J. Membrane Biol. 178, 137-150 (2000) The Journal of

DOI: 10.1007/s002320010021 M em b rane
Biology

© Springer-Verlag New York Inc. 2000

lon Permeation and Selectivity of Wild-Type Recombinant Rat CNG (rOCNC1) Channels
Expressed in HEK293 Cells

W. Qut, X.0. Zhu', A.J. Moorhous€', S. Bieri?, A.M. Cunningham?3, P.H. Barry*
1School of Physiology and Pharmacology, The University of New South Wales, Sydney 2052, Australia
“Neurobiology Division, Garvan Institute of Medical Research, Darlinghurst, Sydney 2010, Australia
3School of Paediatrics, The University of New South Wales, Sydney 2052, Australia

Received: 3 July 2000/Revised: 29 August 2000

Abstract. The permeation properties of adenosine 3 Key words: Recombinant rat cyclic nucleotide-gated
5'-cyclic monophosphate (CAMP)-activated recombinantchannel (rOCNC1) — Selectivity — Permeation — Cat-
rat olfactory cyclic nucleotide-gated channels (rOCNC1)ion — Patch clamp
in human embryonic kidney (HEK 293) cells were in-
vestigated using inside-out excised membrane patches.
The relative permeability of these rOCNC1 channels tolntroduction
monovalent alkali cations and organic cations was deter-
mined from measurements of the changes in reversatation-selective cyclic nucleotide-gated (CNG) channels
potential upon replacing sodium in the bathing solutionplay central roles in mediating sensory signal transduc-
with different test cations. The permeability ratio of Cl tion in olfactory receptor neurons (ORNs) and photore-
relative to Nd (P/Py,) was about 0.14, confirming that ceptors via the influx of monovalent and divalent cations
these channels are mainly permeable to cations. The s¢Setchell, 1977; Kurahashi & Shibuya, 1989; Zufall,
quence of relative permeabilities of monovalent alkaliFirestein & Shepherd, 1991, 1994). In ORNs, binding of
metal ions in these channels Wag, = P, >P;>P-s=  odorants to their G-protein coupled receptors leads to an
Prw Which closely corresponds to a high-strength fieldincrease in cAMP, an activation of CNG channels and a
sequence as previously determined for native rat olfacsubsequent influx of monovalent and divalent cations
tory receptor neurons (ORNs). The permeability se-(Fesenko, Kolesnikov & Lyubarsky, 1985; Nakamura &
quence for organic cations relative to sodium wasGold, 1987; Lancet & Ben-Arie, 1993). The cation per-
Pnnzon ™ Pta ™ Prna > Priis > Penoiine™ Prea @gain in - meability of these CNG channels has particular func-
good agreement with previous permeability ratios ob-tional importance since the €ainflux has further roles
tained in native rat ORNs. Single-channel conductanceén the sensory transduction. It activates a Ca-dependent
sequences agreed surprisingly well with permeability seC|~ channel to further depolarize the cell membrane
guences. These conductance measurements also indileene, 1993; Lowe & Gold, 1993) and provides some
cated that, even in asymmetric bi-ionic cation solutions,negative feedback by causing an inhibition of the activity
the conductance was somewhat independent of curremif the CNG channels (Kramer & Siegelbaum, 1992; Ba-
direction and dependent on the composition of both sotasubramanian, Lynch & Barry, 1996).
lutions. These results indicate that the permeability  Although these CNG channels functionally belong
properties of rOCNC1 channels are similar to those ofio the class of ligand-gated channels, cloning and se-
native rat CNG channels, and provide a suitable referquencing of several olfactory CNG channel subunits in-
ence point for exploring the molecular basis of ion se-dicated that they share some similarity, especially in
lectivity in recombinant rOCNCL1 channels using site-terms of transmembrane topology, to voltage-gatéd K
directed mutagenesis. channels (Dhallan et al., 1990; Ludwig et al., 1990;
Kaupp, 1995; Goulding et al., 1992). As in thé ghan-
nels, each subunit of the CNG channels contains six
- transmembrane-spanning segments and a pore-forming P
Correspondence toP.H. Barry region between TM5 and TM6. In addition, however,
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the CNG channel subunits contain a cyclic nucleotidekidney cell line (HEK 293) indicated that the subunits
binding region near the C-terminus with a highly con-themselves can form functional homomeric CNG chan-
served hydrophobic ligand binding pocket (McKay & nels (rOCNC1), but that th subunit (rOCNC2) alone
Steitz, 1981; Dhallan et al., 1990; Ludwig et al., 1990; cannot produce any cAMP-activated currents. The prop-
Shabb & Corbin, 1992; Eismann, 'Bigk & Kaupp, erties of these-homomeric rOCNCL1 channels differ in
1993). a number of respects to both the native olfactory CNG
While there is much structural homology betweenchannels and to the heteromeric rOCNC1/rOCNC2 chan-
these two channel classes, the cation permeabilities dfels. In particular the individual openings of the homo-
both channels are significantly different. Whereas themeric rOCNC1 channels are more prolonged and the
K* channels are highly selective for*kover N& and channels show a 10-30-fold decrease in sensitivity to

divalent cations, the native CNG channels discriminateCAMP (Bradley et al., 1994). However it remains un-
poorly amongst alkali and organic cations (e.g., Hille, clear exactly to what extent the-subunits contribute to
1975; Frings, Lynch & Lindemann, 1992; Balasubrama-the permeation properties of the native olfactory CNG
nian, Lynch & Barry, 1995). The critical residues which channels. _ . _

