current level observed at saturating
cGMP (700 um; see Fig. 1). A, representative current traces. Openings
to sublevels, the level observed at saturating cGMP, and superlevels
appeared with both ions. B, selected openings in order of amplitude.
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not related to the number of bound ligands in a simple
fashion.

Figure 3B shows amplitude histograms of Na™ currents
at 30 um cGMP. As at 10 um cGMP, the amplitude
distributions differed substantially between the patches.
Also the excess noise (0,,) was heterogeneous, being
smaller and larger than that at saturating cGMP. Despite
this heterogeneity, the distributions tend to group more
closely to the level observed at saturating than at 10 um
cGMP. We interpret this result to indicate that cGMP
reduces slow conformational fluctuations of the channel
pore with respect to the range of open times.

Figure 4 shows similar experiments with K™ currents.
At 10 um c¢GMP, the channel activity was primarily
represented by a single, large Gaussian distribution that
peaked either directly (patches 4 and 6) or close (patch 5)
to the level determined at saturating cGMP (Fig.4B). A
second Gaussian with a smaller mean contributed mini-
mally in all patches. The means varied between the patches.
The excess noise of the large Gaussians (o,,) always
exceeded that at saturating cGMP (0.20 £ 0.013 pA),
suggesting that it is the different levels (Fig.2B) that
generate the wider distributions.

A B
10 uM cGMP Na'/Na’,
2 0 isal 500 Isal
507 v Patch 1 7 v
200 i, =1.60pA 400 -
o,, = 0.38 pA
150 i, =2.61pA 300
o,, = 0.38 pA
100 - 200 |
50 100 4
0 0 -
3501 Patch 2 120 1
300 _
Q i, =1.11pA 100
§ 250 + Oy = 0.41 pA § 80 -
3 200 i, =3.08pA 8
5] c,, =0.45 pA S 60
g 1507 i, =445pA
100+ 6,5 = 0.26 pA 40 1
50 20 1
0 0 1
120 Patch 3 600 4
100 - i, =2.88pA 500 7
80 - o, = 0.49 pA i
i, =4.10 pA 400
60 c,, = 0.24 pA 300
i, =5.36 pA
40 6,,= 0.38 pA 200 A
20 100 1
0 T 0
-2 0 2 4 6 8 2
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Figure 4A shows respective amplitude histograms at
1.3 um cGMP. Comparison of the histograms at 1.3 um
c¢GMP and 10 um cGMP confirms that the higher cGMP
concentration confines the current levels closer to the level
observed at saturating cGMP by two effects: the excess
noise of the prevailing Gaussian and the contribution of
the sublevel events are smaller at 10 than at 1.3 um cGMP.
Hence, also in the presence of K ions a higher cGMP
concentration reduces slow conformational fluctuations
of the channel pore.

We next considered whether the different amplitude
distributions with Na® and K' at the same low
cGMP concentration (Figs3A and 4B) are due to
a different P, or to specific effects of the ions,
independent of P,. We therefore compared amplitude
distributions with Na' ions at a slightly larger P,
to those with K* ijons at a respective lower P,
(compare Fig.3B,Na*™: P,=9.1 x 107, to Fig.4B, K*:
P,=52x10"% and Fig.3A, Na': P,=3.4x 1077,
to Fig.4A, K*: P,=9.6 x 107*). These comparisons
illustrate that K™ ions stabilize the current level observed
at saturating cGMP with respect to Na™ ions independent
of P,.

30 uM cGMP Na*/Na’,

Patch 4

i, =0.70 pA
o, =0.12 pA
i, =1.58pA
c,, = 0.25 pA
i, =4.08 pA
c,, = 0.45 pA

Patch 5

i, =0.43pA

c,, =0.19 pA

i, =2.99pA

6, =0.70 pA Figure 3. Amplitude histograms of
i, =3.75pA

single-channel openings with Na*;/Nat,
recorded from six patches

Transition and baseline points were removed.
Filter, 2 kHz. The distributions were fitted by
sums of Gaussian functions. For each Gaussian

6,5 = 0.26 pA

Patch 6 curve the mean (ix) and the open-channel RMS
- noise (o nx) is indicated. oy was calculated

i 1.11 pA

o,, = 0.28 pA according to eqn (7). The dotted line indicates
i, =3.57pA the current level observed at saturating cGMP.
G, = 0.75 pA The baseline peaks (open) were calculated

i, =4.47pA

separately from time intervals in the absence of
channel activity. A, 10 um cGMP. The
histograms of the patches show either two or
three Gaussian distributions. B, 30 uM cGMP.
As at 10 uM cGMP the distributions differ
notably but tend to shift more to isat.

