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Abstract. The permeation properties of adenosine 38,
58-cyclic monophosphate (cAMP)-activated recombinant
rat olfactory cyclic nucleotide-gated channels (rOCNC1)
in human embryonic kidney (HEK 293) cells were in-
vestigated using inside-out excised membrane patches.
The relative permeability of these rOCNC1 channels to
monovalent alkali cations and organic cations was deter-
mined from measurements of the changes in reversal
potential upon replacing sodium in the bathing solution
with different test cations. The permeability ratio of Cl−

relative to Na+ (PCl/PNa) was about 0.14, confirming that
these channels are mainly permeable to cations. The se-
quence of relative permeabilities of monovalent alkali
metal ions in these channels wasPNa $ PK > PLi > PCs$
PRb, which closely corresponds to a high-strength field
sequence as previously determined for native rat olfac-
tory receptor neurons (ORNs). The permeability se-
quence for organic cations relative to sodium was
PNH3OH > PNH4 > PNa > PTris > PCholine> PTEA, again in
good agreement with previous permeability ratios ob-
tained in native rat ORNs. Single-channel conductance
sequences agreed surprisingly well with permeability se-
quences. These conductance measurements also indi-
cated that, even in asymmetric bi-ionic cation solutions,
the conductance was somewhat independent of current
direction and dependent on the composition of both so-
lutions. These results indicate that the permeability
properties of rOCNC1 channels are similar to those of
native rat CNG channels, and provide a suitable refer-
ence point for exploring the molecular basis of ion se-
lectivity in recombinant rOCNC1 channels using site-
directed mutagenesis.
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Introduction

Cation-selective cyclic nucleotide-gated (CNG) channels
play central roles in mediating sensory signal transduc-
tion in olfactory receptor neurons (ORNs) and photore-
ceptors via the influx of monovalent and divalent cations
(Getchell, 1977; Kurahashi & Shibuya, 1989; Zufall,
Firestein & Shepherd, 1991, 1994). In ORNs, binding of
odorants to their G-protein coupled receptors leads to an
increase in cAMP, an activation of CNG channels and a
subsequent influx of monovalent and divalent cations
(Fesenko, Kolesnikov & Lyubarsky, 1985; Nakamura &
Gold, 1987; Lancet & Ben-Arie, 1993). The cation per-
meability of these CNG channels has particular func-
tional importance since the Ca2+ influx has further roles
in the sensory transduction. It activates a Ca-dependent
Cl− channel to further depolarize the cell membrane
(Kleene, 1993; Lowe & Gold, 1993) and provides some
negative feedback by causing an inhibition of the activity
of the CNG channels (Kramer & Siegelbaum, 1992; Ba-
lasubramanian, Lynch & Barry, 1996).

Although these CNG channels functionally belong
to the class of ligand-gated channels, cloning and se-
quencing of several olfactory CNG channel subunits in-
dicated that they share some similarity, especially in
terms of transmembrane topology, to voltage-gated K+

channels (Dhallan et al., 1990; Ludwig et al., 1990;
Kaupp, 1995; Goulding et al., 1992). As in the K+ chan-
nels, each subunit of the CNG channels contains six
transmembrane-spanning segments and a pore-forming P
region between TM5 and TM6. In addition, however,Correspondence to:P.H. Barry
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the CNG channel subunits contain a cyclic nucleotide
binding region near the C-terminus with a highly con-
served hydrophobic ligand binding pocket (McKay &
Steitz, 1981; Dhallan et al., 1990; Ludwig et al., 1990;
Shabb & Corbin, 1992; Eismann, Bo¨nigk & Kaupp,
1993).

While there is much structural homology between
these two channel classes, the cation permeabilities of
both channels are significantly different. Whereas the
K+ channels are highly selective for K+ over Na+ and
divalent cations, the native CNG channels discriminate
poorly amongst alkali and organic cations (e.g., Hille,
1975; Frings, Lynch & Lindemann, 1992; Balasubrama-
nian, Lynch & Barry, 1995). The critical residues which
confer such high K+ selectivity in the K+ channels are a
glycine-tyrosine-glycine motif found within the P loop of
all K+ channels (Heginbotham, Abramson & MacKin-
non, 1992). The fact that this motif is absent in the CNG
channel subunits (Fig. 1B) undoubtedly contributes to the
relative nonselectivity of CNG channels to the monova-
lent alkali ions. In fact, more recent structural informa-
tion obtained from the related KcSA channel shows that
the backbone carbonyl oxygen of these residues com-
prises the selectivity filter, forming binding sites for two
permeating cations. In contrast, the molecular determi-
nants of selectivity and permeation are much less under-
stood for the CNG channels. In fact, previous measure-
ments seemed to indicate that the CNG channels do not
show significant anomalous mole fraction behavior (as
tested with Na+/Li+ solutions; Frings et al., 1992), ap-
pearing to suggest that the pore of these channels may
only contain a single ion occupancy site. Another resi-
due, a glutamic acid (E363), situated adjacent to the G-
Y-G motif (Fig. 1B), has been shown to be an important
determinant of Ca2+ affinity in bovine rod CNG chan-
nels. Replacement of this residue with a neutral residue
caused a marked decrease in the efficacy of Ca2+ block,
while the mutation of the corresponding aspartate in the
Shaker K+ channel to a glutamate caused an increase
efficacy of Ca2+ block of these channels (Root & Mack-
innon, 1993; Eismann et al., 1994). Thus, while it is
clear that these P loop residues contribute importantly to
monovalent and divalent permeation, it is not yet clear
exactly how this occurs and how the different CNG sub-
unit sequences contribute to permeation in olfactory and
other CNG channels. To begin to address these ques-
tions we report here a detailed characterisation of per-
meation ina-homomeric olfactory CNG channels.