confer such high K selectivity in the K channels are a Consequently the aim of this paper is to make ex-
glycine-tyrosine-glycine motif found within the P loop of t€Nsive and quantitative measurements on the character-
all K* channels (Heginbotham, Abramson & MacKin- istics of ion permeation of cAMP-activated rOCNC1

non, 1992). The fact that this motif is absent in the CNGchanneIs to address such issues. In particular, the selec-

channel subunits (Fig B) undoubtedly contributes to the t|V|t'y of rOCNC1 channels to'both'alkall monovalent
relative nonselectivity of CNG channels to the monova-Sations and monovalent organic cations was StUd'.Ed and
lent alkali ions. In fact, more recent structural informa- the results compared with those obtained in native rat

tion obtained from the related KcSA channel shows thatgg?;tory CNG channels and other cation-selective chan-
the backbone carbonyl oxygen of these residues com-—"""

prises the selectivity filter, forming binding sites for two

permeating cations. In contrast, the molecular determipmaterials and Methods

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 nc-)'{Rg'\I'ESPLEZN;?)EgRESS'ON OF OCNC o1 SuBUNIT cDNAS

show significant anomalous mole fraction behavior (asIN LLS
tESte_d with N&/Li* solutions; Frlngs et al., 1992)’ apP- The cDNA encoding thex1 subunit of the rat olfactory cyclic-
pearing to suggest that the pore of these channels maycleotide-activated channel (fOCNC1; Dhallan et al., 1990; the kind
only contain a single ion occupancy site. Another resi-gift of Dr. Randy Reed, Johns Hopkins University School of Medicine,
due, a glutamic acid (E363), situated adjacent to the GBaltimore, MD) was first subcloned into a pCIS expression vector. Then
Y-G motif (Fig. 1B), has been shown to be an importantthe plasmid DNA was transiently transfected into exponentially grow-

. " s . ing human embryonic kidney (HEK) 293 cells using the calcium phos-
determinant of C¥ affinity in bovine rod CNG chan- phate precipitation method of Chen & Okayama (1987). A second

nels. Replacement of this rgsidue Wi.th a neutral residu@ypression plasmid containing cDNA encoding the CD4 surface anti-
caused a marked decrease in the efficacy G ®#ck,  gen was coexpressed into the same HEK293 cells, so that the surface
while the mutation of the corresponding aspartate in thef well-transfected cells could be labeled with CD4 antibody-coated
Shaker K channel to a glutamate caused an increas@olystyrene beads (Dynabeads M-450, Dynal A.S., Oslo, Norway).
efficacy of C&* block of these channels (ROOt & Mack- Only those transfected HEK 293 cells with sufficient beads 48-72 hr
innon, 1993: Eismann et al., 1994). Thus, while it is after transfection were chosen for experiments.
clear that these P loop residues contribute importantly to
monovalent and divalent permeation, it is not yet clearELECTROPHYSIOLOGICAL RECORDING PROCEDURE
exactly how this occurs and how the different CNG sub- i ain tured transfected cell ransterred int
. . L overslips containing cultured transfected cells were transferred into
unr:t Segklgncehs Con}”blj:_te ::;) p_ermeat:jodn n OlfﬁCtory ancgme cell chamber (Fig. 1) and continuously buffered in General Mam-
Qt er channeis. 10 e_gln to a regs t_ €S€ QUeJgjian Ringer’s solution (GMR) which contained (irvn 140 NacCl,
t|0ns.we.report here a detailed characterisation of pers kcy, 2 cacl, 1 MgCl,, and 10 HEPES, titrated to pH 7.4 withvL
meation ina-homomeric olfactory CNG channels. NaOH. Cyclic AMP-activated currents were measured in voltage-
Extensive biochemical experiments have demon-clamp mode using inside-out patches (Hamill et al., 1981). For both
strated that CNG channels are tetrameric, consistirg of macroscopic and_ ‘single—channel_cur_rent recordings, elec_trodes were
subunits (Kaupp et al.. 1989: Ludwig et al.. 1990 Wey- pulled from borosilicate glass capillaries (Clark Electromedical Instru-
v iy PO ments, Reading, UK), and then fire-polished till the pipette resistance
and etal., 1_994) anfl subunits (Zagotta, 1996' Sautter was 10-15mQ when filled with a C&*-free control solution, which
et al., 1998; Gerstner et al., 2000). Studies of the rat,ained (in my): 145 NaCl, 2 EGTA and 10 HEPES titrated to pH
OlfaCtory' CNG channel SUbUmtS recombinantly €X- 7.4 with 1M NaOH. To obtain clear single-channel recordings, pipettes
pressed inXenopusoocytes or in a human embryonic 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. DuringA
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 nm NacCl in the control solution was replaced by 146 of the
chloride salt of the test cation. To examine the cation/anion perme-  Ground electrode
ability of the channels, the 145mmNacCl in the control solution was
replaced by each of two NaCl dilutions: one with a composition (in
mwm) 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 withM 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, Amplifier
CA). Data were low-pass filtered with a cutoff frequency of 2 kHz headstage
(4-pole Bessel filter) and digitized at 5 kHz. Single-channel conduc- o
tances were measured either by fitting Gaussian distributions to am- Micropipette
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% to suction pump
of the amplitude of the main conductance level (Fetchan 6.0). Typi-
cally only 1-3 channels were present in the patches used for thesuB
recordings and values of open probabilities given for different solutions