6,5 = 0.29 pA
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Effects of Na* and K* ions on open
times and P, at low cGMP

At high ¢cGMP concentrations, Na't ions destabilize the
open channel with respect to K* ions by decreasing the
mean open time (Holmgren, 2003; Table 1). We examined
whether Na™ ions also exert similar effects at low cGMP
and therefore analysed the open times for both ions over
a wide range of cGMP concentrations.

Because of the heterogeneity of the current levels,
the opening events were grouped into amplitude classes
of 0.5pA width and for each 0.5pA class, cumulative
open-time histograms were formed (Methods). Figure 5A
shows these histograms for all occupied classes at 10 um
c¢GMP. The open times differ between the amplitude classes
(for time constants see legend to Fig. 5A). A slow open
time constant (t,,) is present only with K* ions. Its
contribution, however, significantly differs between the
classes. These results indicate that different conductance
states have different lifetimes and that K* ions prolong the
lifetimes of the conductance states differently.

To obtain the cumulative open-time histogram for
all current levels, the histograms of all occupied classes
were summed (Fig. 5B). For both ions, these histograms
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required two exponentials for description. This analysis
was also performed at other cGMP concentrations and
the resulting open-time constants are shown in Fig. 6A.
Both time constants are shorter with Nat than with
K* ions at all cGMP concentrations and the shortening
effect is stronger at high than at low cGMP.

We also determined the open probability P, for all
currentlevels. It was obtained from the area under the fitted
curves in the summed cumulative open-time histograms
(Fig.5B). P, was plotted as function of the cGMP
concentration for both ions (Fig. 6B). KT ions produced a
larger P, than Na™ ions at all cGMP concentrations and
the effect of the ions was stronger at low than at high cGMP
(for saturating cGMP see also Table 1).

lons and cGMP modulate different closing reactions

We addressed the question of whether the ions and cGMP
affect the same single closing reaction. Consider the effects
of Nat and K* on P, and 7, at Nat/700 um cGMP
and K*/100 um ¢cGMP (Fig. 6, arrows). P,(K™/100 um
c¢GMP) is lower than P,(Nat/700 um cGMP). If the
lower P,(K*/100 um cGMP) were caused solely by the
same closing reaction accelerated at 100 um cGMP

A 1.3 uM cGMP K'/K", B 10 uM cGMP K'/K',
i [
400 1 Patch 1 400 Patch 4
300 i, =0.63pA 300 i, =0.43pA
6, = 0.23 pA 6, =0.12 pA
i, =2.37pA i, =2.01 pA
200 4 o, =0.31 pA 200 c,, = 0.26 pA
100 - 100
O T T 1 0 T T 1
140 - Patch 2 500 1
120 A
@ i, =0.74pA o 400 1
g 100 - c,, = 0.40 pA S
3 g0 i, =2.89pA & 300 -
s 6,=048pA G
S 601 i, =446pA S 200 -
40 - 0,3 =0.25 pA
20 - / 100 A
0 T t T ] 0
140 - . 400
Figure 4. Amplitude histograms of 120 Patch 3 Patch &
single-channel openings with K*;/K*, ] | =061pA 300 i, =064 pA
recorded from six patches 100 4 ém =0.10 pA 6, =0.14 pA
For an explanation of conditions and symbols 80 1 i, =2.27pA i, =2.05pA
see Fig. 3. A, 1.3 uM cGMP. The histograms of 60 6,, = 0.50 pA 200 G,, = 0.33 pA
the patches show either two or three Gaussian
distributions. B, 10 uM cGMP. As at 1.3 um 40 1 100
cGMP, the distributions differ notably and they 20
shift more to isat. The RMS noise of the main 0 . . 0 . . .
peaks (o2) still exceeds that at saturating 2 6 8 2 0 2 4 6 8

cGMP (Table 1).
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Figure 5. Cumulative open-time histograms for Na* and K* at 10 uM cGMP