Extensive biochemical experiments have demon-
strated that CNG channels are tetrameric, consisting ofa
subunits (Kaupp et al., 1989; Ludwig et al., 1990; Wey-
and et al., 1994) andb subunits (Zagotta, 1996; Sautter
et al., 1998; Gerstner et al., 2000). Studies of the rat
olfactory CNG channel subunits recombinantly ex-
pressed inXenopusoocytes or in a human embryonic

kidney cell line (HEK 293) indicated that thea subunits
themselves can form functional homomeric CNG chan-
nels (rOCNC1), but that theb subunit (rOCNC2) alone
cannot produce any cAMP-activated currents. The prop-
erties of thesea-homomeric rOCNC1 channels differ in
a number of respects to both the native olfactory CNG
channels and to the heteromeric rOCNC1/rOCNC2 chan-
nels. In particular the individual openings of the homo-
meric rOCNC1 channels are more prolonged and the
channels show a 10-30-fold decrease in sensitivity to
cAMP (Bradley et al., 1994). However it remains un-
clear exactly to what extent thea-subunits contribute to
the permeation properties of the native olfactory CNG
channels.

Consequently the aim of this paper is to make ex-
tensive and quantitative measurements on the character-
istics of ion permeation of cAMP-activated rOCNC1
channels to address such issues. In particular, the selec-
tivity of rOCNC1 channels to both alkali monovalent
cations and monovalent organic cations was studied and
the results compared with those obtained in native rat
olfactory CNG channels and other cation-selective chan-
nels.

Materials and Methods

TRANSIENT EXPRESSION OF rOCNC a1 SUBUNIT cDNAS

IN HEK293 CELLS

The cDNA encoding thea1 subunit of the rat olfactory cyclic-
nucleotide-activated channel (rOCNC1; Dhallan et al., 1990; the kind
gift of Dr. Randy Reed, Johns Hopkins University School of Medicine,
Baltimore, MD) was first subcloned into a pCIS expression vector. Then
the plasmid DNA was transiently transfected into exponentially grow-
ing human embryonic kidney (HEK) 293 cells using the calcium phos-
phate precipitation method of Chen & Okayama (1987). A second
expression plasmid containing cDNA encoding the CD4 surface anti-
gen was coexpressed into the same HEK293 cells, so that the surface
of well-transfected cells could be labeled with CD4 antibody-coated
polystyrene beads (Dynabeads M-450, Dynal A.S., Oslo, Norway).
Only those transfected HEK 293 cells with sufficient beads 48–72 hr
after transfection were chosen for experiments.

ELECTROPHYSIOLOGICAL RECORDING PROCEDURE

Coverslips containing cultured transfected cells were transferred into
the cell chamber (Fig. 1) and continuously buffered in General Mam-
malian Ringer’s solution (GMR) which contained (in mM): 140 NaCl,
5 KCl, 2 CaCl2, 1 MgCl2, and 10 HEPES, titrated to pH 7.4 with 1M

NaOH. Cyclic AMP-activated currents were measured in voltage-
clamp mode using inside-out patches (Hamill et al., 1981). For both
macroscopic and single-channel current recordings, electrodes were
pulled from borosilicate glass capillaries (Clark Electromedical Instru-
ments, Reading, UK), and then fire-polished till the pipette resistance
was 10–15MV when filled with a Ca2+-free control solution, which
contained (in mM): 145 NaCl, 2 EGTA and 10 HEPES titrated to pH
7.4 with 1M NaOH. To obtain clear single-channel recordings, pipettes
with a smaller diameter than those used for macroscopic currents, and
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cells expressing a lower density of bead labeling were chosen. During
the experiments, the internal face of the patch was also perfused with
this divalent cation-free control solution. Different test solutions were
applied to inside-out patches in the test chamber using an array of eight
parallel polyethylene tubes (Fig. 1). To examine the cation selectivity
the 145 mM NaCl in the control solution was replaced by 145 mM of the
chloride salt of the test cation. To examine the cation/anion perme-
ability of the channels, the 145 mM NaCl in the control solution was
replaced by each of two NaCl dilutions: one with a composition (in
mM) of: 75 NaCl, 2 EGTA, 10 HEPES and 136 sucrose, and the other
(in mM): 37.5 NaCl, 2 EGTA, 10 HEPES and 189 sucrose. All the test
solutions were titrated to pH 7.4 with 1M Tris-base, except hydroxyl-
amine, which was titrated to pH 5.8 in order to increase the ionized
fraction of the permeating ion.