) PUTATIVE PORE (P loop)

were all measured in the same patch, and where there were more than
1 channel in the patch, the open probability was appropriately cor- shaker BK*
rected. Experiments were performed at room temperature (20 + 2°C). Channel 418 PDAFWWAVVTMTTVGYGDMTPVG 440
Liquid junction potentials were calculated for each solution using the g . rod
MS Windows version of the software program JPCalc (Barry, 1994; Channel 348 VYS LYW STLTLTTIG-- ET PPPV 368
with additional mobility values from Ng & Barry, 1995 and an unpub-
lished observation of David Tridgell for the mobility of hydroxyl-  rOCNC1
amine). Averaged data are given as measEs. Differences between el 3271 YCLY WSTLTLTT IG -- ETPPPV 307
mean values were analyzed using either an analysis of variance, when-ocNc2
comparing multiple values, or the Student's paitest for paired channel 219 LYS FY FSTLILTTVG -- DT PLPD 239
experiments.

from delivery syringe
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tubes
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Fig. 1. (A) The patch-clamp recording setup (adapted from Fig. 1 of
Balasubramanian et al., 1996). Micropipettes were assembled onto the
REVERSAL POTENTIALS AND PERMEABILITY RATIOS Ag/AgCI electrode that was connected to the amplifier headstage. The
headstage and the pipette holder assembly were fixed right above the
Reversal potentials,,) were determined from fitting regression lines microscope stage at an angle of about 45°. Coverslips containing cul-
to current-voltage curves. The values®f, obtained were then fitted tured transfected HEK293 cells were placed in the cell chamber and
to the Goldman-Hodgkin-Katz (GHK) voltage equation (e.g., Hille, bathed in the continuously flowing GMR solution. The ground elec-
1992), taking into account the permeability of the channels to*Tris trode was placed in the test chamber to minimize noise interference.
(used in all solutions to adjust pH). The relative permeability of chlo- After formation of an inside-out patch, the pipette, along with the
ride to sodium ionsR/Py,) was thus given by the following equation: 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 solutBhns. (
Erev = (RT/P IN{(INa*]oP+ris/Prna [TFiS ], + PoPrna [CITT) / Aligned amino acid sequences for comparison from the putative pore
(INa™]; + Pyio/Prna [Tris™]; + Poi/Pra [CI7]0)} 1) region of the Shaker B Kchannel, bovine rod CNG channel, rOCNC1
and rOCNC2 protein channels. In the alignment, a dash indicates the

whereR, TandF have their usual meaning and [G| [Na*];, [Tris];; absence of an amino acid.
[CI]s [Na'], and [Tris], are the activities of C| Na" and of Tris in
the intracellular and extracellular solutions, respectively, BafPy.
andP;,; /Py, are the permeabilities of Cnd of Trig, relative to the ~ intracellular test solutions, antiE,., the change in the reversal poten-

Na* permeability. Permeability ratios for test cationg ¥elative to tial when the NaCl control solution was replaced by the test solution

Na" (Py/Py.) were calculated using the following modified GHK volt- (X" refative to N&). In addition, Eq. (2) makes the assumption tRat
age equationseeappendix in Balasubramanian et al., 1995): is very small and for a first approximation thBf,;s can be ignored.

In the above calculations, activities were approximated by concentra-
(Py/Pra)* = ([Na']/[X*]) exp (FAE,./RT) 2) tions, since the ionic strength of the solutions remained fairly constant.

To correct for the permeability of Tris the following equation was
where P,/Py.)* represents the apparent Xo Na" permeability ratio, ~ used to determine the corrected permeability rafigR,.; Appendix
[X*]; and [N&]; are the activities of test cation*™Xand N& in the in Balasubramanian et al., 1995):
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A cells showed no channel openings at a membrane poten-
Control (Vy; = -40 mV) tial of —40 mV (Fig. 24). 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 (500 uMm), inward currents ranging from
500 pM cAMP (V,; =-40 mV) fluctuations of a few pA (“single channel currents”) to
PO T about 50 pA (“macroscopic currents”) were observed,
reflecting the different numbers of CNG channels in the
patches. Figure &2 shows single channel current fluc-
tuations during a prolonged exposure to cAMP. As pre-
viously reported (e.g., Bradley et al., 1994), singao-
momeric rOCNCL1 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 5 cAMP at a membrane
potential of +40 mV was approximately 33 + 16% with
4000 fj‘ a maximum open probability of about 80%. These are
z‘ } somewhat lower values than those reported byiglo et
a al. (1999) for similar recombinant CNG channels. How-
;’ ( ever, there was significant variability in open probability
f ‘\ from patch-to-patchsge alsoTable 2 of Li & Lester,
l
i
1