A, histograms for amplitude classes of 0.5 pA width. The histograms were attributed to the class means and fitted
with eqns (1a) or (1b). The areas under the curves indicate P, within each class. The individual time constants
were: Kti/K*, (for the class means 0.75 t0 3.25 pA): 1o = 3.32ms, 14f = 1.26 Ms, Tos = 11.1, 75 = 1.04 ms,
Tos =7.45ms, To1=0.97ms, Tos=10.1ms, 1o =1.94ms, 1o = 10.9ms, 75 =1.30ms. Nati/Na*t, (for
the class means 0.75 to 4.25pA): 1o =1.22ms, 756 =1.01ms, 7o¢ =1.57, tof = 1.93ms, 7o =2.60 ms,
Tof = 3.30ms, T4 = 1.46 Ms, 74 = 2.50 ms. B, cumulative histograms for all amplitude classes. The histograms

were fitted with egn (1a).
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Figure 6. Effects of the permeating ions on single-channel parameters as a function of the cGMP
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A, open times. T4 and tos denote mean fast and slow open times, respectively. With K* as the permeating ion,
both open times were longer than with Na* as the permeating ion. B, open probability, P,. The P, values were
determined from cumulative open-time histograms including the openings of all amplitude classes. Each histogram
contains between 259 and 920 individual openings and each data point contains data from three to six patches.
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compared to 700 um cGMP, then ,¢(Na*/700 um cGMP)
should be larger than 7,(K*/100 um cGMP). Instead,
7o¢(Na™/700 pum cGMP) was smaller than 7,:(K*t/100 um
c¢GMP) (arrows in Fig.6A, left). Similar results were
obtained with other pairs of neighboured c<GMP
concentrations and also when 7, was considered instead
of 7. (arrows in Fig. 6A, right). We therefore conclude
that at least two reactions determine the channel closure
and that the ions modulate the contributions of these
reactions.

lons permeating the pore more slowly stabilize
the open channel

The smaller single-channel current with Kt than with
Nat suggests that KT ions bind longer to a binding site
within the pore than Na* ions. If the longer binding of K*
ions to the binding site is also responsible for the lower
heterogeneity of single-channel current amplitudes and
the longer open times, then ions generating even smaller
single-channel current than K* ions should further reduce
the heterogeneity of current levels and increase the open
times. Such small single-channel currents were reported
with Rb™ ions (Nizzari et al. 1993) and for structurally
related voltage-gated K* channels it has been shown
that Rb* ions stay longer in the channel than K" ions
(Swenson & Armstrong, 1981). We recorded Rb* currents
at cGMP concentrations between 10 and 700 um. Because
of the small amplitude of the currents, the analysis was
performed ata band width of 300 Hz. To additionally prove
that it is the intracellular and thus the permeating ions
which cause the effects on gating, Rb* and K* currents
were recorded with Na* ions at the extracellular side.

The traces in Fig.7A show that at 700 um cGMP
Rb™ ions generated an ‘always-open’ channel. At 30 um
c¢GMP, the open level was the same as at saturating cGMP
and openings to sub- or superlevels were either absent
or only extremely rare (Fig. 7B). This result differs from
that with permeating K* ions (Fig. 7C) and even more
from that with permeating Nat ions at 30 um cGMP
(cf. Fig.3B). Rb*™ currents showed a noticeable
heterogeneity of current levels only at the low cGMP
concentration of 10 um and, as expected, Rb* increased
both open times (Fig. 7D) with respect to K. Together,
these results confirm the above hypothesis that ions
staying longer in the pore stabilize the open channel by
two mechanisms, by reducing the number of accessible
conformational states of the pore and decelerating the
channel closure.

Discussion

In this study we reconsidered the gating of single homo-
multimeric CNGA1 channels as a function of the cGMP
concentration and the type of permeating ion. Our
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results demonstrate thatan increased cGMP concentration
correlates not only with higher P, and longer open times
but also with a decreased incidence of heterogeneous
current levels. Ions staying longer in the pore affect these
functional parameters similarly but the extent of these
ionic effects is smaller than that of the cyclic nucleotide.
Because the selectivity filter is the principal gate for the
cyclic nucleotide-induced gating (Sun et al. 1996; Bucossi
et al. 1997; Becchetti et al. 1999; Liu & Siegelbaum, 2000;
Flynn & Zagotta, 2001) and the ions affect the gating
when permeating the pore (Fig. 7; cf. Holmgren, 2003),
all gating effects described in this paper can be attributed
to conformational changes of the channel pore.