Currents were recorded and voltage protocols were applied using
an Axopatch-1D amplifier (Axon Instruments, Foster City, CA) via a
Digidata 1200 A/D converter controlled by a 166 MHz Pentium com-
puter running pCLAMP 8.0 software (Axon Instruments, Foster City,
CA). Data were low-pass filtered with a cutoff frequency of 2 kHz
(4-pole Bessel filter) and digitized at 5 kHz. Single-channel conduc-
tances were measured either by fitting Gaussian distributions to am-
plitude histograms (15-sec recordings) or by manually determining the
mean peak current at each membrane potential (1.5-sec pulse record-
ings). The open probability was measured from 15-sec long recordings
by constructing open and closed event lists using a threshold set to 50%
of the amplitude of the main conductance level (Fetchan 6.0). Typi-
cally only 1-3 channels were present in the patches used for these
recordings and values of open probabilities given for different solutions
were all measured in the same patch, and where there were more than
1 channel in the patch, the open probability was appropriately cor-
rected. Experiments were performed at room temperature (20 ± 2°C).
Liquid junction potentials were calculated for each solution using the
MS Windows version of the software program JPCalc (Barry, 1994;
with additional mobility values from Ng & Barry, 1995 and an unpub-
lished observation of David Tridgell for the mobility of hydroxyl-
amine). Averaged data are given as mean ±SEM. Differences between
mean values were analyzed using either an analysis of variance, when
comparing multiple values, or the Student’s pairedt-test for paired
experiments.

REVERSAL POTENTIALS AND PERMEABILITY RATIOS

Reversal potentials (Erev) were determined from fitting regression lines
to current-voltage curves. The values ofErev obtained were then fitted
to the Goldman-Hodgkin-Katz (GHK) voltage equation (e.g., Hille,
1992), taking into account the permeability of the channels to Tris+

(used in all solutions to adjust pH). The relative permeability of chlo-
ride to sodium ions (PCl/PNa) was thus given by the following equation:

Erev 4 (RT/F) ln{([Na+]oPTris/PNa [Tris+]o + PCl/PNa [Cl−] i) /
([Na+] i + PTris/PNa [Tris+] i + PCl/PNa [Cl−]o)} (1)

whereR, TandF have their usual meaning and [Cl−] i, [Na+] i, [Tris]i;
[Cl−]o, [Na+]o and [Tris]o are the activities of Cl−, Na+ and of Tris+ in
the intracellular and extracellular solutions, respectively, andPCl/PNa

andPTris/PNa are the permeabilities of Cl− and of Tris+, relative to the
Na+ permeability. Permeability ratios for test cations X+ relative to
Na+ (PX/PNa) were calculated using the following modified GHK volt-
age equation (seeappendix in Balasubramanian et al., 1995):

(PX/PNa)* 4 ([Na+] i/[X
+] i) exp (−FDErev/RT) (2)

where (PX/PNa)* represents the apparent X+ to Na+ permeability ratio,
[X+] i and [Na+] i are the activities of test cation X+ and Na+ in the

intracellular test solutions, andDErev the change in the reversal poten-
tial when the NaCl control solution was replaced by the test solution
(X+ relative to Na+). In addition, Eq. (2) makes the assumption thatPCl

is very small and for a first approximation thatPTris can be ignored.
In the above calculations, activities were approximated by concentra-
tions, since the ionic strength of the solutions remained fairly constant.
To correct for the permeability of Tris+, the following equation was
used to determine the corrected permeability ratio (PX/PNa; Appendix
in Balasubramanian et al., 1995):

Fig. 1. (A) The patch-clamp recording setup (adapted from Fig. 1 of
Balasubramanian et al., 1996). Micropipettes were assembled onto the
Ag/AgCl electrode that was connected to the amplifier headstage. The
headstage and the pipette holder assembly were fixed right above the
microscope stage at an angle of about 45°. Coverslips containing cul-
tured transfected HEK293 cells were placed in the cell chamber and
bathed in the continuously flowing GMR solution. The ground elec-
trode was placed in the test chamber to minimize noise interference.
After formation of an inside-out patch, the pipette, along with the
attached patch, was moved to the test chamber, right in front of a set of
perfusion tubes, which were used to apply the various test solutions. (B)
Aligned amino acid sequences for comparison from the putative pore
region of the Shaker B K+ channel, bovine rod CNG channel, rOCNC1
and rOCNC2 protein channels. In the alignment, a dash indicates the
absence of an amino acid.
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(PX/PNa) 4 [(PX/PNa)* × (1 + b2)] − b1 (3)

whereb2 4 (PTris/PNa) × ([Tris+] i
Na/[Na+] i) and b1 4 (PTris/PNa) ×

([Tris+] i
X/[X+] i). SuperscriptsNa and X indicate that the Tris concen-

tration refers to the values in the Na and X solutions, respectively.

Results

GENERAL PROPERTIES OFSINGLE

cAMP-ACTIVATED CURRENTS

In divalent cation-free symmetrical NaCl solutions,
inside-out membrane patches excised from HEK293