w

3000 r

2000 1 1999). As illustrated in Fig. B, the single channel am-

/ plitude was resolved with the use of Gaussian fits to
1000 all-point amplitude histograms. At a membrane potential
//'\\// \ of +40 mV, the mean amplitude of rOCNCL1 single-
< — channel currents induced by 0.5vntAMP was -1.8 +
_3' 2’ 1' 0 1 1.0 pA (h = 5), corresponding to an averaged single
Amplitude (pA) channel chord conductance) (of 45.5 + 19.9 pSrf = 5,
range: 25—75 pS), assuming a reversal potential in sym-
Fig. 2. Single-channel properties of cAMP-activated currents of Metrical NaCl solutions of 0 mV. To compare the prop-
rOCNC1 channels expressed in HEK 293 cell) Representative  erties of multiply activated channels with those of single
single-channel currents elicited by 504 cAMP in an inside-out  channels, the following macroscopic and single channel
membrane patch. The holding potentid],j, measured a¥p, was -40  currents were analyzed separately.
mV; sampling frequency, 1 kHz and low-pass filter frequency, 500 Hz.
The dashed lines indicate the closed staB). All-point amplitude
histogram of current for the single-channel records illustrated)n (
The continuous curve represents a double Gaussian distribution. ThRELATIVE PERMEABILITY RATIOS OF Na® AND CI-
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, correspondinthe chloride-to-sodium permeability rati®(/Ps;) in
to the mean amplitude of the single-channel currents, was about -2.30CNC21 channels was measured by perfusing the inter-
PA. nal side of the membrane with three different bath solu-
tions containing 145 m, 75 nv and 37.5 mu NacCl
(Px/Pa) = [(Pu/Pra)* x (1 + B2)] — By () while the pipette solution (145 mNaCl) was kept con-
whereB, = (Pr/Py) % ((Tris']N¥[Na’]) andB, = (P, /Py x  Stant. Currents were elicited by applying 1.5 sec test
([Tris*1¥[X*],). Superscriptd'@ and* indicate that the Tris concen- pulses from =80 to +80 mV in 20 mV increments in the
tration refers to the values in the Na and X solutions, respectively. presence of 50Q.m CAMP. Representative macroscopic
and single-channel currents are shown in Fig~G and

Point-count (counts)

Results Fig. 4A-C.

The |-V relations of both macroscopic and single-
GENERAL PROPERTIES OFSINGLE channel current recordings showed a positive shil, 5
AMP-ACTIVATED CURRENTS with a decrease in [Ng (Fig. 3 a— and 4a—<). The

meank,,, values from single-channel currents, corrected
In divalent cation-free symmetrical NaCl solutions, for liquid junction potentials, were: 0.3 + 0.4 mV in 145
inside-out membrane patches excised from HEK293nm NaCl (n = 7), 10.5+ 1.0 mV in 75 m NaCl (h =
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Fig. 3. Macroscopic cAMP-activated currents obtained in different NaCl dilutioRs.(B) and C) are representative macroscopic currents through
rOCNCL1 channels in one inside-out patch where the intracellular NaCl concentration was changed and the extracellular (pipette) NalCl (145 m
one was kept constant. Currents were activated by B@@AMP in response to 1.5-sec voltage pulses (showdAdgrom -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 sair@jtadd(€) are

the corresponding current-voltage-Y) relations for each set of traces,, for each solution in this same patch was close to the equilibrium
potentials of N&, which were about -1 mV for 145 mNacCl, +12 mV for 75 nw NaCl and +20 mV for 37.5 m NaCl, respectively. Note that

the trace voltages are given as pipette potent\4l$ 4nd the fully corrected voltages are shown in ER¥ plots as the membrane potentialsf

in this and in subsequent figures.

4) and 23.7 + 1.7 mV in 37.5 mNaCl (h = 6), respec- the modified GHK equation (Eqg. 1). Figure 5 plots the
tively. The E,., values obtained from macroscopic and mean reversal potential of cAMP-induced currents
single-channel currents were not significantly differentagainst internal sodium activities (using mean activity
(P > 0.05). P /Py, Was then obtained by fitting,., to  coefficients, obtained from Robinson & Stokes, 1965).
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Fig. 4. Single-channel cAMP-activated currents obtained in different NaCl dilutiéy)s(B) and C) are the representative single-channel current
records at different holding potential¥d) recorded in 145, 75 and 37.5mrintracellular NaCl. Closed states are marked with broken lirg@s. (
(b) and €) are the current-voltage curves of the main open state for each of the tEggesmlues for each solution, measured\gsfor the same
patch, were about 0 mV for 1458mNacCl, +15 mV for 75 NaCl and +23 mV for 37.5 NaCl, respectively.

The dashed line for an ideal cation selective channel watential of +40 mV was 56, 67 and 52% in 145, 75 and
obtained from Eq. (1) witlP./Py,= 0. It can be clearly 37.5 mv NaCl solutions, respectively. The results indi-
seen that the reversal potentials deviated from the behawated that, although the cyclic AMP-activated rOCNC1
ior of an ideally cation-selective channel, with the best fitchannel is predominantly permeable to*Niadoes have

to the data to the GHK equation (Eq. 1) giving a relativea small but significant permeability to Tl

permeability ratioPc /Py, = 0.14. Similar deviations

from ideal cation selectivity were reported for native

CNG channels of rat ORNs (Balasubramanian et al.gc ectiviTy EOR DIFEERENT MONOVALENT

1995) and for the native CNG channels from rat rodsa, xa | CaTIONS

(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 illustratedThe cation selectivity of the cyclic AMP-activated
in Fig. 4A-C, the open probability at the membrane po- rOCNC1 channel under these divalent cation-free condi-
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tions was characterized by sequentially perfusing solu- 49
tions containing different equimolar alkali metal cations “

to the intracellular side of excised patches. Both ma- 30 4 AN
croscopic and single-channel currents were measured, N
Figure 6A-E shows representative macroscopic currentg 2o
traces from one patch in the presence of different &
test solutions. The mean reversal potenti&s,j, ob- 101
tained from fits of quadratic polynomials to tHeV
curves and corrected for junction potentials under

PP =

each ionic condition (e.g., Fig.aé€), were: —-0.3 £ 0.2 20.18 56.35 11281
mV for Na" (n = 3),0.7 £ 0.5 mV for K (n = 3), 8.2 Intracellular Na activity
+1.4mVforLi* (n = 3),12.8+1.9 mV for C§(n = (mM; log scale)

3) and 15.1 + 2.3 mV for Rb(n = 3). Similar results _ o

were also obtained from single-channel recordings (Fig_Flg. 5. The relative permeability ratid}</Py., for rOCNC1 channels.