The pronounced heterogeneity of current levels at low
c¢GMP (low P,) indicates that the pore conformation
can adopt multiple open states. The individual events,
however, contained mostly only a single level, even in
multichannel patches. This result shows that the switching
of the channel to the next conductance state must proceed
when the channel pore is closed. It is therefore likely that
the pore passes at least two closed states between two
open states with different conductance. The fact that at
low P, the sojourns of the pore in closed states are much
longer than those in open states makes it likely that even
more closed states are passed between two open states. It is
therefore suggested that at low P, the pore conformation
fluctuates between multiple states of which only a small
fraction is open. The conductance of these open states
can be different, generating the heterogeneity of current
levels.

At saturating cGMP, the absence of heterogeneous
current levels indicates that the high concentrations of
the bound cyclic nucleotide prevents the pore from
adopting most of the open pore conformations in the
sense that the pore is ‘frozen’ in conformations generating
only one conductance. Because of the biexponential
distributions of the open times, there are at least two open
pore conformations. The effect of increasing the cGMP
concentration on the pore can therefore be understood
as a reduction of the number of accessible states. The
high P, suggests that the accessibility of closed states is
significantly more reduced than that of the open states.
A cGMP-induced reduction of the number of accessible
closed and open states can also explain the longer open
times at high than at low cGMP: with fewer accessible
states at high cGMP, fewer transitions are possible along
which an open state can be left. Hence, increasing cGMP
does not only reduce the extent of conformational pore
fluctuations, as suggested by a reduced number of current
levels, but also the frequency of these fluctuations, as
suggested by the longer open times.

The effect of the permeating ions on the gating is also
directed on the conformational fluctuations of the pore;
ions staying longer in the pore (Rb* > K* > Na™) exert
similar effects to an increased cGMP concentration; at
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low cGMP the number of accessible conductance states is
reduced, P, and the open times are increased. The effects
of ions, however, are only weak compared to those of
the cGMP concentration. The result that at saturating
cGMP the heterogeneity of levels is lost with all ion
species supports the notion that ions and ¢cGMP control
the extent of conformational fluctuations via the same
mechanism. Despite this result, our data also suggest that
ions and cGMP affect different closing reactions because
the open times at saturating cGMP remain different
with the different ions (Fig.7D). This result supports
the notion that ions and cGMP control the frequency of
conformational fluctuations by involving different closing
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reactions. Evidence for different closing reactions affected
byions and cGMP was also derived above from the analysis
of P, and the open times (see text to Fig. 6).

We observed that the different amplitudes of the Rb*,
K* and Na't currents at saturating cGMP negatively
correlate with the degree of heterogeneity of current levels
and the prolongation of open times. From a mechanistic
point of view it is likely that these effects of ions depend on
the dwell time of the ions in the pore. With single-channel
currents in the range of 0.5 pA (Rb') to 3.6 pA (Na™),
the upper limit of the mean dwell time of the ion in the
channel is 3.2 x 1077 to 4.5 x 1078 s. Since these dwell
times are much shorter than the open times, anion binding
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x
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Figure 7. Effect of the permeant ions on channel gating

The pipettes contained Na™ ions. The voltage was 4100 mV. Filter, 300 Hz. A, single-channel Rb* currents recorded
with 150 mm Rb™ in the bath solution. At 700 um cGMP the channel was nearly always open and generated only
one level. At 30 um cGMP the channel switched between the closed level and the level observed at saturating
cGMP. In contrast, at the low concentration of 10 um cGMP sub- and superlevels were observed in addition to
the level observed at saturating cGMP (dotted lines). B, amplitude histograms for Ro* currents. At 10 um cGMP
the open level distribution was wider than at 30 or 700 um cGMP. At the subsaturating cGMP concentrations, the
histograms were formed from selected events of multichannel patches (see Methods). The excess noise (o1) was
calculated using eqgn (7) from the noise of the open and the closed levels. For o1 at 700 um cGMP, the noise of
the closed level was determined in the absence of cGMP. C, amplitude histograms for K* currents (with Na* at
the extracellular side). At 30 um cGMP, the open level distribution was wider (larger o1 value) than at the same
cGMP concentration with Rb™ ions. D, plot of the fast and the slow open times, 7o and tos, as a function of
the cGMP concentration for Rb*, K+ and Na™ ions. Rb* produced longer open times than K*. The dotted lines
indicate that at saturating cGMP the open times were too long for proper determination.
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in the pore cannot stabilize the open channel directly by its
dwell time at the binding site. One possible explanation is
that several ions bind in the pore simultaneously and that
channel closure is only possible when both (or all) binding
sites are empty. Evidence for the simultaneous binding
of two ions in the selectivity filter has been provided for
K" channels (Doyle et al. 1998). Alternatively, it is
conceivable that the mean time an ion occupies a single
binding site is transformed to decreased conformational
fluctuations of the pore region.