cells showed no channel openings at a membrane poten-
tial of −40 mV (Fig. 2A). When the excised patches
were held at a membrane potential of −40 mV and the
cytoplasmic side was exposed to a saturating concentra-
tion of cAMP (500mM), inward currents ranging from
fluctuations of a few pA (“single channel currents”) to
about 50 pA (“macroscopic currents”) were observed,
reflecting the different numbers of CNG channels in the
patches. Figure 2A shows single channel current fluc-
tuations during a prolonged exposure to cAMP. As pre-
viously reported (e.g., Bradley et al., 1994), singlea-ho-
momeric rOCNC1 channels opened for prolonged bursts,
which were interrupted by brief closures, and failed to
show any significant desensitization during continuous
cAMP exposure. In 5 patches containing only a few
channels, the mean open probability of the channel dur-
ing a 15-sec exposure to 500mM cAMP at a membrane
potential of +40 mV was approximately 33 ± 16% with
a maximum open probability of about 80%. These are
somewhat lower values than those reported by Bo¨nigk et
al. (1999) for similar recombinant CNG channels. How-
ever, there was significant variability in open probability
from patch-to-patch (see alsoTable 2 of Li & Lester,
1999). As illustrated in Fig. 2B, the single channel am-
plitude was resolved with the use of Gaussian fits to
all-point amplitude histograms. At a membrane potential
of +40 mV, the mean amplitude of rOCNC1 single-
channel currents induced by 0.5 mM cAMP was −1.8 ±
1.0 pA (n 4 5), corresponding to an averaged single
channel chord conductance (g) of 45.5 ± 19.9 pS (n 4 5,
range: 25–75 pS), assuming a reversal potential in sym-
metrical NaCl solutions of 0 mV. To compare the prop-
erties of multiply activated channels with those of single
channels, the following macroscopic and single channel
currents were analyzed separately.

RELATIVE PERMEABILITY RATIOS OF Na+ AND Cl−

The chloride-to-sodium permeability ratio (PNa/PCl) in
rOCNC1 channels was measured by perfusing the inter-
nal side of the membrane with three different bath solu-
tions containing 145 mM, 75 mM and 37.5 mM NaCl
while the pipette solution (145 mM NaCl) was kept con-
stant. Currents were elicited by applying 1.5 sec test
pulses from −80 to +80 mV in 20 mV increments in the
presence of 500mM cAMP. Representative macroscopic
and single-channel currents are shown in Fig. 3A–C and
Fig. 4A–C.

The I–V relations of both macroscopic and single-
channel current recordings showed a positive shift inErev

with a decrease in [Na+] i (Fig. 3 a–c and 4a–c). The
meanErev values from single-channel currents, corrected
for liquid junction potentials, were: 0.3 ± 0.4 mV in 145
mM NaCl (n 4 7), 10.5 ± 1.0 mV in 75 mM NaCl (n 4

Fig. 2. Single-channel properties of cAMP-activated currents of
rOCNC1 channels expressed in HEK 293 cells. (A) Representative
single-channel currents elicited by 500mM cAMP in an inside-out
membrane patch. The holding potential (VH), measured asVP, was −40
mV; sampling frequency, 1 kHz and low-pass filter frequency, 500 Hz.
The dashed lines indicate the closed state. (B) All-point amplitude
histogram of current for the single-channel records illustrated in (A).
The continuous curve represents a double Gaussian distribution. The
peak of the first Gaussian was close to zero and corresponded well to
the control histogram obtained in the absence of cAMP at the same
membrane potential. The peak of the second Gaussian, corresponding
to the mean amplitude of the single-channel currents, was about −2.3
pA.
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4) and 23.7 ± 1.7 mV in 37.5 mM NaCl (n 4 6), respec-
tively. The Erev values obtained from macroscopic and
single-channel currents were not significantly different
(P > 0.05). PCl/PNa was then obtained by fittingErev to

the modified GHK equation (Eq. 1). Figure 5 plots the
mean reversal potential of cAMP-induced currents
against internal sodium activities (using mean activity
coefficients, obtained from Robinson & Stokes, 1965).

Fig. 3. Macroscopic cAMP-activated currents obtained in different NaCl dilutions. (A), (B) and (C) are representative macroscopic currents through
rOCNC1 channels in one inside-out patch where the intracellular NaCl concentration was changed and the extracellular (pipette) NaCl (145 mM)
one was kept constant. Currents were activated by 500mM cAMP in response to 1.5-sec voltage pulses (shown asVP) from −60 mV to +80 mV
in 20-mV steps. The holding potential was 0 mV and background current traces in the absence of cAMP have been subtracted. (a), (b) and (c) are
the corresponding current-voltage (I–V) relations for each set of traces.Erev for each solution in this same patch was close to the equilibrium
potentials of Na+, which were about −1 mV for 145 mM NaCl, +12 mV for 75 mM NaCl and +20 mV for 37.5 mM NaCl, respectively. Note that
the trace voltages are given as pipette potentials (VP) and the fully corrected voltages are shown in theI–V plots as the membrane potentials (Vm)
in this and in subsequent figures.
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The dashed line for an ideal cation selective channel was
obtained from Eq. (1) withPCl/PNa ≈ 0. It can be clearly
seen that the reversal potentials deviated from the behav-
ior of an ideally cation-selective channel, with the best fit
to the data to the GHK equation (Eq. 1) giving a relative
permeability ratio,PCl/PNa, 4 0.14. Similar deviations
from ideal cation selectivity were reported for native
CNG channels of rat ORNs (Balasubramanian et al.,
1995) and for the native CNG channels from rat rods
(Zimmerman & Baylor, 1992). The open probability did
not seem to be markedly affected by the concentration of
the permeant ion. For example, for the patch illustrated
in Fig. 4A–C, the open probability at the membrane po-

tential of +40 mV was 56, 67 and 52% in 145, 75 and
37.5 mM NaCl solutions, respectively. The results indi-
cated that, although the cyclic AMP-activated rOCNC1
channel is predominantly permeable to Na+, it does have
a small but significant permeability to Cl−.