7A—E) with the mean values oE... under each ionic Pc/Pna Was determined by plotting the averaged, under different
rev

L . o internal NaCl concentrations against thetivities of intracellular N&
condition (e.g., Fig. é(—e) belng. 0.2 £ 0.3 mV for Na (on a log scale). The best-fit continuous line was obtained by fitting

(n=7),16+15mVforK (n=6),7.2+£2.2mVfor gata points to the GHK equation (Eq. 1) with/Py, = 0.14 and
Li*(n=5),12.8+ 1.6 mV for C§(n = 5) and 14.9 +  corrected foiP,,/Py.. The dashed line represents the perfectly selec-
2.0 mV for RF (n = 6). There were no significant tive channel withP¢/Py, = O.
differences between these reversal potential values
obtained from the macroscopic and single-channel curpermeasILITY OF cAMP-ACTIVATED TOCNC1
rents. At a membrane potential of +40 mV, the opencyanneLs To OrReANIC CATIONS
probabilities of single-channel currents obtained in
rOCNC1 channels were 67 + 6% for'L{n = 3), 50 +  The selectivity of the cAMP-activated rOCNC1 channels
18% for N& (n = 3), 52 + 23% for K (n = 3), 51 + in HEK293 cells to organic cations was similarly inves-
25% for RF (n = 3) and 43 + 7% for Cs(n = 3), tigated in single-channel recordings in inside-out
respectively. These values were not significantly differ-patches. Naon the cytoplasmic side of the patch was
ent from each otherR > 0.05), therefore providing no replaced by equimolar concentrations of different or-
evidence that the nature of the permeating ion affecteganic cations (145 m) in all cases, except hydroxylam-
channel gating. monium” (OHNH;"), which was calculated as 65urat
The values of,, obtained from single-channel re- pH 5.8. Although it is possible that the different pH may
cordings were then used to calculate the permeabilities ofhange the pore and/or gating properties of these
these alkali cations relative to sodium using the modifiedrOCNC1 channels which would complicate the interpre-
GHK equation (Eq. 2), having corrected for Triper-  tation of the results obtained with hydroxylammonium,
meability (Eqg. 3). The results were as follovig;, (1) =  there did not seem to be much divergence from the pre-
Pk (0.97) >P; (0.77) >P., (0.62) = Py, (0.57). The dicted permeability ratio or even marked effects on chan-
ionic selectivity of rOCNC1 channels was further inves- nel open probability. FigureS-E shows the represen-
tigated by measuring the single-channel conductance itative single-channel currents in the presence of ammo-
different solutions at —80 and +80 mV (Table 1). For nium® (NH,") and hydroxylammoniui (OHNH;"),
example, at the membrane potential of +80 mV, thetetraethylammoniuinh (TEA™), cholin€” and (hydroxy-
single channel conductance ratios, relative to sodium anthethyl) aminometharig(Tris") in one patch. Clearly it
obtained in the different solutions in three patches werecan be seen that rOCNC1 channels, as with native rat
Ona (1) > g (0.92 £ 0.02) > g (0.65 +0.07) > g.(0.42  olfactory CNG channels, are appreciably permeable to
+ 0.05) > ¢, (0.25 £ 0.04). Figure 8 illustrates a plot of all the test organic cations, including those, such as
these conductance ratios at the membrane potential GFEA™, with large molecular weights (mol. wt. 130.7;
+80 mV against the ionic radius of the test cations. At aPicco & Menini, 1993; Balasubramanian et al., 1995).
membrane potential of +80 mV, both conductivity and At a membrane potential of +60 mV, the open probabili-
permeability data showed that the rOCNC1 channelgies of single-channel currents obtained in each organic
were approximately equally permeable to™Nend K",  cation solution were respectively 41 + 16% for NHn
less permeable to Liand markedly less permeable to = 3), 28 + 5% for OHNH" (n = 3), 29 + 5% for N&

Cs" and RU (Table 1). (n = 3), 27 + 5% for choliné (n = 3), 43 + 11% for
Thus, the cation permeability sequence for alkaliTris™ (n = 3) and 39 + 10% for TEA (n = 3). These
monovalent cations through the rOCNC1 channels wasresults were not significantly different from each other
Pnar = Pxs > Plis > Pesr = Pgy,., and the conductance (P > 0.05), indicating that the channel gating was not
sequence at +80 mV waSya: = Yes > Yii+ > Yose > significantly altered by the presence of various organic

YRb+ cations.
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Fig. 6. Macroscopic cAMP-activated currents in different monovalent alkali cation solutions in one inside-out patch from HEK298-d8)llare
the representative currents elicited by 500 cAMP in response to 1.5 sec voltage pulsés) from —80 to +80 mV in 20-mV steps. The internal
membrane surface was perfused with the same concentration of NaCl, KCI, LiCl, RbCl and CsCI solutionsjlattdrthe extracellular NaCl

(145 mwm) solution was kept constant. The holding potential was 0 mV and background current traces in the absence of cAMP have been subtract
(a—€) are corresponding current-voltagde\) relations for the adjacent traces. Continuous lines represent the fit of the data points with a quadratic

polynomial. The corresponding,, values (correcte,,) for this patch were about -1 mV for NaCl, -1.5 mV for KCI, +7.5 mV for LiCl, +14

mV for RbCl and + 10.5 mV for CsCI.
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Fig. 7. Cation selectivity of rOCNC1 channels to different monovalent alkali cations measured using single-channel rée&)darg the
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was perfused with the same concentration of NaCl, KCI, LiCl, RbCl and CsCl solutions (@%5duarrents were activated by 500vntAMP and

the extracellular N&in the pipette was kept the same (14&nthroughout the experimentsa+g) are |-V curves of the single-channel currents
shown in A-E), which were obtained by plotting corresponding peak single-channel curi@régdinst corrected membrane voltagé, X
Continuous lines represent the fit of the data points with a quadratic polynomial. The correspggagiradues (measured &4, for this patch were
about —0.5 mV for NaCl, -1 mV for KCI, +9 mV for LiCl, +12 mV for RbCIl and +11 mV for CsCI.
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Table 1. Selectivity of rOCNCL1 channels for monovalent alkali and organic cations