Gamel & Torre (2000) were the first to show that
permeating ions modulate the gating of CNGA1 currents.
Replacing Na™ on the inside by K™ slowed down the
channel gating at positive voltages. This result fits with
the idea derived from this study that K* ions reduce the
frequency of conformational fluctuations with respect to
Na™ ions. Our results also confirm the previous results of
Holmgren (2003) who observed at cGMP concentrations
generating large P, that permeating K™ ions prolong
the open-channel lifetime with respect to permeating
Na* ions.

In previous work on the incidence of sublevel openings
at low ¢cGMP, Ruiz & Karpen (1997, 1999) reported
that CNGAI1 channels locked in partially liganded
states with 8-p-azidophenacylthio- cGMP (APT-cGMP)
produce distinct sublevels and the authors identified
these sublevels also when activating the channels
with free ¢cGMP. With symmetrical Nat and at low
cGMP we also observed a preference for sublevel
openings but our amplitude histograms did not confirm
the notion that partial liganding causes only partial
opening (Figs 3 and 4). Generally, when relating results
obtained with permanently bound APT-cGMP to those
obtained with freely binding cGMP, one should be
aware that this is only possible if the binding/unbinding
reaction of the free cGMP is slow compared to the sub-
sequent allosteric reaction. This has not been shown so
far. If the allosteric reaction is slower than the binding
reaction then the observed amplitude heterogeneity in our
measurements (including the superlevels) could be lost
in the experiments of Ruiz & Karpen simply by the
permanent binding of the APT-cGMP. Hence, our
results do not necessarily conflict with those of Ruiz &
Karpen (1997, 1999) obtained with permanently bound
APT-cGMP but reflect the channel action with freely
diffusible cGMP.

The present data also explain contradictory results on
the incidence of sublevels at partially activated CNGAL1
channels in the studies of Ruiz & Karpen (1997, 1999) and
our work (Benndorf et al. 1999): while Ruiz & Karpen
(1999) reported that sublevel openings dominate the
channel activity, we observed a mean current level close
to the level observed at saturating cGMP (Benndorf et al.
1999). The results of this study show that permeating Na*
ions particularly promote sublevels whereas permeating
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K" ions promote levels both smaller and larger than the
level observed at saturating cGMP, resulting in amplitude
histograms with an open-level distribution apparently
close to that for the level observed at saturating cGMP. The
fact that at very low P, (1.3 and 10 um cGMP; Fig. 6B)
the channels generated not only sublevels but also the
level observed at saturating cGMP and superlevels, rules
out that a partially liganded channel produces a distinct
subconductance state.

Native channels are heterotetramers composed of three
CNGA1 subunits and one modulating CNGB1 subunit
(Zheng et al. 2002; Weitz et al. 2002; Zhong et al. 2002).
Two of the modulating effects of the CNGB1 subunit are to
decrease the single-channel conductance and to increase
the open-channel noise, if compared to homotetrameric
CNGAI channels (Korschen et al. 1995). In the context
of the present study these results suggest that the CNGB1
subunit also modulates the conformational fluctuations
of the channels. In future experiments it would be of
interest to examine how this modulation is related to
the effects of cGMP and the ions described here. Other
interesting areas for further study are conformational
fluctuations at physiological voltages and with physio-
logical ions, including external Ca®* ions. Ca*" ions can
be expected to conspicuously decrease conformational
fluctuations because they permeate the pore only slowly
(cf. Frings et al. 1995).
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