SELECTIVITY FOR DIFFERENT MONOVALENT

ALKALI CATIONS

The cation selectivity of the cyclic AMP-activated
rOCNC1 channel under these divalent cation-free condi-

Fig. 4. Single-channel cAMP-activated currents obtained in different NaCl dilutions. (A), (B) and (C) are the representative single-channel current
records at different holding potentials (VP) recorded in 145, 75 and 37.5 mM intracellular NaCl. Closed states are marked with broken lines. (a),
(b) and (c) are the current-voltage curves of the main open state for each of the traces.Erev values for each solution, measured asVm for the same
patch, were about 0 mV for 145 mM NaCl, +15 mV for 75 NaCl and +23 mV for 37.5 NaCl, respectively.
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tions was characterized by sequentially perfusing solu-
tions containing different equimolar alkali metal cations
to the intracellular side of excised patches. Both ma-
croscopic and single-channel currents were measured.
Figure 6A–E shows representative macroscopic current
traces from one patch in the presence of different
test solutions. The mean reversal potentials (Erev), ob-
tained from fits of quadratic polynomials to theI–V
curves and corrected for junction potentials under
each ionic condition (e.g., Fig. 6a–e), were: −0.3 ± 0.2
mV for Na+ (n 4 3), 0.7 ± 0.5 mV for K+ (n 4 3), 8.2
± 1.4 mV for Li+ (n 4 3), 12.8 ± 1.9 mV for Cs+ (n 4
3) and 15.1 ± 2.3 mV for Rb+ (n 4 3). Similar results
were also obtained from single-channel recordings (Fig.
7A–E) with the mean values ofErev under each ionic
condition (e.g., Fig. 7a–e) being: 0.2 ± 0.3 mV for Na+

(n 4 7), 1.6 ± 1.5 mV for K+ (n 4 6), 7.2 ± 2.2 mV for
Li+ (n 4 5), 12.8 ± 1.6 mV for Cs+ (n 4 5) and 14.9 ±
2.0 mV for Rb+ (n 4 6). There were no significant
differences between these reversal potential values
obtained from the macroscopic and single-channel cur-
rents. At a membrane potential of +40 mV, the open
probabilities of single-channel currents obtained in
rOCNC1 channels were 67 ± 6% for Li+ (n 4 3), 50 ±
18% for Na+ (n 4 3), 52 ± 23% for K+ (n 4 3), 51 ±
25% for Rb+ (n 4 3) and 43 ± 7% for Cs+ (n 4 3),
respectively. These values were not significantly differ-
ent from each other (P > 0.05), therefore providing no
evidence that the nature of the permeating ion affected
channel gating.

The values ofErev obtained from single-channel re-
cordings were then used to calculate the permeabilities of
these alkali cations relative to sodium using the modified
GHK equation (Eq. 2), having corrected for Tris+ per-
meability (Eq. 3). The results were as follows:PNa (1) $
PK (0.97) > PLi (0.77) > PCs (0.62) $ PRb (0.57). The
ionic selectivity of rOCNC1 channels was further inves-
tigated by measuring the single-channel conductance in
different solutions at −80 and +80 mV (Table 1). For
example, at the membrane potential of +80 mV, the
single channel conductance ratios, relative to sodium and
obtained in the different solutions in three patches were:
gNa (1) > gK (0.92 ± 0.02) > gLi (0.65 ± 0.07) > gCs (0.42
± 0.05) > gRb (0.25 ± 0.04). Figure 8 illustrates a plot of
these conductance ratios at the membrane potential of
+80 mV against the ionic radius of the test cations. At a
membrane potential of +80 mV, both conductivity and
permeability data showed that the rOCNC1 channels
were approximately equally permeable to Na+ and K+,
less permeable to Li+ and markedly less permeable to
Cs+ and Rb+ (Table 1).

Thus, the cation permeability sequence for alkali
monovalent cations through the rOCNC1 channels was:
PNa+ $ PK+ > PLi+ > PCs+ $ PRb+, and the conductance
sequence at +80 mV was:gNa+ $ gK+ > gLi+ > gCs+ >
gRb+.

PERMEABILITY OF cAMP-ACTIVATED rOCNC1
CHANNELS TO ORGANIC CATIONS

The selectivity of the cAMP-activated rOCNC1 channels
in HEK293 cells to organic cations was similarly inves-
tigated in single-channel recordings in inside-out
patches. Na+ on the cytoplasmic side of the patch was
replaced by equimolar concentrations of different or-
ganic cations (145 mM) in all cases, except hydroxylam-
monium+ (OHNH3

+), which was calculated as 65 mM at
pH 5.8. Although it is possible that the different pH may
change the pore and/or gating properties of these
rOCNC1 channels which would complicate the interpre-
tation of the results obtained with hydroxylammonium,
there did not seem to be much divergence from the pre-
dicted permeability ratio or even marked effects on chan-
nel open probability. Figure 9A–E shows the represen-
tative single-channel currents in the presence of ammo-
nium+ (NH4

+) and hydroxylammonium+ (OHNH3
+),

tetraethylammonium+ (TEA+), choline+ and (hydroxy-
methyl) aminomethane+ (Tris+) in one patch. Clearly it
can be seen that rOCNC1 channels, as with native rat
olfactory CNG channels, are appreciably permeable to
all the test organic cations, including those, such as
TEA+, with large molecular weights (mol. wt. 130.7;
Picco & Menini, 1993; Balasubramanian et al., 1995).
At a membrane potential of +60 mV, the open probabili-
ties of single-channel currents obtained in each organic
cation solution were respectively 41 ± 16% for NH4

+ (n
4 3), 28 ± 5% for OHNH3

+ (n 4 3), 29 ± 5% for Na+

(n 4 3), 27 ± 5% for choline+ (n 4 3), 43 ± 11% for
Tris+ (n 4 3) and 39 ± 10% for TEA+ (n 4 3). These
results were not significantly different from each other
(P > 0.05), indicating that the channel gating was not
significantly altered by the presence of various organic
cations.