Test n AE., [X*; [Tris'li  Pu/Pna Px/Pra Ox/Ina Ox/Ina
Cations (mV) (mm) (mm) (corrected) (+80mV)  (-80mV)
Li* 5 72+22 145 8 0.78 0.74 0.65 0.75
K* 6 16+15 145 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* 6 149+2.0 145 6 0.58 0.55 0.25 0.27
Cs 5 128+1.6 145 7 0.63 0.59 0.42 0.58
NH,* 5 -8.6+24 145 12 1.46 1.40 1.07 1.09
OHNH;" 4 -45+0.7 65 43 2.77 231 — —
*Tris™ 5 83+25 145 10 0.70 0.70 0.42 0.43
TEA" 4 352+20 145 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™*]; refers to the concentration of Ttfisised for titrating the corresponding perfused test cation
solution to pH 7.4; the\E,, values have been corrected for liquid junction potentialspresents the
number of experiments used for the averdggP,, is the permeability ratios of test cations relative to
Na" and P,/Py, (corrected) is the final value after the correction for Triermeability.

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

In addition to ionic permeabilities, the relative chord
conductance ratios in the presence of different organic
06 . Cs cations were also measured. Relative conductances at
04 both +80 and -80 mV were calculated by normalizing
. the measured single-channel conductances in test organic
' Rb cation solutions to their values in symmetrical "Ngo-
S lutions at the_ same potentisdgeTable 1). At a mem-

brane potential of +80 mV, the outward currents, pre-
dominantly carried by the test ions, gave the following
Fig. 8. The relationship between conductance ratios of alkali cationsrelative chord conductancesy g (1.07) > gy (1) > Griis
relative to N& in CAMP-activated rOCNC1 channels and ionic radius (0.42) > g gjine (0.29) > Gga (0.28). The conductance
of each tested ion. The_ data points were all obtaingd from one patchgf hydroxylamine was not included, because of its very
The membrane potential was +80 mV, under which conditions theqitterant concentration from the other organic cations.
outyvard currents might be expgctgd to be mainly carried by the test In summary, the permeability sequence of all the test
cation present at the cytoplasmic side of the membrane. . . K
organic cations in rOCNC1 channels W&s$yus> Pana
> Pya ™ Prvis > Pchotine > Prea Which agrees well with
the sequence for native rat CNG channels (Balasubrama-

The mean values dE,, in the different solutions, nian et al., 1995). Because of the finite permeability of
corrected for junction potentials and obtained fromTEA, it seems likely that the minimum pore diameter of
single channel current recordings were (e.g., F&€®  the channels should be at least 6.5 x 6.5 A, as suggested
-8.6 £ 2.4 mV for NH" (n = 5), -4.5 £ 0.7 mV for py the molecular size of the largest permeant cation
OHNH;" (n = 4), +8.3+ 2.5 for Tri§ (n = 5), +17.8 £  (Dwyer, Adams & Hille, 1980).

3.2 for choliné (n = 5) and +35.2 + 2.0 for TEA(n =

4). The permeability ratios for each cation relative to
Na’, calculated from thesE,, values and corrected for
Tris" permeability, werePqnps (2.3) > Pypa (1.4) > In this present study, we have analyzed the selectivity of
Prna (1) > Priis (0.7) >Pepoiine (0.5) >P1ea (0.2). These cAMP-activated recombinant rOCNC1 channels ex-
results clearly show that cAMP-gated rOCNC1 channelgressed in HEK 293 cells. The permeability sequence of
are more permeable to NHand OHNH" than to Nd&  these channels for monovalent alkali metal ions relative
ions, which corresponds well with the properties of theto Na” wasPy, (1) = Py (0.97) >P,; (0.77) >P(0.62)
native rat olfactory CNG channels (Balasubramanian et= P, (0.57). The relative permeability sequences of a
al., 1995). Among all the test organic cations, TB#as  variety of test organic cations, again relative to sodium,
the least permeant with small currents at both positivavere Py 304 (1.88) > Py (1.08) > Py, (1) > Pryis

and negative membrane potentials. Figure 10 shows th@.66) > Pqygjine (0.46) > Prga (0.19). Thus our data
relationship between the relative permeability of the tesddemonstrate thak-homomeric rOCNC1 channels have
organic cations and their molecular weight. The resultgelatively large pores that discriminate poorly amongst
indicate that the permeability of rOCNC1 channels toalkali cations, particularly between the physiologically
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Fig. 9. The permeability of cAMP-activated rOCNC1 channels to organic cations in one inside-out patch of HEK293Aeé)saie the
representative CAMP-activated single-channel current traces at several holding potentials (meagy)rednasn N4 ions were replaced by Nfi,

OHNHj;", choline’, TEA* and Tris™ at the cytoplasmic side. Currents were activated by 5@@AMP 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 chaane)jsare the corresponding-V relations of the

single-channel current traces shownArE, which were obtained by plotting the averaged single-channel cutrém8), against the membrane

potential,V,,, (mV), for the patch from which the parts of the traces are shown in this figure. Both\tmurves in symmetrical Nasolutions (filled

circles), and responses in solutions with individual test organic cations (open circles), are shown together. The continuous lines repegent quadi

polynomial fits to the data points. The valuestf, (measured a¥,,) in each solution for this patch were: =9 mV for WK -5 mV for OHNH;*,
7 mV for Tris", 20 mV for choling€, and 37 mV for TEA.
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_ present study approximates an alkali cation sequence
Hydroxylammonium with permeation dominated by energies associated with

L]

electrostatic interactions with the binding site(s), i.e., a
fairly high-field-strength sequence: equence IX). In
. contrast, the relatively nonselective LGICs display a per-
Tris meability sequence dominated by hydration energies
(e.g., Adams, Dwyer & Hille, 1980; Keramidas et al.,
TEA 2000). On the basis of a lack of anomalous mole fraction
. behaviour with LT 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
Fig. 10. The relationship between the permeabilities of test organicSingle locus within the pore, although other evidence is
cations relative to Na(on a log scale) and the molecular weight of the more consistent with multiple binding sites (Balasubra-
ions in recombinant rOCNC1 channels. The results have been correcteghanian et al., 1997). In addition, other pairs of ions may
for the_permeability _of TriE The continuogs line represents a first- be better placed to reveal anomalous mole fraction ef-
_ord_er linear regression fit to the data points. The _trend_ of the datafects_
indicates that the permeability of monovalent organic cations through . .
these channels becomes smaller with increasing size of the ion. 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 x 6.5 A. This is of similar size
Jo the native rat olfactory CNG channel (Balasubrama-
nian et al., 1995) and the ligand-activated nicotinic ace-

1 Ammonium

Choline

Relative Permeability

o
s

0 20 40 60 8 100 120 140
Molecular Weight

important N& and K" ions, with their relative perme-
ability (P/Pyy) in the range of 0.9-1.0. Lihas a per-
meability smaller than that of Nand K', but larger than
the permeability of Csor Rb". These results are in ac-
cordance with data obtained from native CNG channel
in other ies which not greatly discriminat - .
e . e T % choine receplor (VACR) channel at. the endplae
1985; Nakamura & Gold, 1987; Bruch & Teeter, 1990; (PWyer et al., 1980), but significantly larger than the
Dhallan et al., 1990; Kurahashi, 1990 Frings et al., 1992P0re Of the squid axon voltage dependent k&0 x 5.0
Zufall & Firestein, 1993). More specifically, with the A; Hille, 1971) and K’ channels (3.0 A diameter; Hille,
exception of the relative permeabilities of Rand c¢ ~ 1973) and also markedly larger than the retinal rod CNG
(whose values are quite similar to each other), the perchannel (3.8 x 5.0 A, Picco & Menini, 1993). It will be
meability sequence and relative permeability ratios of thdntéresting to determine why the pore size of the
monovalent cations agree closely with the results obTOCNC1 channels is significantly larger than that of the
tained from native CNG channels from rat ORNs (FringsFetinal rod cGMP-activated channels in tiger salamander
et al., 1992; Balasubramanian et al., 1995). This sug{(Picco & Menini, 1993). Although the fairly high-field-
gests that the permeation properties of the native ragtrength sequence indicates that the interactions between
ORN CNG channel is determined primarily by the the monovalent cation and the binding sites in the pore
OCNC1 subunit and that inclusion of other subunitsplay a critical role in determining the permeability, the
(such as the-subunits) into the channel complex doeslarge pore of rOCNC1 channels probably allows the
not alter permeation to a significant degree. Furthersmall ions to retain part of their hydration shell so that
more, there is also excellent agreement between the dathe magnitude of the selectivity sequence is not so great.
in the present study and that obtained for the CNG chanHence, these channels, which belong to the same super-
nel from native rat ORNs (Balasubramanian et al., 1995Yamily as the voltage-gated ion channels, are less dis-
as far as the organic cation permeability sequence isriminative between monovalent alkali cations than are
concerned. Na" and K" channels (Hille, 1971, 1973) and can even
Eisenman formulated a model of ion channel per-allow the permeation of quite large methylated cations.
meation based on the difference in the energies of ion  Both permeability and conductance sequences can
hydration and of the electrostatic interaction with a bind-effectively measure selectivity, but often, or even usu-
ing site Geereview in Eisenman & Horn, 1983). The ally, provide different sequences reflecting the fact that
underlying assumption in comparing permeability se-conductance and permeability are sensitive in slightly
guence with such a permeation model is that the permedifferent ways to the partition coefficient of the ion (or its
ability is dominated by the partition coefficient or ion concentration within the channel) and its mobility or the
concentration within the channel and the mobility or raterate of movement through the channel. In addition, the
constant for movement within the channel (e.g., Barry &conductance sequences from macroscopic data are sub-
Gage, 1984). The permeability sequence obtained in thgct to difficulties in interpretation if the permeating ion
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somehow affects channel open time. However, in agreeBalasubramanian, S., Lynch, J.W., Barry, P.H. 1995. The permeation
ment with previous studies on permeation in native rod ©f organic cations through cAMP-gated 'channels in mammalian
CNG channels (Sesti et al., 1994), the single channeé olfactory re(?eptor neurons. Membrane Biol146:177-191 _