Fig. 5. The relative permeability ratio,PCl/PNa, for rOCNC1 channels.
PCl/PNa was determined by plotting the averagedErev under different
internal NaCl concentrations against theactivitiesof intracellular Na+

(on a log scale). The best-fit continuous line was obtained by fitting
data points to the GHK equation (Eq. 1) withPCl/PNa 4 0.14 and
corrected forPTris/PNa. The dashed line represents the perfectly selec-
tive channel withPCl/PNa 4 0.
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Fig. 6. Macroscopic cAMP-activated currents in different monovalent alkali cation solutions in one inside-out patch from HEK293 cells. (A–E) are
the representative currents elicited by 500mM cAMP in response to 1.5 sec voltage pulses (VP) from −80 to +80 mV in 20-mV steps. The internal
membrane surface was perfused with the same concentration of NaCl, KCl, LiCl, RbCl and CsCl solutions (145 mM) and the extracellular NaCl
(145 mM) solution was kept constant. The holding potential was 0 mV and background current traces in the absence of cAMP have been subtracted.
(a–e) are corresponding current-voltage (I–V) relations for the adjacent traces. Continuous lines represent the fit of the data points with a quadratic
polynomial. The correspondingErev values (correctedVm) for this patch were about −1 mV for NaCl, −1.5 mV for KCl, +7.5 mV for LiCl, +14
mV for RbCl and + 10.5 mV for CsCl.
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Fig. 7. Cation selectivity of rOCNC1 channels to different monovalent alkali cations measured using single-channel records. (A–E) are the
representative single-channel currents at several holding potentials (VP) in one inside-out patch from the HEK293 cells, when the internal membrane
was perfused with the same concentration of NaCl, KCl, LiCl, RbCl and CsCl solutions (145 mM). Currents were activated by 500 mM cAMP and
the extracellular Na+ in the pipette was kept the same (145 mM) throughout the experiments. (a–e) are I–V curves of the single-channel currents
shown in (A–E), which were obtained by plotting corresponding peak single-channel currents (I) against corrected membrane voltage (Vm).
Continuous lines represent the fit of the data points with a quadratic polynomial. The correspondingErev values (measured asVm) for this patch were
about −0.5 mV for NaCl, −1 mV for KCl, +9 mV for LiCl, +12 mV for RbCl and +11 mV for CsCl.



The mean values ofErev in the different solutions,
corrected for junction potentials and obtained from
single channel current recordings were (e.g., Fig. 9a–e):
−8.6 ± 2.4 mV for NH4

+ (n 4 5), −4.5 ± 0.7 mV for
OHNH3

+ (n 4 4), +8.3 ± 2.5 for Tris+ (n 4 5), +17.8 ±
3.2 for choline+ (n 4 5) and +35.2 ± 2.0 for TEA+ (n 4
4). The permeability ratios for each cation relative to
Na+, calculated from theseErev values and corrected for
Tris+ permeability, were:POHNH3 (2.3) > PNH4 (1.4) >
PNa (1) > PTris (0.7) >PCholine (0.5) >PTEA (0.2). These
results clearly show that cAMP-gated rOCNC1 channels
are more permeable to NH4

+ and OHNH3
+ than to Na+

ions, which corresponds well with the properties of the
native rat olfactory CNG channels (Balasubramanian et
al., 1995). Among all the test organic cations, TEA+ was
the least permeant with small currents at both positive
and negative membrane potentials. Figure 10 shows the
relationship between the relative permeability of the test
organic cations and their molecular weight. The results
indicate that the permeability of rOCNC1 channels to

organic cations is predominantly determined by the size
(molecular weight) of these ions.

In addition to ionic permeabilities, the relative chord
conductance ratios in the presence of different organic
cations were also measured. Relative conductances at
both +80 and −80 mV were calculated by normalizing
the measured single-channel conductances in test organic
cation solutions to their values in symmetrical Na+ so-
lutions at the same potential (seeTable 1). At a mem-
brane potential of +80 mV, the outward currents, pre-
dominantly carried by the test ions, gave the following
relative chord conductances: gNH4 (1.07) > gNa (1) > gTris

(0.42) > gCholine (0.29) > gTEA (0.28). The conductance
of hydroxylamine was not included, because of its very
different concentration from the other organic cations.

In summary, the permeability sequence of all the test
organic cations in rOCNC1 channels wasPOHNH3> PNH4

> PNa > PTris > PCholine > PTEA, which agrees well with
the sequence for native rat CNG channels (Balasubrama-
nian et al., 1995). Because of the finite permeability of
TEA, it seems likely that the minimum pore diameter of
the channels should be at least 6.5 × 6.5 Å, as suggested
by the molecular size of the largest permeant cation
(Dwyer, Adams & Hille, 1980).