- alasubramanian, S., Lynch, J.W., Barry, P.H. 1996. Calcium-
open prObablhtY Wa_S not markedly affeCteq by the natu_re dependent modulation of the agonist affinity of the mammalian
of the permeating ion, for both the alkali and organic  gtactory cyclic nucleotide-gated channel by calmodulin and a
cations. Somewhat surprisingly, although similar to the  novel endogenous factod. Membrane Biol152:13-23
situation in native rat ORN CNG channels (Balasubra-Balasubramanian, S., Lynch, J.W., Barry, P.H. 1997. Concentration
manian et al., 1995), the conductance sequence for both dependence of sodium permeation and sodium ion interactions in

the alkali and organic cations was the same as the per- the cyclic AMP-gated channels of mammalian olfactory receptor
meability sequence neurons.J. Membrane Biol159:41-52

Another i . d | f th Barry, P.H. 1994. JPCalc, a software package for calculating liquid
nother mt_erestmg an unus‘,"a_ pr_operty of these junction potential corrections in patch-clamp, intracellular, epithe-
channels, possibly relatejd to the S|m||ar|ty between Con-  jial and bilayer measurements and for correcting liquid junction
ductance and permeability sequence discussed above, potential measurements. Neurosci. Meth51:107-116
was that, in the presence of different monovalent cation®arry, P.H., Gage, P.W. 1984. lonic selectivity of channels at the end
at the cytoplasmic membrane side of inside-out patches, plate.Curr. Top. Membr. Transp21:1-51
the values for g/gy, of the inward currents also changed Bonc'g'\‘/' V\,i; uBradl'Jeg J'-:'ri';]"”f“s F-lvgsggﬂ;h:'n :tci’fek'r‘;’tﬁ(;”';cz‘;”gegiic
in different test solutions, in spite of the expectatisad Vo, BaUPP, V8., FINGS, 5. 2999, totfactory cy«
. nucleotide-gated channel is composed of three distinct subunits.

e.g., Barry & Gage, 1984, for ACh channels) that inward  \oyrosci 19:5332-5347
currents W_0U|d mainly be Ca”ied' by Naons movi'ng' Bradley, J., Li, J., Davidson, N., Lester, H.A., Zinn, K. 1994. Hetero-
from the pipette to the bath solution. However, similar  meric olfactory cyclic nucleotide-gated channels: A subunit that
results have been reported with similar changes in inside confers increased sensitivity to cAMProc. Natl. Acad. Sci. USA
test solutions for the inward macroscopic currents of 91:8890-8894 _ , S
CNG channels obtained in native rat olfactory ORNsBruch. Ktc Tteet.er' J":' 199|0' .CVC"l‘]f ALV'P "”.'I‘.Em'”.o a|C|g chemo-
(Balasubramanian et al., 1995) and the inward bian- aato ag | cnanness i olaciory clhemical Senses
ductgnces in cGMP-actl_vated chan_nels in retinal rods of:hen, C., Okayama, H. 1987. High efficiency expression of mamma-
the tiger salamander (Picco & Menini, 1993). In accord  jian cells by plasmid DNAMol. Cell Biol. 7:2745-2751
with such results, it has also been observed in nativéhallan, R.S., Yau, K-W., Schrader, K.A., Reed, R.R. 1990. Primary
CNG channels in the presence of asymmetrical salt con- structure and functional expression of a cyclic nucleotide-activated
centration gradients that the conductances tend to reflect channel from olfactory neuronslature 347:184-187
the average ion concentrations in both solutions, irre—D""yerc'j T’t"' r/?damlsi D.J., "?'”e’t_B- 198?- The ‘;‘;Jrgeab'g:]y of Ithe
spective of the current direction (Balasubramanian et al., S0 R c7annel o organic cations in frog musEeen. Faysio:
1997)' IF will be vgry informative to _explore_the preCi_Se Eisenr.nan, G., Horn, R. 1983. lonic selectivity revisited: the role of
m_eChamsm of this _phenomenon in the light of site- kinetic and equilibrium processes in ion permeation through chan-
directed mutagenesis experiments. nels.J. Membrane Biol76:197—225

The results in this paper should prove to be useful agismann, E., Boigk, W., Kaupp, U.B. 1993. Structural features of
a basis for further understanding the mechanism of ion cyclic nucleotide-gated channel€ell Physiol. Biochem3:332—
permeability of the rOCNC1 channel at the moIecuIarE_ 351 E wiler E. Hei S K UB. 1004 A singl
level and for elucidating the relationship between the='s"a"™ & MAer, F., Hieinémann, 5.1., aupp, .8, 1994. /A single

| lar structure and the phvsiological function of this negative charge within the pore region of a cGMP-gated channel
molecu . phy 9 . > controls rectification, C& blockage and ionic selectivityProc.
channel. .Extendln.g thg approach used fqr this paper, in Natl. Acad. Sci. USA1:1109-1113
combination with site-directed mutagenesis experimentssesenko, E.E., Kolesnikov, S.S., Lyubarsky, A.L. 1985. Induction by
should thus enable a determination of the role of critical cyclic GMP of cationic conductance in plasma membrane of retinal
amino acids in elucidating the mechanism of ion selec- rod outer segmentature 313:310-313

tivity and permeation through these channels. Frings, S., Lynch, J.W., Lindemann, B. 1992. Properties of cyclic
nucleotide-gated channels mediating olfactory transduclio@en.

Physiol.100:45-67
Gerstner, A., Zong, X., Hofmann, F., Biel, M. 2000. Molecular cloning
and functional characterization of a new modulatory cyclic nucleotide-
gated channel subunit from mouse retida.Neurosci.20:1324—
1332
Getchell, T.V. 1977. Analysis of intracellular recordings from salaman-
der olfactory epitheliumBrain Res.123:275-286
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