Discussion

In this present study, we have analyzed the selectivity of
cAMP-activated recombinant rOCNC1 channels ex-
pressed in HEK 293 cells. The permeability sequence of
these channels for monovalent alkali metal ions relative
to Na+ wasPNa (1) $ PK (0.97) >PLi (0.77) >PCs (0.62)
$ PRb (0.57). The relative permeability sequences of a
variety of test organic cations, again relative to sodium,
were PNH3OH (1.88) > PNH4 (1.08) > PNa (1) > PTris

(0.66) > PCholine (0.46) > PTEA (0.19). Thus our data
demonstrate thata-homomeric rOCNC1 channels have
relatively large pores that discriminate poorly amongst
alkali cations, particularly between the physiologically

Table 1. Selectivity of rOCNC1 channels for monovalent alkali and organic cations

Test
Cations

n DErev

(mV)
[X+] i

(mM)
[Tris+] i

(mM)
PX/PNa PX/PNa

(corrected)
gX/gNa

(+80mV)
gX/gNa

(-80mV)

Li+ 5 7.2 ± 2.2 145 8 0.78 0.74 0.65 0.75
K+ 6 1.6 ± 1.5 145 7 0.98 0.94 0.92 1.20
Na+ 7 0.2 ± 0.3 145 8 1.03 1.00 1.00 1.00
Rb+ 6 14.9 ± 2.0 145 6 0.58 0.55 0.25 0.27
Cs+ 5 12.8 ± 1.6 145 7 0.63 0.59 0.42 0.58
NH4

+ 5 −8.6 ± 2.4 145 12 1.46 1.40 1.07 1.09
OHNH3

+ 4 −4.5 ± 0.7 65 43 2.77 2.31 — —
*Tris+ 5 8.3 ± 2.5 145 10 0.70 0.70 0.42 0.43
TEA+ 4 35.2 ± 2.0 145 24 0.26 0.15 0.28 0.69
Choline+ 5 17.8 ± 3.2 145 11 0.52 0.47 0.29 0.75

* [Tris+] i refers to the concentration of Tris+ used for titrating the corresponding perfused test cation
solution to pH 7.4; theDErev values have been corrected for liquid junction potentials;n represents the
number of experiments used for the average;PX/PNa is the permeability ratios of test cations relative to
Na+ andPX/PNa (corrected) is the final value after the correction for Tris+ permeability.

Fig. 8. The relationship between conductance ratios of alkali cations
relative to Na+ in cAMP-activated rOCNC1 channels and ionic radius
of each tested ion. The data points were all obtained from one patch.
The membrane potential was +80 mV, under which conditions the
outward currents might be expected to be mainly carried by the test
cation present at the cytoplasmic side of the membrane.
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Fig. 9. The permeability of cAMP-activated rOCNC1 channels to organic cations in one inside-out patch of HEK293 cells. (A–E) are the
representative cAMP-activated single-channel current traces at several holding potentials (measured asVP), when Na+ ions were replaced by NH4

+,
OHNH3

+, choline+, TEA+ and Tris+ at the cytoplasmic side. Currents were activated by 500mM cAMP and 1.5-sec voltage pulses, from −80 to +80
mV in steps of 10 mV. The dashed lines indicate the current levels of the closed channels. (a–e) are the correspondingI–V relations of the
single-channel current traces shown inA–E, which were obtained by plotting the averaged single-channel current,I (pA), against the membrane
potential,Vm (mV), for the patch from which the parts of the traces are shown in this figure. Both theI–V curves in symmetrical Na+ solutions (filled
circles), and responses in solutions with individual test organic cations (open circles), are shown together. The continuous lines represent quadratic
polynomial fits to the data points. The values ofErev (measured asVm) in each solution for this patch were: −9 mV for NH4

+, −5 mV for OHNH3
+,

7 mV for Tris+, 20 mV for choline+, and 37 mV for TEA+.
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important Na+ and K+ ions, with their relative perme-
ability (PK/PNa) in the range of 0.9–1.0. Li+ has a per-
meability smaller than that of Na+ and K+, but larger than
the permeability of Cs+ or Rb+. These results are in ac-
cordance with data obtained from native CNG channels
in other species which do not greatly discriminate be-
tween alkali cations (Hodgkin, McLaughton & Nunn,
1985; Nakamura & Gold, 1987; Bruch & Teeter, 1990;
Dhallan et al., 1990; Kurahashi, 1990; Frings et al., 1992;
Zufall & Firestein, 1993). More specifically, with the
exception of the relative permeabilities of Rb+ and Cs+

(whose values are quite similar to each other), the per-
meability sequence and relative permeability ratios of the
monovalent cations agree closely with the results ob-
tained from native CNG channels from rat ORNs (Frings
et al., 1992; Balasubramanian et al., 1995). This sug-
gests that the permeation properties of the native rat
ORN CNG channel is determined primarily by the
OCNC1 subunit and that inclusion of other subunits
(such as theb-subunits) into the channel complex does
not alter permeation to a significant degree. Further-
more, there is also excellent agreement between the data
in the present study and that obtained for the CNG chan-
nel from native rat ORNs (Balasubramanian et al., 1995)
as far as the organic cation permeability sequence is
concerned.

Eisenman formulated a model of ion channel per-
meation based on the difference in the energies of ion
hydration and of the electrostatic interaction with a bind-
ing site (seereview in Eisenman & Horn, 1983). The
underlying assumption in comparing permeability se-
quence with such a permeation model is that the perme-
ability is dominated by the partition coefficient or ion
concentration within the channel and the mobility or rate
constant for movement within the channel (e.g., Barry &
Gage, 1984). The permeability sequence obtained in the

present study approximates an alkali cation sequence
with permeation dominated by energies associated with
electrostatic interactions with the binding site(s), i.e., a
fairly high-field-strength sequence (≈ sequence IX). In
contrast, the relatively nonselective LGICs display a per-
meability sequence dominated by hydration energies
(e.g., Adams, Dwyer & Hille, 1980; Keramidas et al.,
2000). On the basis of a lack of anomalous mole fraction
behaviour with Li+ and K+ as the permeant cations,
Frings et al. (1992) concluded that the native rat ORN
CNG channel displays only single ion occupancy, sug-
gesting that this high field strength site may reside at a
single locus within the pore, although other evidence is
more consistent with multiple binding sites (Balasubra-
manian et al., 1997). In addition, other pairs of ions may
be better placed to reveal anomalous mole fraction ef-
fects.

The size of the narrowest region of the pore can be
roughly estimated from the molecular weight of the larg-
est permeant cations from space-filling models (Dwyer
et al., 1980; Picco & Menini, 1993). The present results
suggest a minimum pore diameter for homomeric
rOCNC1 channels of 6.5 × 6.5 Å. This is of similar size
to the native rat olfactory CNG channel (Balasubrama-
nian et al., 1995) and the ligand-activated nicotinic ace-
tylcholine receptor (nAChR) channel at the endplate
(Dwyer et al., 1980), but significantly larger than the
pore of the squid axon voltage dependent Na+ (3.0 × 5.0
Å; Hille, 1971) and K+ channels (3.0 Å diameter; Hille,
1973) and also markedly larger than the retinal rod CNG
channel (3.8 × 5.0 Å; Picco & Menini, 1993). It will be
interesting to determine why the pore size of the
rOCNC1 channels is significantly larger than that of the
retinal rod cGMP-activated channels in tiger salamander
(Picco & Menini, 1993). Although the fairly high-field-
strength sequence indicates that the interactions between
the monovalent cation and the binding sites in the pore
play a critical role in determining the permeability, the
large pore of rOCNC1 channels probably allows the
small ions to retain part of their hydration shell so that
the magnitude of the selectivity sequence is not so great.
Hence, these channels, which belong to the same super-
family as the voltage-gated ion channels, are less dis-
criminative between monovalent alkali cations than are
Na+ and K+ channels (Hille, 1971, 1973) and can even
allow the permeation of quite large methylated cations.

Both permeability and conductance sequences can
effectively measure selectivity, but often, or even usu-
ally, provide different sequences reflecting the fact that
conductance and permeability are sensitive in slightly
different ways to the partition coefficient of the ion (or its
concentration within the channel) and its mobility or the
rate of movement through the channel. In addition, the
conductance sequences from macroscopic data are sub-
ject to difficulties in interpretation if the permeating ion

Fig. 10. The relationship between the permeabilities of test organic
cations relative to Na+ (on a log scale) and the molecular weight of the
ions in recombinant rOCNC1 channels. The results have been corrected
for the permeability of Tris+. The continuous line represents a first-
order linear regression fit to the data points. The trend of the data
indicates that the permeability of monovalent organic cations through
these channels becomes smaller with increasing size of the ion.
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somehow affects channel open time. However, in agree-
ment with previous studies on permeation in native rod
CNG channels (Sesti et al., 1994), the single channel
open probability was not markedly affected by the nature
of the permeating ion, for both the alkali and organic
cations. Somewhat surprisingly, although similar to the
situation in native rat ORN CNG channels (Balasubra-
manian et al., 1995), the conductance sequence for both
the alkali and organic cations was the same as the per-
meability sequence.

Another interesting and unusual property of these
channels, possibly related to the similarity between con-
ductance and permeability sequence discussed above,
was that, in the presence of different monovalent cations
at the cytoplasmic membrane side of inside-out patches,
the values for gX/gNa of the inward currents also changed
in different test solutions, in spite of the expectation (see
e.g., Barry & Gage, 1984, for ACh channels) that inward
currents would mainly be carried by Na+ ions moving
from the pipette to the bath solution. However, similar
results have been reported with similar changes in inside
test solutions for the inward macroscopic currents of
CNG channels obtained in native rat olfactory ORNs
(Balasubramanian et al., 1995) and the inward Na+ con-
ductances in cGMP-activated channels in retinal rods of
the tiger salamander (Picco & Menini, 1993). In accord
with such results, it has also been observed in native
CNG channels in the presence of asymmetrical salt con-
centration gradients that the conductances tend to reflect
the average ion concentrations in both solutions, irre-
spective of the current direction (Balasubramanian et al.,
1997). It will be very informative to explore the precise
mechanism of this phenomenon in the light of site-
directed mutagenesis experiments.

The results in this paper should prove to be useful as
a basis for further understanding the mechanism of ion
permeability of the rOCNC1 channel at the molecular
level and for elucidating the relationship between the
molecular structure and the physiological function of this
channel. Extending the approach used for this paper, in
combination with site-directed mutagenesis experiments,
should thus enable a determination of the role of critical
amino acids in elucidating the mechanism of ion selec-
tivity and permeation through these channels.
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